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Abstract

X-ray photoelectron spectroscopy is used to characterize two natural samples of laterite standard reference materials (certified geologically),
a mechanical mixture of Fe2O3, SiO2, and Al2O3 in a 4:2:1 proportion. Fe2O3, SiO2, and Al2O3 samples were also analyzed for comparison
purposes. Special attention was paid to peak shape, FWHM, comparison of the same XPS peaks of different samples, and peak shifts. The
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PS results reveal the presence of some kind of iron aluminate prevailing on the surface of the laterite standard reference materia
bserved that the mechanical mixture exhibits a differential charging effect. Our report provides important information for the re
oing XPS on these materials when they are used in catalytic reactions.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Our laboratory has dedicated some effort to study catalytic
aterials suitable for several technological processes. One of

hese materials are laterites[1] which are used in the oil in-
ustry as catalysts for hydrocracking and HDM (hydrodemet-
llization) processes[2,3], as well as in the metallurgical in-
ustry as aluminum, iron and nickel ores. To characterize a
iven catalyst, it is very important to determine its surface
omposition and XPS is one of the most appropriate analyt-
cal techniques used today. A cooperative programme[4,5]
ith some laboratories abroad allows us to perform both sur-

ace and bulk characterization of these materials. So far, we
ave studied a series of natural laterites not standardized ge-
logically whose reported bulk composition is, besides other
inor species,X% SiO2, Y% Fe2O3, Z% Al2O3 whereY is
reater than 20, withZ= 0 in one extreme of this series[6,7],
nd two samples[7,8] with X≈ 1% in the other extreme.

∗ Corresponding author. Tel.: +58 2742401286/58 2742401339.
E-mail address:rodrigoc@ula.ve (R. Casanova).

Because of the technological and economic importanc
laterites, the Working Group of the International Geolo
cal Correlation Programme (project IGCP-129 sponsore
UNESCO) prepared a set of laterite standard reference
terials with different iron, aluminum and silica contents
previous work[6,7] we presented evidence confirming t
the lateritic material surface is not a simple oxide mixt
but consists mainly of iron aluminates and aluminosilica
contrary to literature reports[1,9,10]on laterite bulk charac
terization. These results prompted the study of two sam
(named VL1 and SLB1) of laterite standard reference m
rials[11,12]which were treated similarly and compared th
behaviour, under oxidation and reduction treatments (d
their use in catalytic reactions which involve these proces
with that of Fe2O3, SiO2, and Al2O3 samples treated sim
larly, and that of a sample obtained from a mechanical mix
of these oxides in a 4:2:1 proportion, in order to mimic
LV5 laterite previously studied[7], which lies in the middle o
the series mentioned above. The ultrapure powder oxide
ployed were analyzed separately. Here, we report the sa
characterization by X-ray photoelectron spectroscopy (X
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.09.040
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2. Experimental details

2.1. Samples

The reported weight composition[11] of the VL1sample
was: 37.38% Al2O3, 35.77% Fe2O3, 1.16% SiO2, 3.15%
TiO2 and lost on ignition (LOI) 22.54%. It was extracted
from the Serrańıa de Los Guaicas, west of Canaima, 230 km
south of Ciudad Bolivar, Venezuela. The SLB1 sample has
a weight composition[12] of: 45.5% Al2O3, 24.03% Fe2O3,
1.93% SiO2, 1.75% TiO2 and LOI 26.79%. It was extracted
from the western part of Suriname in the Bakhuis Mountains.

The mechanical mixture (MMLV5) has a weight compo-
sition of: 57.14% Fe2O3, 28.57% SiO2 and 14.29% Al2O3.

The samples were analyzed before (BT) and after (AT) be-
ing used in catalytic tests[13] in oxidative dehydrogenation
of propane to propene (C3H8 + 1/2 O2 → C3H6 + H2O); the
latter samples were translated to the XPS spectrometer expos-
ing them to atmospheric conditions. To perform the catalytic
test the samples were previously calcinated at 500◦C. The
reaction took place in a fixed bed stainless steel reactor. The
samples were analyzed in the temperature range from 250 to
500◦C. The reactants composition was 5% C3H8, 15% O2
and 80% N2, and the total flow was 6 l.n.h−1; the catalyst
mass used was 1 g.
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In the VSW spectrometer, samples were treated likewise,
in addition to a reduction treatment in 10−4 mbar of H2 at
773 K during 4–20 h depending on the sample. XPS spec-
tra were taken before and after each sample treatment. Due
to their hygroscopic nature, all the samples (excepting BT
VL1, BT SLB1, SiO2, and Al2O3) analysed in this report
were heated at 423 K before introducing them into the analy-
sis chamber in order to preserve its vacuum. For this reason,
BT VL1, BT SLB1, samples were calcined due to the high
content of interstitial water; SiO2 and Al2O3 were also cal-
cined before XPS analysis.

