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a b s t r a c t

The presence of silicon in petroleum products is a major issue due to its poisoning effect on
catalysts. The aim of this work is to combine silicon speciation and poisoning tests. Cyclic si-
loxanes were the main silicon species found in petroleum products. Other silicon compounds,
comprising reactive groups (hydroxy, methoxy and hydroperoxy), were also recovered but at
trace levels using GC-ICP/MS. Five well-chosen silicon compounds were used to poison Pd/
alumina catalysts. Only dimethoxydimethylsilane poisons Pd-catalysts while poly-
dimethylsiloxane (PDMS) has no effect on their activities in buta-1,3-diene hydrogenation.
Unexpectedly, triethylsilane, triethylsilanol and even octamethylcyclotetrasiloxane (D4) exhibit
a promoting effect. An interpretation of the phenomena based on various characterizations is
proposed.
©2016Académiedes sciences. Publishedby ElsevierMasson SAS. This is anopen access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

r é s u m é

La pr�esence de silicium dans les produits p�etroliers est un probl�eme majeur en raison de
l'effet poison exerc�e par cet �el�ement sur les catalyseurs. Le but de ce travail est de r�ealiser une
sp�eciation du silicium et des tests d'empoisonnement associ�es. Les siloxanes cycliques sont
les compos�esmajoritaires retrouv�es dans les produits p�etroliers. D'autresmol�ecules silic�ees,
comprenant des groupements r�eactifs (hydroxy, m�ethoxy and hydrop�eroxy) ont �egalement
�et�e caract�eris�ees par GC-ICP/MS, mais �a l'�etat de traces. L'impact du silicium sur l'activit�e en
hydrog�enation du buta-1,3-diene de catalyseurs Pd support�es sur alumine a �et�e �etudi�e au
moyen de cinq esp�eces silic�ees choisies en accord avec les r�esultats de la sp�eciation. Seul le
dim�ethoxydim�ethylsilane a un effet poison. Le polydim�ethylsiloxane (PDMS) ne montre
aucun effet. De façon inattendue, le tri�ethylsilane, le tri�ethylsilanol et �egalement l'octam�e-
thylcyclot�etrasiloxane (D4)montrent au contraireun effet promoteur. Une interpr�etation des
ph�enom�enes est propos�ee sur la base de diff�erentes caract�erisations.
© 2016 Académie des sciences. Published by Elsevier Masson SAS. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Silicon is known to be a severe poison for catalysts used
in refining and petrochemical processes [1e6]. The deacti-
vation of the catalyst leads to its untimely replacement and
induces a great economic loss in the oil and gas industry
[3,7]. However, contrary to other poisons, upstream silicon
traps are scarcely used for technical and economic reasons.

It is widely assumed that the presence of silicon in pe-
troleum products originates from the use of poly-
dimethylsiloxanes (PDMS) as an antifoaming additive to
avoid the emulsion phenomenon in different processes
such as oil recovery, distillation, coking, and visbreaking
[8,9]. However, despite its rather good thermal stability (up
to 300 �C), PDMS degrades during thermal cracking of hy-
drocarbons, which is generally operated at 500 �C or above
[10]. Several authors [10e14] have studied the thermal
degradation of PDMS under inert gas and air. Cyclic silox-
anes (Dn) were identified as the major degradation prod-
ucts of PDMS with some trace of linear polysiloxanes [12].
Moreover, a,u-dihydroxy polydimethylsiloxanes, which are
known to be reactive silicon compounds, can be formed
under environmental conditions of degradation by PDMS
hydrolysis [15,16]. However, no study was reported under
process refining conditions to evaluate the possible
recombination between PDMS degradation products and
carbon radicals. Moreover, the representativity of the ana-
lysed petroleum product samples appears as a major issue
since these reactive silicon species could evolve between
the on-site sampling and the analysis in the laboratory. This
step could change the nature of the silicon species and alter
the identification of the silicon species responsible of the
catalyst poisoning.

Literature reviews on poisoning reported that silicon
species can have a very different effect on catalysts
depending on the composition of the catalysts [17,18], on
the experimental conditions and especially on the chemical
nature of the silicon molecule [19e21]. This means that,
without knowing the chemical structure of silicon species
present in petroleum products, it is impossible to study
silicon effects on catalysts.

