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Influence of residual chloride ions in the CO hydrogenation
over Rh/SiO2 catalysts
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Abstract

Silica-supported rhodium catalysts prepared from nitrate and chloride precursors were tested in the CO hydrogenation
reaction. Similar reaction rate and selectivities to the different product families were found for both catalysts, however the
ex-chloride catalyst showed a lower 1-olefin/n-paraffin ratio. Characterisation by X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), H2 chemisorption and Fourier transform infrared spectroscopy (FTIR) of CO
chemisorbed did not evidence disparate features betweenex-nitrate andex-chloride samples. However, a much higher H2

desorption was found in theex-chloride catalyst according to the hydrogen temperature-programmed desorption (TPD) studies.
Residual chloride species seems to be involved in the H2 adsorption on silica enhancing the spillover of hydrogen from metal
particles to the silica support. It is suggested that spilt-H atoms can create active sites on the silica surface where olefins can
be hydrogenated to the corresponding paraffins.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Rhodium-based catalysts have been demonstrated
to be suitable for the synthesis of oxygenates com-
pounds from synthesis gas (CO+ H2) [1–5]. In spite
of the many studies addressing this kind of catalysts,
some aspects relating to the genesis of the metal pre-
cursor and its role in the activity and selectivity of the
Fischer–Tropsch reaction are still not fully understood.
The effect of the nature of the metal precursor on both
activity and selectivity in the hydrogenation of car-
bon monoxide over rhodium-based catalysts has also
been investigated by several authors, although with
conflicting results. Over a silica support, Jackson et al.
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[6] found that the rhodium precursor affects available
site geometries on the metal crystallites, and that such
variations play a significant role in determining selec-
tivities in CO hydrogenation. By contrast, Gotti and
Prins[7] reported that the presence of residual anions
on the rhodium metal surface does not affect either ac-
tivity or selectivity. Therefore, it seems that the role of
chloride ions in CO hydrogenation is not fully under-
stood and some of the aspects involved require further
in-depth study.

Thus, our aim in this contribution is to exam-
ine the influence of the rhodium precursor salts
(nitrate or chloride) used in the preparation of the
catalysts in the catalytic performance for CO hy-
drogenation. In that sense, several characterisation
techniques, including photoelectron spectroscopy
(XPS), transmission electron microscopy (TEM),
Fourier transform infrared spectroscopy (FTIR) of
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chemisorbed CO, hydrogen chemisorption and hydro-
gen temperature-programmed desorption, were used
to investigate the surface structures of supported Rh
particles on a non-reducible substrate like SiO2. The
objective is to detect any difference on the surface
properties of catalysts that could shed light on the
differences in the catalytic behaviour.

2. Experimental

2.1. Catalysts preparation

The catalysts were prepared by impregnation of a
silica carrier (MS-3030, PQ Corporation) with aque-
ous solutions (ca. 40 ml) of Rh(NO3)3·2H2O and
RhCl3·xH2O (Johnson Matthey Co.) of appropriate
concentration in order to achieve a metal loading
of 2.5 wt.%. Excess water was removed in a rotary
evaporator until dryness. The impregnates were sub-
sequently dried in air at 383 K for 2 h. Calcination
was carried out at 773 K for 12 h. Some impuri-
ties, mainly Fe, Ca and K, were found by chemical
analysis, although no different levels of them were
detected. The samples are hereafter referred to as
Rh(N) and Rh(Cl) for theex-nitrate andex-chloride
salt precursors, respectively.