The 285.0 eV C 1s binding energy of adventitious carbon
was used, whenever possible, as an acceptable binding en-
ergy reference; however, when this peak intensity was very
low, the Al 2p binding energy in Al2O3 (74.6 eV) or the Si 2p
binding energy in SiO2 (103.8 eV) were used as internal en-
ergy references depending on the sample under study, since it
has been shown[8] that these two oxides are very stable under
reduction treatments more severe than those used here; how-
ever, Fe2O3 does experience transformations; in this case we
have found that O 1s at 530. 3 eV[15] is a better energy refer-
ence than C 1s of adventitious carbon. The MMLV5 sample
exhibited a differential charging effect[16,17], which intro-
duced inaccuracies on determining the binding energies. In
this study, special attention was paid to peak shape, FWHM,
e ults.
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.2. XPS measurements

XPS measurements were carried out in a LHS 10S s
rometer (University of Lille I, France) and its specificatio
ave been reported previously[7,14]and a VSW spectrom

er (Universidad de los Andes, Merida, Venezuela) wi
ample treatment chamber and Ar+ ion etching facilities
pectrometer vacuum was in the low 10−8 mbar range and i
emispherical analyzer (100 mm mean radius) was ope
t 22.4 eV constant pass energy. The Leybold spectro
nergy scale was calibrated using the following phoelec
eak positions: Au 4f7/2, Ag 3d5/2, Cu LMM, Cu 2p3/2, Ag
MM, while for the VSW spectrometer the levels: Ag 3d5/2,
u 4f7/2, Cu 2p3/2, Cu LMM and the Ni Fermi edge we
sed for the Mg and Al anodes. Average time taken to re
XPS spectrum was near 5 min. Special attention was

o the C 1s line of adventitious carbon to monitor contam
ion from the background vacuum. Non-monochromatic
� radiation (1486.6 eV) was used as the X-ray source
00 W constant power.

The reduction of the samples surface was achieve
nnealing and Ar+ etching and/or exposure to H2 depending
n the spectrometer used. In the Leybold spectromete
amples were treated thus:

1) Ar+ ion etching for 60 min with 3 kev ions.
2) Thermal treatment in vacuum at 773 K for 14 h. We h

verified that, in our case, the order of the reduction tr
ments is not important.

3) Re-oxidation in an oxygen atmosphere at 773 K.
tc., to facilitate reaching conclusions from the XPS res
he raw spectra for this report attained a very good sign
oise ratio and were smoothed by using a Fourier trans
outine after background subtraction according to the Sh
ethod[18].
K�3,4 X-ray satellite peaks were removed by a softw

outine developed at the University of Lille-France by J
arshal. The possible effects on the quality of XPS spe
ave been reported by Mendialdua[19]. The photoelectro
eaks were fitted by a procedure based on the variation
ameters such as peak position, width, and height. Each
le was impregnated with ultra pure isopropanol to pre
suspension that was deposited on a stainless steel s

older. The sample was dried before being introduced
he preparation chamber where it was heated at 373
5 min. Good adherence and uniformity of the sample

ound with this method of sample mounting, as reporte
revious studies[6].

. Results and discussion

It is expected that the presence of oxides as the
onstituents in the studied laterites should be reflecte
imilar responses under the same sample treatments
ndividual oxides and the mechanical mixture. In what
ows, we present the XPS results corresponding to th
aviour of the samples studied in this report under
ation and reduction treatments. In the discussion, sp
ttention is paid to peak shape, FWHM, peak shifts
omparison among same XPS peaks of different sam
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Table 1
Electron binding energies (eV) of the core levels O 1s, Fe 2p3/2, Al 2p, Al 2s, Si 2p and Si 2s in Al2O3, Fe2O3, Si O2 and VL1 after several sample treatments

Sample condition O 1s,
Eb (eV) ± 0.1

Fe 2p3/2,
Eb (eV) ± 0.2

Al 2p,
Eb (eV) ± 0.1

Al 2s,
Eb (eV) ± 0.1

Si 2p,
Eb (eV) ± 0.1

Si 2s,
Eb (eV) ± 0.1

Al2O3

Calcined 531.3 74.6 119.4
H2 reduced 531.1 74.6 119.3
Ion etched 531.2 74.6 119.4
Re-oxidized 531.2 74.6 119.7

Fe2O3

AR 530.3 711.4
Calcined 530.3 711.1
Ion etched 530.3 711.1
H2 reduced 530.3 711.1
Re-oxidized 530.3 710.9

SiO2

Calcined 532.7 103.8 154.7
H2 reduced 533. 0 103.8 154.7
Ion etched 532.8 103.8 154.8
Re-oxidized 533.0 103.8 154.8

VL1
BT

Oxidized 532.2 74.4 119.3
530.3 711.8

Ion etched 532.1 74.3 118.3
530.3 711.3

Annealed 531.0 74.0 118.5
529.4 710.0

Re-oxidized 532.2 74.4 119.3
530.4 712.0

AT
AR 532.0 74.2 119.1

530.1 711.4
Annealed 532.0 74.5 119.6

530.1 711.3
Ion etched 532.1 74.5 119.4

530.3 711.1
Re-oxidized 532.1 74.3 119.2

530.4 711.7

for this, we analysed the O 1s, Fe 2p, Al 2p and Si 2p
atomic levels corresponding to the elements present in these
samples.