In petroleum products, only the total silicon concen-
tration is usually measured by inductively coupled plasma
optic emission spectroscopy (ICP-OES) [22] or by induc-
tively coupled plasmamass spectrometry (ICP/MS) [23] but
no information about the chemical structure is given. Trace
level concentrations, ranging from several hundred mg/kg
to several mg/kg in petroleum products [24], increase the
difficulty for the identification of silicon species. To sum up,
possible evolution of species, trace level concentrations and
complexity of gasoline sample, containing around 200
components [24], induce a real analytical challenge to
achieve silicon speciation.

More recently, Chainet et al. [25e27] have proposed a
methodology combining the production of fresh PDMS
degradation products at a high silicon concentration under
refining conditions using a pilot plant and the development
and application of amulti-technical strategy to characterize
silicon species. Different powerful analytical tools (GC/MS
in the single ion monitoring (SIM) mode [24], Fourier

transform ion cyclotron resonance mass spectrometry (FT-
ICR/MS) [28], heart-cutting gas chromatography coupled to
time of flight mass spectrometry (GC-GC/TOFMS) [29] and
GC-ICP/MS [30]) were developed using model molecules in
solvents and spiked gasolines. PDMS degradation samples
were obtained by heating PDMS at 500 �C in a mixture of n-
heptane/xylene at different residence times and in the
presence of steam or not [25]. The innovative analytical
strategy was then directly applied to PDMS degradation
samples to avoid possible evolution and to be sure that
silicon species present when sampling stay in their native
form. This global analytical approach is here applied to
gasoline samples, containing a very low amount of total
silicon, in order to identify the real silicon species present
in these feedstocks and potentially identify the ones
responsible of downstream catalyst poisoning.

Modification of alumina or of metallic catalysts by sili-
con species is widely reported in the literature. Various
silicon compounds, such as PDMS, tetraorthosilicate
(TEOS), siloxane, and silanol, are used to modify the acidic-
basic properties of alumina [31,32] or to improve its hy-
drothermal resistance [33]. Authors agree on a grafting
mechanism of these silicon compounds on the alumina
surface, converting surface hydroxyl groups to generally
hydrophobic Si-containing groups. Siloxane compounds
and disilazane compounds are also known to improve the
catalytic performance of hydrogenation catalysts [34,35] or
hydrotreatment catalysts [36]. Either activity is promoted
or deactivation resistance is increased. Some poisoning
effects are also reported with these silicon compounds. For
instance, silation with disilazane ((Me3Si)2NH) at 100 �C in
an oxygen or hydrogen stream on Pt-based catalysts results
in a decrease in activity for hydrogenation of alkenes or
alkynes [37]. Also, contacting Pt-based catalysts with hex-
amethyldisiloxane (L2) at 350 �C in air results in a decrease
in activity for oxidation of volatile organic compounds
[38e40]. Several studies also review relationships between
catalyst properties and its propensity to be poisoned by
silicon species [18,19,41e46]. So, a decrease in the number
of metallic sites available for reaction and consequently a
decrease in the hydrogenation activity of alkenes, benzene
or dienes have been reported for metallic catalysts (Pd, Ni,
Pt) supported on silica or on alumina after being contacted
with silane compounds, such as silane (SiH4), triethylsilane
(Et3SiH), tetraethylsilane (Et4Si) or hexamethyldisilane
(Me6Si2), under H2 flow or inert flow and at a high tem-
perature (250 �C). Authors agree on strong interactions
between silicon species and catalysts but the nature of
metallic surface modification is not yet clearly identified.
Either geometric effects due to surface reconstruction [43]
or thin overlayers of silicon residues [4] or silicates (SixOy)
covering and blocking the surface sites [38e40] or elec-
tronic effects [19,46] have been suggested. Smith et al. [18]
also studied reactivation of such poisoned catalysts by
oxidation and reduction treatment. This reactivation is
structure sensitive and catalysts with smaller metal crys-
tallites can achieve a hydrogenation activity greater than
the original one.

However, as far as we know, no poisoning study was
achieved yet with silicon compounds derivated from PDMS
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