2.2. Catalyst characterisation

X-ray photoelectron spectroscopy (XPS) experi-
ments were accomplished with a VG Escalab 200 R
spectrometer equipped with a hemispherical electron
analyser and an Al K� (1486.6 eV) X-ray source. The
samples were pressed on copper holders, mounted on
a sample rod placed in the pretreatment chamber of
the spectrometer, and then outgassed at 383 K for 1 h.
Once the spectra had been recorded, the sample was
reduced in situ at 523 K (heating rate of 10 K/min)
under hydrogen for 1 h and then analysed again. En-
ergy regions (20 eV) of the C 1s, Si 2p, Rh 3d and N
1s or Cl 2p photoelectrons were scanned a number of
times in order to obtain good signal-to-noise ratios.
The binding energies (BE) were referenced to the Si
2p (103.4 eV) internal standard. Both BE values and
peak areas were computed by fitting the experimental
spectra to Gaussian/Lorenztian lines after removal of
a S-shaped background. Surface atomic ratios were

calculated from peak area ratios normalised by atomic
sensitivity factors[8].

Rhodium dispersion and metal particle size were
evaluated by hydrogen chemisorption in a conven-
tional volumetric system; a Had/Ms = 1 stoichiome-
try was assumed. Typically, ca. 0.5 g of the samples
were outgassed at 523 K for 1 h and then reduced in
hydrogen at 523 K for 1 h. After outgassing at this
temperature for 1 h, the samples were cooled down to
308 K and the H2 adsorption isotherm was determined.
The amounts of chemisorbed H2 were estimated us-
ing a baratron (MKS Instruments) pressure transducer.
From the first isotherm, the amount of H2 chemisorbed
in the monolayer was determined by extrapolation of
the linear part of the isotherm to zero pressure.

Transmission electron microscopy was used to
determine the size and shape of supported parti-
cles. The micrographs were obtained using a JEOL
JEM-2000FX electron microscope at an accelerating
voltage of 200 kV. Catalysts were reduced ex situ
and passivated at room temperature in diluted oxygen
(1% (v/v)). The powdered samples were suspended in
n-butanol and drops of this suspension were deposited
on a copper grid, which was then placed in the mi-
croscope. In order to confirm that the metal particles
observed by TEM did consist of Rh, X-ray energy
dispersive spectroscopy (XEDS) probe was used
for chemical identification. The number of particles
counted and used to construct the particle histograms
was around 300, which is considered reasonable for
statistical significance to be reached.

Transmission infrared spectra were obtained on a
Nicolet ZDX Fourier transform IR spectrophotome-
ter connected to a Nicolet 680 Spectral Workstation
equipped with a DTGS detector. The catalyst sam-
ples were pressed to obtain thin wafers, which were
placed inside a special greaseless infrared cell. Typi-
cally, samples were first dried under a high vacuum at
383 K in order to remove contaminants from the sur-
face and were then H2-reduced at 523 K for 1 h. The
samples were subsequently outgassed under high vac-
uum for 0.5 h and the temperature of the cell was set at
303 K. Finally, small CO pulses (0.40–8.93 kPa) were
dosed into the cell, recording each FTIR spectrum
after each pulse. The spectrum of the sample wafer
before the admission of adsorbate was used as the
background spectrum. All the spectra were recorded
at a resolution of 4 cm−1.



M. Ojeda et al. / Journal of Molecular Catalysis A: Chemical 202 (2003) 179–186 181

Temperature-programmed desorption (TPD) exper-
iments were carried out using an U-shaped quartz re-
actor connected to a Baltzer Prisma QMS 200 TM
quadropole mass spectrometer. First, the catalyst was
reduced in H2/Ar flow (100 ml/min) at 523 K for 1 h.
Once the catalyst was cooled down, the surface was
purged by flowing Ar for 2 h. Subsequently, tempera-
ture was linearly increased from room temperature to
1073 K at 10 K/min, following the hydrogen desorp-
tion with the mass spectrometer.