3.1. SiO2

In this sample, the binding energy of Si 2p (103.8 eV) was
taken as an internal binding energy reference; good agree-
ment with the C 1s (285.0 eV) reference was found. Binding
energy values for this sample are shown inTable 1. The Si 2p
level did not show appreciable modification, except after Ar+

etching when a FWHM increase by≈0.3 eV occurs which is
maintained during the sample reoxidation, in agreement with
previous results[20].

The O 1s peak shifts by 0.3 eV to higher binding energy
under hydrogen reduction without any peak shape or FWHM
changes; during Ar sputtering the peak FWHM increases
slightly accompanied by a 0.2 eV shift to lower binding en-
ergies. During re-oxidation the O 1s peak shifts by 0.2 eV to

higher binding energy probably due to the presence of some
water in the oxygen gas used; but the peak width before sput-
tering is not recovered.

3.2. Al2O3

Binding energy values for this sample, using Al 2p
(74.6 eV) as energy reference are listed inTable 1, the C
1s level was used also as reference, for comparison pur-
poses, when peak intensity allowed it (values not shown).
Energy differences of the order of 0.3 eV were obtained for
the binding energy values given by using the above energy
references.

O 1s binding energy decreases by 0.2 eV without FWHM
modification after H2 reduction; with ion bombardment there
is a 0.1 eV binding energy increase and its width dimin-
ishes slightly; with re-oxidation the binding energy do not
change and peak width is slightly smaller than after ion
etching.
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3.3. Fe2O3

Binding energies for this sample were corrected employ-
ing the O 1s (530.3 eV) binding energy; using the C 1s
(285.0 eV) energy reference does not give good agreement
especially for some sample treatments. The energy differ-
ence between the charge effects using the C 1s reference and
the O 1s reference is 0.5 eV for the sample as received (AR);
0.1 eV both for the calcined and ion etched sample. After H2
reduction (for 4 h; 10−4 mbar), the charge effect using the
C 1s reference is−0.4 eV and using the O 1s reference is
+0.4 eV. This shows that the C 1s reference is not suitable
for this sample. In fact, after re-oxidation the charge effects
are both positive and the energy difference between them is
0.7 eV.

O 1s peak for the Fe2O3 sample in the as received condi-
tion (AR) has two components: one related to oxygen bonded
to iron and the other attributed to OH. During sample calci-
nation the OH component increases (probably due to H2O
contamination) and an oxygen species appears about 528 eV;
we do not have yet a satisfactory explanation for the appear-
ance of this species; it seems related to an excess of oxygen
(sample calcination and reoxidation) present on the sample
surface and is not likely due to differential charge effects if
one takes into account the sample homogeneity and the fact
t xida-
t like
F ed,
w

duction O 1s peak width increases due to an increase of the
OH oxygen component; sample re-oxidation maintains the
OH component and the 528 eV species reappears.

With calcination the Fe 2p level remains unchanged except
for a very slight contribution near 708 eV; the intensity of this
component (≈708 eV) and Fe 2p peak width increases while
the satellite structure loses definition with ion bombardment;
H2 reduction increases the effects observed on the ion etched
sample, and a shift to lower binding energies is observed;
re-oxidation does not recover the spectrum of the sample as
received but rather that of the calcined sample.

4. SLB1 sample

The XPS spectra for Fe 2p, O 1s and Al 2p levels of this
sample are presented inFigs. 1–3. A comparison of Fe 2p
peaks of this sample (Fig. 1a–d) with those of Fe2O3 (Fig. 1e
and f) is established; O 1s XPS peak for (BT) SLB1 sample
after oxidation (Fig. 4a) is compared to the corresponding
peak in Al2O3 (Fig. 4b) and Fe2O3 (Fig. 4c). Binding energy
values for the different levels of this sample, referenced to
the C 1s line, are given inTable 2. Al 2p levels (Fig. 3a–d) do
not exhibit changes with either in shape or in width; but only
in their binding energy. However,Ek (Al 2p) − Ek (O 1s)
d racti-
c at
t rnal
b

T
E s, Si 2p

S 2p,
(eV) ±

S

4.3
4.5
4.8
4.3

.2
4.5
4.2
4.0

.0

.5

.8

.3

*

hat the oxygen sample treatments (calcination and reo
ion) are less likely to produce such effects in a sample
e2O3. After ion bombardment peak width is maintain
hile the oxygen species at 528 eV disappears; with H2 re-

able 2
lectron binding energies (eV) of the core levels O 1s, Fe 2p3/2, Al 2p, Al 2

ample O 1s,
Eb (eV) ± 0.1

Fe 2p3/2,
Eb (eV) ± 0.2

Al
Eb

LB1
BT

Oxidized 531.1 711.5 7
Annealed 531.4 711.5 7
Ion etched 531.7 711.2 7
Re-oxidized 531.2 711.7 7

AT
AR 531.0 711.6 74
Ion etched 531.3 711.1 7
Annealed 531.0 710.8 7
Re-oxidized 530.9 711.8 7

Mixture M * * *
AR 533.1

531.6 75
529.4 710.3

Calcined 532.5
530.9 74
528.7 709.6

H2 reduced 533.9
532.4 75
530.4 710.6

Re-oxidized 533.3
531.8 74

529.9 709.7

Values given without correcting the differential charge effect.
ifferences (independent of the charge effect) remain p
ally constant (seeTable 3); which leads us to conclude th
he Al 2p (74.6 eV) could also be taken as a good inte
inding energy reference for this sample. InTable 4, the ra-

and Si 2s in samples SLB1 and mixture M after sample treatments

0.1
Al 2s,
Eb (eV) ± 0.1

Si 2p,
Eb (eV) ± 0.1

Si 2s,
Eb (eV) ± 0.1

119.2
119.6
119.7
119.2

118.9
119.2
118.9
118.9

* * *
103.9 154.8

119.8

103.1 154.0
119.1

104.5 155.6
120.5

103.0 153.9
119.2
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Fig. 1. Fe 2p XPS peaks of sample SLB1 under several conditions: (a)
SLB1 before catalytic tests (BT) after an oxidation treatment; (b) SLB1
(BT) annealed and Ar+ ion etched; (c) SLB1 after catalytic tests (AT) in the
as-received condition; (d) SLB1 AT Ar+ ion etched and thermal annealed,
are compared to those of sample Fe2O3 in the (e) as received condition and
(f) after a H2 reduction treatment.

tios of the surface atomic concentrations, obtained from our
XPS data, are compared with our calculated bulk atomic ra-
tios obtained from the reported weight composition of this
sample (12). An Al enrichment with respect to the volume
composition is observed.

4.1. Fe 2p level

In the BT SLB1 sample, heating for 12 h at 300◦C in
vacuum produces minor changes on the Fe 2p peak (spec-
trum not shown); the satellites between Fe 2p1/2 and Fe
2p3/2 (inter peak satellite) peaks are not well resolved; the
peak FWHM of Fe 2p3/2 increases slightly and a small con-
tribution nearEb ≈ 708 eV appears. Ar+ etching increases
FWHM slightly, and the intensity of species atEb ≈ 708 eV
(seeFig. 1b); the satellite structure between the Fe 2p lev-
els changes drastically (seeFig. 1a and b). Fe 2p3/2 peak
width and intensity of species withEb < 710 eV decrease with
re-oxidation, and there is also a 0.6 eV peak shift to higher
binding energies and the interpeak satellite is well defined;
XPS spectrum of the re-oxidized BT SLB1 sample is sim-
ilar to that of the re-oxidized AT sample (seeFig. 11d),
with a better definition of satellite structure. Fe 2p XPS
spectrum of the AT SLB1 sample (Fig. 1c) as received is

Fig. 2. O 1s spectral region of sample SLB1 for the conditions: (a) SLB1 be-
fore catalytic tests (BT) after an oxidation treatment; (b) SLB1 (BT) annealed
and Ar+ ion etched; (c) SLB1 after catalytic tests (AT) in the as-received con-
dition; (d) SLB1 AT Ar+ ion etched and thermal annealed.

very similar to that of the heated BT SLB1 sample (spec-
trum not shown); but the satellite structure between the Fe
2p levels does not show up. Ion etching causes broaden-
ing, and a contribution of species withEb < 709 eV and a
0.5 eV shift to lower binding energies. Sample heating pro-
duces a more pronounced shift to lower binding energies,
and the contribution of species withEb < 709 eV is marked
(seeFig. 1d). Sample re-oxidation of AT SLB1 causes a
decrease in the FWHM and in the contribution of species
with Eb < 709 eV, and a reappearance of the interpeak satel-
lite structure (Fig. 11d). The whole of this is coherent with
a certain degree of iron reduction during annealing and ion
etching and a sample reoxidation once it is in contact with
oxygen.

4.2. O 1s level

This peak, in both BT SLB1 and AT SLB1 samples looks
very symmetric (Fig. 2), which makes peak decomposition
into several components tricky, since its width, that could
be greater than 3.25 eV, points to their presence. In the BT
SLB1 sample, FWHM varies between 3.05 eV (re-oxidized)
and 3.65 eV (oxidized) (Fig. 2a), and in the AT SLB1 sample
the width varies between 2.8 eV (re-oxidized) (Fig. 8g), and
3eV (sample as received) (Fig. 2c); peak asymmetry present
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Fig. 3. Al 2p XPS spectra for: (a) SLB1 before catalytic tests (BT) after an
oxidation treatment; (b) SLB1 (BT) annealed and Ar+ ion etched; (c) SLB1
after catalytic tests (AT) in the as-received condition; (d) SLB1 AT Ar+ ion
etched and thermal annealed.

is exhibited by the two re-oxidized samples, when it reaches
0.35 eV to higher binding energies.