2.3. Catalytic measurements

CO hydrogenation reactions were performed using
a high-pressure fixed-bed microreactor (stainless steel
316, length 150 mm and i.d. 4 mm). The calcined sam-
ples (0.3 g, 0.42–0.50 mm particle size) were diluted
with SiC (0.6 g, 0.42–0.50 mm particle size) to avoid
hot spots. Before the reactions, the catalysts were re-
duced in situ at 523 K (heating rate of 10 K/min) for 1 h
in a flow of H2/N2 (1:9) at a rate of 100 ml/min. The
reactor was then cooled and the gas flow was switched
to the reaction gas mixture (molar ratio H2/CO = 2).
The system was pressurised at 2.03 MPa and the reac-
tor temperature was increased up to 498 K at a heating
ramp of 10 K/min. The total flow rate was varied in
order to test the catalytic properties at different con-
tact time (syngas space velocity was randomly var-
ied). Temperature was measured with a type-K ther-
mocouple buried in the catalytic bed. Flow rates were
controlled using a Brooks 5850 TR Series mass flow
controller. All experimental variables were carefully
controlled to ensure identical reaction conditions when
testing both catalysts. Some recommendations and cri-
teria proposed by Pérez-Ramirez et al.[9] were fol-
lowed to assure accurate measurements.

Product analysis was performedon-line with a gas
chromatograph (HP 5890) equipped with TCD and
FID detectors and two in-series fused silica capil-
lary columns: SPB-5 (60 m× 0.53 mm) and Supel-Q
Plot (30 m× 0.53 mm). It was possible to analyse
inorganic gases (H2, CO and CO2), C1–C20 hy-
drocarbons, C1–C10 alcohols and other oxygenated
compounds. The identification of reaction products
and gas chromatograph calibration were accom-
plished using gas chromatography–mass spectrometry
(GC–MS) and quantitative standard solutions from
AccuStandard.

3. Results

3.1. Rhodium particles characterisation

X-ray photoelectron spectroscopy was used to de-
termine the chemical state of the constituent atoms of
the catalysts and their relative surface concentration.
After the reduction procedure, the BE of the Rh 3d5/2
peak was about 307.0 eV for both catalysts, that means
that the rhodium atoms were in the metallic state. As
no shift in the binding energy of Rh 3d5/2 core level
was observed, electronic effects should be, in prin-
ciple, discarded. For the Rh(N) catalyst, no nitrogen
species were observed on the surface, but a certain pro-
portion of chloride ions were detected over the Rh(Cl)
catalyst surface, the Cl/Rh atomic ratio being 0.26.

Rhodium particle size was measured by TEM and
hydrogen chemisorption (Table 1). TEM micrographs
of catalysts prepared from nitrate and chloride precur-
sors showed nearly spherical particles; the particle size
distributions were relatively narrow and similar for
both catalysts. From the results of H2 chemisorption,
the volume-surface mean diameter was 2.2 and 2.5 nm
for the Rh(N) and Rh(Cl) catalysts, respectively.

Figs. 1 and 2show the infrared spectra of CO
chemisorbed at 303 K on the reduced Rh(N) and
Rh(Cl) catalysts, respectively. Both catalysts showed
very similar FTIR spectra. The observed absorption
bands are well established in the literature[10]. The
broad band centred at ca. 1870 cm−1 is assigned to
the bridge-bonded CO surface species. Those bands
at 2091 and 2025 cm−1 are assigned to the sym-
metrical and asymmetrical stretching vibration of
gem-dicarbonyl Rh+(CO)2 species. Finally, the band
at 2057 cm−1 represents the linear adsorption of CO
over rhodium. Increasing the CO pressure did not
cause differences between both catalysts either.

Table 1
Particle size and dispersion of Rh/SiO2 catalysts

Sample H2 chemisorption Volume-surface
mean diameter
(nm) (TEM)H/Rh

(atomic
ratio)

Volume-surface
mean diameter
(nm)

Rh(N)/SiO2 0.49 2.2 3.7
Rh(Cl)/SiO2 0.44 2.5 3.4
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Fig. 1. FTIR spectra of chemisorbed CO on the reduced Rh(N)
catalyst: (a) 0.4 kPa; (b) 0.93 kPa; (c) 1.73 kPa; (d) 2.93 kPa; (e)
8.93 kPa.