The O 1s peak in BT SLB1 annealed sample (spectrum
not shown) shows a≈0.5 eV shift to higher binding energies,
and a pronounced FWHM reduction, due to intensity reduc-
tion of species withEb < 530 eV. Ion bombardment causes a
≈0.3 eV peak shift to higher binding energies, and peak width
decreases even more due to the fall in intensity of species with
Eb < 530 eV (Fig. 2b). Re-oxidation (spectrum not shown)
produces a≈0.5 eV peak shift to lower binding energies and
FWHM increases slightly compared with the ion bombarded
sample, and remaining less than sample as received. From
Figs. 4a–c andTable 4, one can appreciate the difficulty of
deducing the sample SLB1 as an Al2O3 and Fe2O3 mixture
since, from the ratio NAl /NFe there should exist 3.5 times
more oxygen atoms bonded to aluminium than to iron and
the O 1s peak should exhibit an asymmetry on the side of
low binding energies.

The AT SLB1 sample in the as received (AR) condition
exhibits a narrower O 1s peak (Fig. 2c) than the BT (ox-
idized) sample (Fig. 2a) with less contribution of species
with Eb < 530 eV andEb > 532.5 eV. This peak width de-
crease, despite the presence of a charge effect similar to
that in the BT SLB1 sample, could indicate a sample sur-
face chemical modification due to the catalytic test; ion bom-

Fig. 4. The O 1s XPS region for samples: (a) SLB1 BT after an oxidation
treatment; (b) Al2O3 after a calcination process; (c) Fe2O3 in the as-received
condition; (d) VL1 BT after an oxidation treatment.

bardment of this sample produces a 0.3 eV shift to higher
binding energies, without FWHM modification (spectrum
not shown). Thermal treatment moves the binding energy
peak value (Fig. 2d) to that obtained in the AT SLB1 sam-
ple as received (AR) and a slight width decrease because
of reduction of species withEb > 532.5 eV. Re-oxidation
maintains the binding energy value, but the width decreases
due to intensity reduction of species withEb > 532.5 eV
(Fig. 8g).

The comparison of the O 1s peaks for the BT SLB1 (not
shown) and AT SLB1 (Fig. 8g) samples after re-oxidation
shows that in the latter the peak width is appreciably nar-
rower and with a≈0.3 eV shift to lower binding energies.
This shift is observed also in the Al 2p peak, such that
the energy difference between the two is maintained (see
Table 3); this can be attributed to charge effect correction
problems rather than a chemical shift. Al 2p as a reference
is more appropriate for this sample. If we conceive the sam-
ple surface as an oxide mixture and aluminate with differ-
ent electrical conductivities and degrees of response to sam-
ple treatments, one could explain peak width changes and
peak shifts observed with respect to C 1s of adventitious
carbon in terms of differential charge effects; especially be-
cause annealing produces a width reduction, observed earlier
[6] and is expected due to the relaxation caused by atomic
v
ibrations.
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Table 3
Kinetic energy differencesEk (Al 2p) − Ek (O 1s),Ek (Si 2p)− Ek (O 1s),
Ek (O 1s)− Ek (Fe 2p3/2) for samples Al2O3, Fe2O3, Si O2 and VL1 after
several sample treatments

Sample Ek (Al 2p) −
Ek (O 1s)

Ek (Si 2p) −
Ek (O 1s)

Ek (O 1s) −
Ek (Fe2p3/2)

Al2O3

Calcined 456.7
H2 reduced 456.6
Ion etched 456.7
Re-oxidized 456.7

Fe2O3

AR 181
Calcined 181.1
Ion etched 181.1
H2 reduced 180.3
Re-oxidized 180.6

SiO2

Calcined 428.9
H2 reduced 429.2
Ion etched 429
Re-oxidized 429.3

VL1
BT

Oxidized (*)456
(#)457.9

(#)181.5

Ion etched (*)456.2
(#)457.8

(#)181.0

Annealed (*)455.6
(#)457.1

(#)180.6

Re-oxidized (*)456.2
(#)457.9

(#)181.6

AT
AR (*)456

(#)457.9
(#)181.3

Annealed (*)455.7
(#)457.5

(#)181.2

Ion etched (*)455.9
(#)457.7

(#)180.8

Re-oxidized (*)456.2
(#)457.9

(#)181.3

SLB1
BT

Oxidized (*)456.8
Annealed (*)456.9
Ion etched (*)456.8
Re-oxidized (*)456.9

AT
AR (*)456.8
Ion etched (*)456.8
Annealed (*)456.8
Re-oxidized (*)456.8

Mixture M
AR (†)456.6 (†)429.2 (†)180.9
Calcined (†)456.4 (†)429.4 (†)180.9
H2 reduced (†)456.6 (†)429.4 (†)180.2
Re-oxidized (†)457.5 (†)430.3 (†)179.8

(*) Values obtained using the apparent O 1s peak maximum. (#) Values
obtained after the O 1s peak decomposition into the components related to
Fe and Al. (†) Values obtained after the O 1s peak decomposition into the
components related to Fe, Al and Si.