3.2. CO hydrogenation over Rh/SiO2 catalysts

Table 2summarises the results of the hydrogena-
tion of carbon monoxide at 498 K and different

Fig. 2. FTIR spectra of chemisorbed CO on the reduced Rh(Cl)
catalyst: (a) 0.4 kPa; (b) 0.93 kPa; (c) 1.73 kPa; (d) 2.93 kPa; (e)
8.93 kPa.

Table 2
Results of CO hydrogenation over Rh/SiO2 catalysts

Rh(N)/SiO2 Rh(Cl)/SiO2

320a 120a 80a 320a 120a 80a

Conversion (%) 8.0 16.3 20.1 8.2 15.2 19.5

Selectivityb (%)
C1 7.4 7.1 7.1 9.8 9.5 9.4
C2–C4 43.9 43.3 43.8 42.0 44.2 44.9
C5+ 27.0 26.8 26.7 21.2 21.3 21.5
Coxygenates 21.6 22.8 22.4 27.0 25.0 24.1

a Space velocity (ml/(min gcat)).
b Carbon base; reaction conditions: 498 K, 2.03 MPa,

H2/CO = 2.

syngas space velocities. Reaction product analyses
were carried out once steady-state had been reached.
At the same reaction conditions, very similar con-
versions were achieved with both catalytic systems.
The main reaction products were linear hydrocarbons
(n-paraffins and 1-olefins) and oxygenated com-
pounds (mainly 1-alcohols). The distribution of the
reaction products was almost identical for the studied
catalysts and only minor differences were found. Al-
though only C1, C2–C4, C5+ and oxygenate family
compounds were tabulated for simplification, it must
be stressed that classification by individual carbon
number brings the same conclusion.

However, an interesting precursor effect was ob-
served in the Rh-based catalysts not reported before
to our knowledge.Fig. 3shows the 1-olefin/n-paraffin
ratio at different CO conversion for the Rh(N) and
Rh(Cl) catalysts. This ratio will be used as an in-
dex of the olefinicity of the reaction products since
the main olefin isomer is the 1-olefin. For the
sake of clarity, ethene/ethane, propene/propane and
1-pentene/n-pentane ratios were only plotted (al-
though similar conclusions were found for other
hydrocarbons). The 1-olefin/n-paraffin ratio decreases
with conversion when contact time is increased. It is
well established that long contact time gives higher
probability to olefins to be readsorbed and to under-
take secondary reactions which lower olefin selectiv-
ity. The decrease of this ratio with the chain length is
also well documented. In the same way, the low ratio
for ethane/ethane is also a well-known effect[11,12].
Therefore, the results showed inFig. 3agree with for-
mer well-reported effects as long as a given catalyst
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Fig. 3. Precursor effect on the 1-olefin/n-paraffin ratio:
filled symbols, Rh(N) catalyst; open symbols, Rh(Cl) cata-
lyst; (�) ethene/ethane ratio; (�) propene/propane ratio; (�)
1-pentene/n-pentaneratio.

is considered. However, when comparing the Rh(N)
and Rh(Cl) catalysts, for a given hydrocarbon length
and at isoconversion, the 1-olefin/n-paraffin ratio is
lower for the ex-chloride catalyst. For example, the

Fig. 4. TPD of hydrogen: (a) SiO2; (b) Rh(N)/SiO2; (c) Rh(Cl)/SiO2.

1-pentene/n-pentane ratio is about 30–35% lower for
the ex-chloride catalyst. For other hydrocarbon chain
size, the observed trend is very similar. Since both
catalysts were prepared following the same method
and the same support, and since they were tested
under identical reaction conditions, this different be-
haviour can, in principle, be ascribed to the catalyst
precursor nature, and more precisely, to the presence
of residual chloride anions.