Table 4
Comparison of the surface atomic ratios obtained from XPS data, with the
bulk atomic ratios

Surface± 10% Volume± 10%

Sample NAl /
NFe

NFe/
NSi

NAl /
NSi

NAl /
NFe

NFe/
NSi

NAl /
NSi

SLB1 2.9 9.4 27.6
BT

Oxidized 3.6
Annealed 3.2
Ion etched 3.0
Re-oxidized 3.9

AT
AR 4.5
Ion etched 3.9
Annealed 4.2
Re-oxidized 4.1

VL1 1.7 22.9 38.0
BT

Oxidized 0.9
Ion etched 0.8
Annnealed 0.9
Re-oxidized 1.0

AT
AR 1.0
Annealed 0.9
Ion etched 0.9
Re-oxidized 1.0

Mixture M
AR 1.1 0.8 0.9
Calcined 1.1 0.8 0.9
H2 reduced 1.4 0.6 0.8
Re-oxidized 1.0 0.9 0.9

4.3. Comparison among samples: SLB1, Fe2O3, and
Al2O3

The Fe 2p spectrum in the AR Fe2O3 sample (seeFig. 1e)
is narrower than the SLB1 BT sample (oxidized) (seeFig. 1a)
but show similar binding energy for the two Fe 2p levels. The
Fe 2p region is broader in BT (oxidized) SLB1 than in the
calcined Fe2O3 (not shown); and even broader than in sput-
tered Fe2O3 (spectrum not shown), with a well differentiated
interpeak satellite. The Fe 2p spectrum for the re-oxidized BT
SLB1 (not shown) is broader than in AR Fe2O3 (seeFig. 1e),
with the interpeak satellite less pronounced; its width is very
similar to re-oxidized Fe2O3 (Fig. 11h). The binding energy
difference between the two spectra, could be real, or probably
an artifact of a charge effect correction since in Fe2O3 the O
1s reference (530.3 eV) was used while the C 1s (285 eV) in
SLB1. The same observations could be made when compar-
ing the Fe 2p spectra of AT SLB1 re-oxidized (Fig. 11d) and
re-oxidized Fe2O3 (Fig. 11h).

The O 1s spectrum of AT SLB1 (AR) (Fig. 2c) resembles,
both in shape and width, that of calcined (Fig. 8b) and re-
oxidized Al2O3 (not shown), except in binding energy where
there is a difference; if Al 2p (74.6 eV) is used as binding
energy reference for sample BT SLB1 as we did for Al2O3,
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the binding energy difference disappears. This can be verified
by calculating the kinetic energy difference,Ek (Al 2p) −
Ek (O 1s), in each case (seeTable 3); 456.7 eV is obtained
for Al2O3 and 456.8 for AT re-oxidized SLB1 sample after
correcting the kinetic energy, using the energy calibration
of each spectrometer. A 456.9 eV value difference for re-
oxidized sample BT SLB1 is obtained, and the O 1s peak is
broader than in Al2O3.

5. Sample VL1

In Table 4, the ratios of the surface atomic concentrations
obtained from our XPS data are compared with our calculated
bulk atomic ratios obtained from the reported weight compo-
sition of this sample (11). An Al concentration decrease with
respect the volume composition is observed. The Fe 2p, O
1s, and Al 2p XPS regions for the VL1 sample are presented
in Figs. 5–7; a comparison between the Fe 2p region of VL1
(Fig. 5a–d) and Fe2O3 (Fig. 5e and f) is shown inFig. 5;
the O 1 s peak of oxidized BT VL1 is compared with Al2O3
(Fig. 4d) and Fe2O3 in Fig. 4. A comparison between the O 1s
spectra of AT SLB1 (Fig. 8f and g), AT VL1 (Fig. 8d and e),
Fe2O3 (Fig. 8c), Al2O3 (Fig. 8b), and SiO2 (Fig. 8a) is shown

F
m
B
(
b
t

Fig. 6. The O 1s XPS spectral regions of sample VL1 in the following
conditions: (a) before catalytic tests (BT) and after an oxidation treatment;
(b) BT after an Ar+ ion etching and annealing treatments; (c) after catalytic
tests (AT) in the as-received condition; (d) AT and after annealing and Ar+

ion bombardment are compared to those of sample Fe2O3 after some sample
treatments: (e) in the as-received condition; (f) H2 reduction.

in Fig. 8. For the VL1 sample, the C 1s line (285.0 eV) bind-
ing energy reference is used. The binding energies for this
sample are given inTable 1.

A comparison of BT VL1 (Fig. 6a and b) and AT VL1
(Fig. 6c and d) is presented inFig. 6. The Al 2p peak for the
VL1 sample does not show appreciable changes except in AT
VL1 at the state attained after heating and ion etching (see
Fig. 7d) in which an increase of peak width is noticed; with
re-oxidation the peak width exhibited in other treatments is
recovered (not shown); Al 2p peak of BT VL1 (seeFig. 7a
and b) did not show any changes after different treatments
and are very similar to that obtained for sample AT VL1
(AR) (Fig. 7c) once the latter sample is exposed to ambient
conditions. The observed difference in behaviour of AT VL1
(Fig. 7c and d) and BT VL1 indicates a modification in the
chemical state of aluminum, as a result of the catalytic tests
done with AT VL1.
ig. 5. The Fe 2p XPS spectra for sample VL1 after several sample treat-
ents: (a) before catalytic tests (BT) and after an oxidation treatment; (b)
T after an Ar+ ion etching and annealing treatments; (c) after catalytic tests

AT) in the as-received condition; (d) AT and after annealing and Ar+ ion
ombardment are compared to those of sample Fe2O3 after some sample

reatments: (e) in the as-received condition; (f) H2 reduction.

5.1. Fe 2p level

The Fe 2p XPS spectrum of the BT VL1 sample after
ion etching and annealing (Fig. 5b) exhibits a peak width in-
crease, a shift to lower binding energies and a less definition
of the interpeak satellite structure such as is expected from re-
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Fig. 7. The Al 2p XPS peak of sample VL1 for each of the sample conditions:
(a) before catalytic tests (BT) and after an oxidation treatment; (b) BT after an
Ar+ ion etching and annealing treatments; (c) after catalytic tests (AT) in the
as-received condition; (d) AT and after annealing and Ar+ ion bombardment,
is shown.

duced iron; re-oxidation (not shown) recovers the same XPS
spectrum as that before these treatments. The AT (AR) VL1
spectrum (Fig. 5c) is similar to that of BT oxidized VL1.
The AT VL1shows the same behaviour in the Fe 2p region
(Fig. 5d), for the same sample treatments as BT VL1. Com-
paring this sample’s Fe 2p spectra with Fe2O3, BT (oxidized)
VL1 shows a Fe 2p3/2 peak (seeFig. 5a) slightly broader than
AR Fe2O3 (seeFig. 5e) but similar to calcined Fe2O3 (not
shown).

Ion etched BT VL1 exhibits a Fe 2p3/2 peak slightly
broader than in ion etched Fe2O3; the Fe 2p3/2 peak shape
(seeFig. 5b) of heated and ion etched BT VL1 resembles
that of hydrogen reduced Fe2O3 (Fig. 5f), but there is a bind-
ing energy difference. The Fe 2p (not shown) of re-oxidized
(BT) VL1 is similar to re-oxidized Fe2O3 (Fig. 11h) but with
a 0.8 eV shift to higher binding energies.Ek (O 1s)− Ek (Fe
2p3/2) calculation for these two re-oxidized samples gives
180.6 eV for Fe2O3 and 181.6 eV for BT VL1. It could then
be concluded that the Fe 2p spectrum in this sample resem-
bles that of FeOOH, and its shape is very similar to AR Fe2O3
that before the calcination is closer to FeOOH[21]. AT (AR)
VL1 has a Fe 2p spectrum similar to calcined Fe2O3 (not
shown); in the same spectral region, heated and ion etched
AT VL1 has a spectrum (seeFig. 5d) completely similar to
hydrogen reduced Fe2O3 (Fig. 5f); comparison (Fig. 11b) of

Fig. 8. A comparison of the O 1s peaks is shown for samples: (a) SiO2 in
the calcined condition; (b) calcined Al2O3; (c) calcined Fe2O3; (d) reduced
AT VL1; (e) AT VL1 after a re-oxidation treatment; (f) reduced AT SLB1;
(g) AT SLB1 after a re-oxidation treatment.

re-oxidized AT VL1 with Fe2O3 shows the same behaviour
as sample BT VL1; in this case theEk (O 1s)− Ek (Fe 2p3/2)
difference is 181.3 eV.

5.2. O 1s level

The O 1s peak is always asymmetric at higher binding
energies and shows appreciable changes after sample treat-
ments, specially sample AT VL1. Re-oxidized BT VL1 (spec-
trum not shown) and AT VL1 (Fig. 8e) show the same O 1s
spectrum. Comparing these spectra (Fig. 8) with those of
Fe2O3 and Al2O3, the O 1s spectra of VL1 samples look like
mixed spectra of these two oxides, but the intensity disagrees
with the Al and Fe weight proportion present in this sample
(seeTable 4); according to the ratio NAl /NFe, there should
exist practically the same number of oxygen atoms bonded
to Al than to Fe, this should produce an O 1s XPS peak with
a slight asymmetry on the high binding energy side but with-
out exhibiting the obvious structure observed inFig. 4d and
Fig.8d.

6. Mechanical mixture (MMLV5)

The Fe 2p and O 1s spectra for this sample, recorded with
t
he VSW spectrometer, are presented inFigs. 9 and 10(in
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Fig. 9. The Fe 2p peaks for the mechanical mixture, (mixture M) analyzed
in the VSW spectrometer after the following sample treatments: (a) in the
as-received condition; (b) in the calcined condition; (c) after reduction in
H2; (d) after re-oxidation, are shown.

this case, sample is named mixture M). A comparison of the
Fe 2p regions in VL1, SLB1, mixture M and Fe2O3 is shown
in Fig. 11. The values for the surface atomic concentration
ratios for this sample are presented inTable 4. A Fe concen-
tration decrease and a Al enrichment compared to Fe and Si
is observed. The iron decrease is due to the sample deposition
method that causes the heavier particles to stay away from
the surface.