3.3. H2 TPD patterns

In Fig. 4, the TPD of H2 of the Rh/SiO2 catalysts
and of the silica support are shown. The TPD profiles
for both catalysts are very different. As temperature
was increased from 313 to 1000 K, the Rh(N) cata-
lyst showed only a small hydrogen desorption peak
at about 700 K, while the Rh(Cl) catalyst displayed a
broad desorption peak at about 650 K and a sharp peak
at 935 K, both very intense. According to the literature
[13], H2 chemisorbed over silica-supported rhodium
particles desorbs at 353 K. However, we could not de-
tect this type of hydrogen. The lack of desorption peak
due to H2 chemisorbed over rhodium particles can be
due to the relative high temperature used to start the
TPD experiments (313 K). Before starting the temper-
ature ramp, sample was kept at 313 K for a couple of
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hours, which could result in the removal of the H2
chemisorbed over the rhodium metal surface, respon-
sible for this desorption peak. Because the TPD of the
bare silica does not show any peak at all, the peaks at
650 and 935 K correspond to the desorption of hydro-
gen spilt-over from the metal particles to the support
surface.

4. Discussion

The chloride species detected by photoelectron
spectroscopy should be located on the silica surface
but not on the metal particles. Similarly as pointed out
by Bossi et al.[14], the formation of a rhodium oxy-
chloride should result in a lower dispersion compared
with the nitrate precursor. However, our results (TEM
and H2 chemisorption) indicated that the rhodium
dispersion is similar in both cases. Thus, it is inferred
that no Rh oxychloride is formed. The Cl/Rh atomic
ratio was 0.26. This ratio is rather low but agrees with
the low retention capacity of Cl by silica[15,16]. The
key question is whether the residual chloride left over
the silica surface affects the catalyst structure and/or
its catalytic performance.

Concerning the Rh particles characterisation, TEM
micrographs showed that chloride ions did not affect
rhodium dispersion since similar shape and size were
found. H2 chemisorption experiments did not either
show differences between both catalysts. The average
rhodium particle size detected by TEM was larger than
those found by H2 chemisorption. This could be ex-
plained in terms of the resolution limit of this tech-
nique; smaller particles cannot be seen and hence the
mean particle size seems to be higher. Kusama et al.
[17] studied the structure of Rh/SiO2 catalysts pre-
pared from chloride and nitrate precursors. They found
that chloride ions decrease the number of active sites,
although they did not advance any hypothesis to ex-
plain this type of behaviour. In our work, we did not
detect such chloride poison effect. Besides, we did not
observe any differences with regard the shape and the
size of the rhodium particles.

As stated above, several bands corresponding to the
interaction between CO and supported rhodium par-
ticles were observed by FTIR. The bands due to the
linear, bridge-bonded andgem-dicarbonyl CO adsorp-
tion were observed. Both catalysts show quite similar

spectra. The intensity of the bridge carbonyl is slightly
higher at low CO pressures in the Rh(Cl) catalyst, and
this could suggest that the rhodium is slightly less dis-
persed, as also observed by hydrogen chemisorption
experiments. Therefore, it can be concluded that the
metallic precursor does not influence the CO adsorp-
tion process over the rhodium particles.

With respect to the catalytic properties,Table 2
shows that apparently, neither the conversion nor the
selectivity to the main reaction products families was
affected by the residual chloride ions retained by the
catalyst. This issue is controversial in the literature.
Some authors[6,18–20]have found that chloride an-
ions behave as catalytic promoters, leading to more
active catalysts, whereas others[21] do not agree with
this point of view, claiming chloride precursors to be
a poison for the rhodium metal particles. In our study,
we found that residual chloride anions did not have
any effect on activity or on selectivity to the main com-
pounds families. Similar results have been reported by
Gotti and Prins[7]; those authors failed to find any in-
fluence of residual chloride in activity or in selectivity
over silica-supported rhodium catalysts.