This sample, due to the heterogenous composition does
not show an homogenous charge effect; however, the C 1s
line (285.0 eV) was taken as a binding energy reference, de-
spite the possible problems that could arise, but verifying
whenever with the other internal energy references: Al 2p
(74.6 eV) and Si 2p (103.8 eV). The XPS iron peaks can-
not be used as references due to their susceptibility to several
sample treatments, instead the O 1s bonded to iron (530.3 eV)
was employed as reference to establish the presence of a dif-
ferential charge effect in mixture M. This can be detected
observing the Fe 2p, Si 2s and Al 2s binding energy values
given inTable 2for mixture M compared to those obtained for
the pure oxides under the same sample treatments. The bind-
ing energies, taking the C 1s (285.0 eV) as binding energy
reference, for this sample are given inTable 2.

The Fe 2p XPS spectrum (seeFig. 9a) for the AR mix-
ture M sample exhibits a 0.7 eV binding energy shift com-
p e

Fig. 10. The O 1s XPS spectral regions of mixture M under the sample
treatments: (a) in the as-received condition; (b) in the calcined condition; (c)
after reduction in H2; (d) after re-oxidation, are presented.

as in Fe2O3; however, peak widths are larger than those in
re-oxidized Fe2O3 and the interpeak satellite region is less
defined (seeFig. 11f and h), which might be due to a differ-
ential charge effect arising from intergrain boundaries among
the Fe2O3, Al2O3 and SiO2 particles.

H2 reduction for 20 h clearly shows (seeFig. 9c) a trans-
formation to the metallic state of great part of the Fe2O3
content in the sample; the binding energy obtained for Fe
2p corresponds to that of metallic iron (Fe0); re-oxidation
(seeFig. 9d) recovers the calcined sample spectrum, but the
interpeak satellite is less defined.

Evolution of O 1s component linked to iron (Fig. 10a–d)
coincides with that observed in the Fe 2p region. The rest of
the O 1s peak is practically, taking into account the weight
composition (see samples section), related to oxygen bonded
to silicon (SiO2), which does not show modifications un-
der sample treatments. Calculation of theEk (Si 2p) − Ek
(O 1s) difference for SiO2 and for the mixture M gives
429.2± 0.2 eV except for the re-oxidized mixture, which
gives 430.3 eV. This variation could be due to a synergic effect
that produces some sample chemical modification, thus de-
parting from a mechanical mixture. Nevertheless, we should
point out that the differential charge effect presence changes
the O 1s peak shape where at least three components should
exist. If the O 1s is decomposed using a peak fitting routine,
e ffer-
ared with the calcined sample (Fig. 9b), which is the sam
 rrors can be committed when placing in position the di
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Fig. 11. The Fe 2p XPS spectral regions for several samples are presented:
(a) reduced AT VL1; (b) re-oxidized AT VL1; (c) reduced AT SLB1; (d)
re-oxidized AT SLB1; (e) mixture M reduced in H2; (f) re-oxidized mixture
M; (g) Fe2O3 reduced in H2; (h) re-oxidized Fe2O3.

ent components since the fitting procedure is not univocal,
leading to apparent values for the kinetic energy differences,
which is not the case for the homogeneous charge effect.

Comparison of O 1s peak shape for the mechanical mix-
ture (Fig. 10a–d) and that for VL1 (Fig. 6a–d) and SLB1
(Fig. 2a–d) shows that they are very different; in SLB1 the O
1s peaks are quite symmetrical, while in the mixture two oxy-
gen species are clearly distinguished; in VL1 the peak asym-
metry appears on the opposite site (left of peak maximum)
to that observed in the mixture (right of peak maximum), de-
spite that the surface atomic concentrations NAl /NFe are not
very different from those of VL1, and that the main differ-
ence between these samples is the ratio NFe/NSi producing a
contribution in the O 1s spectrum (mixture M) at 533.0 eV
region due to oxygen bonded to Si.

7. Conclusions

The VL1 and SLB1 samples used as geologically standard
reference laterites do not correspond at the surface to a mix-
ture of oxides, but rather some type of iron aluminate present
on their surfaces. These results confirm our former studies on
not certified natural laterites.

The O 1s peak shape for the VL1 and SLB1 samples does
not correspond to that expected if their surface composition
were an oxide mixture in the proportion given by the NAl /NFe
ratios.

The mechanical Fe2O3, SiO2 and Al2O3 mixture prepared
to simulate a laterite exhibits a different behaviour to that
observed on VL1 and SLB1 samples. This mixture shows a
differential charge effect when it is irradiated with X-rays,
which is not present on the standard reference laterites which
supports the first conclusion.

It can also be concluded that in SLB1 sample the most
appropriate internal binding energy reference is the 74.6 eV
Al 2p level.
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