Most of the previous studies based their conclusions
on the analysis of the main reaction products families.
However, a more exhaustive study of our data led us
to find some differences on the performance of both
catalysts. It is clear fromFig. 3 that the olefinicity of
the reaction products is between 15 and 35% higher
for the Rh(N) catalyst, depending on the chain size
we select for the comparison. To confirm our observa-
tion, we carried out again the CO hydrogenation with
new batches of the catalysts, finding similar results.
Therefore, it seems unlikely to attribute the different
catalytic performance to experimental errors. Our ob-
servation means that, in the case of chloride precursor,
the hydrogenating character of the catalyst was higher.

A hypothesis to explain the differences found in
the 1-olefin/n-paraffin ratio on Rh(N) and Rh(Cl) cat-
alysts is advanced in this paper. According to the
well-known mechanism for hydrocarbon formation in
the FT synthesis[11], 1-olefins are produced on the Rh
particles by CHx fragments oligomerisation and sub-
sequent�-hydrogen elimination. Once these olefins
are formed and desorbed from the active site, they can
be again readsorbed onto the surface sites and under-
take secondary reactions, namely reinsertion, hydro-
genation, isomerisation and hydrogenolysis. Olefins
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cofeeding experiments have demonstrated that the last
two secondary reactions are not significant under real-
istic FT conditions[22]. Reinsertion gives rise to the
initiation of a new chain growth process. Hydrogena-
tion of olefins, in principle less important than reinser-
tion, yields linear paraffins. In this work it is proposed
that a secondary pathway for olefin hydrogenation has
been reinforced inex-chloride catalysts.

From Fig. 4 it is clear that the Rh(N) and Rh(Cl)
catalysts show a very different H2 TPD pattern. It
seems clear, at least in our results, that chloride ions
favour the hydrogen spillover from the rhodium sites
to the silica. However again in bibliography con-
troversy comes out when comparingex-chloride or
ex-nitrate catalysts. Some authors[23–25] have re-
ported that chloride ion produces an inhibition of
the spillover, while others[26] have observed that
spillover is favoured by the presence of those ions.
Finally, other authors[27] have justified the contra-
dictory results of the former, and have suggested,
and indeed demonstrated, that an optimum amount of
chloride exists for which spillover is maximum. As
stated above, in our work, the residual chloride ions
enhanced the hydrogen spillover phenomenon.

It is known that spillover species are able to react
with the support and create or modify the catalytic
activity of the acceptor phase[28,29]. Furthermore,
surfaces that are inactive as catalysts become active
after exposure to spillover species. As a matter of
fact, some authors[30–32] have demonstrated that
hydrogen molecules can be dissociated on metal par-
ticles at high temperatures, spillover onto the silica
support, and can create active sites for olefin hy-
drogenation, such as ethylene. Without activation by
hydrogen spillover, silica adsorbed neither ethylene
nor hydrogen and was inert as hydrogenation cata-
lyst. Hydroxyl groups were claimed to be involved
in the mechanism through which active sites are
created on silica. It is important to stress that H2
chemisorption measurements are not affected by H2
spillover since before adsorbate dosing, samples were
reduced and outgassed at 523 K, and this temperature
is lower than the outset of the desorption of spilt-over
hydrogen.

In this work it is proposed that, once the 1-olefins are
desorbed, they can migrate to the active sites created
on the silica surface by H2 spillover during the catalyst
reduction at 523 K, where these olefins can be hydro-

genated to produce the correspondingn-paraffins. In
the case of the Rh(Cl) catalyst, H2 spillover is favoured
by the presence of residual chloride ions, and there-
fore, more active sites for olefin hydrogenation are
created on the chlorinated silica surface.

5. Conclusions

Rh/SiO2 catalysts prepared from rhodium nitrate
and chloride were studied in the CO hydrogenation.
Although similar reaction rates and selectivities to
the different product families were found for both
catalysts, theex-chloride sample showed a lower
1-olefin/n-paraffin ratio. We found that chloride
species retained by the silica surface enhanced hydro-
gen spillover, as it was concluded from the hydrogen
TPD experiments. It is suggested that these spilt-over
species can create active sites on the silica where
olefins can be hydrogenated to the corresponding
paraffins.
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