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a b s t r a c t

Protonated ferrierite shows superior activity and selectivity in the liquid-phase isomerisation of linear
unsaturated fatty acids to (mono-)branched-chain unsaturated fatty acids, (Mo)BUFA. This high selectiv-
ity is remarkable, as most of the interior surface of the zeolite is blocked already at the onset of reaction,
limiting reaction to the pore mouth. A detailed study of the relationship between ferrierite acidity and
performance is reported for five commercial catalysts; significant differences were found, independently
of their bulk Si/Al ratios. Initial pore conversion correlates with Brønsted acidity in the 10-MR channels,
as determined by adsorption/desorption of pyridine and FTIR. A low density of external acid sites reduces
oligomerisation of fatty acids, while a high ratio of Brønsted to Lewis sites explains the observed high
BUFA yield. The combination of FTIR with CO adsorption, and temperature-programmed desorption of
NH3, confirms that the presence of strong but few Brønsted acid sites in the 10-MR channels increases
selectivity to MoBUFA.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

In the gas-phase isomerisation of butene to isobutene, the
major challenge in achieving a high selectivity to isobutene is
addressing the competition with butene oligomerisation, as both
reactions share the same carbocation transition state. The remark-
able selectivity and stability of the medium-pore zeolite ferrierite
for this reaction, has been extensively studied [1–3]. Although
the exact mechanism of isomerisation is still a matter of discus-
sion, the excellent performance of this zeolite is commonly agreed
to be a direct consequence of its unique topology. Ferrierite’s
10-membered (MR) channels (4.2 � 5.4 Å) are perpendicularly
crossed with the 8-MR channels (3.4 � 4.7 Å) [4], with the latter
also containing spherical cavities of 6–7 Å with 6- and 5-MR win-
dows. In addition to pore size, the void volume available at the
channel intersections must also play a role. When compared to
MFS and STI (two other two-dimensional 10- and 8-MR channel
zeolites with similar micropore volumes), 3-methylpentane
adsorption capacity and rate measurements have shown that fer-
rierite is characterised by the most restrictive micropore structure
[5]; this constrains the transition state, enhancing selectivity to
isomerisation above oligomerisation [6]. At longer
time-on-stream (TOS), the selectivity to isobutene was found to
increase significantly; this was believed to be due to blocking of
the channels, leaving only the acid sites near the 10-MR pore
mouth available for the isomerisation reaction [7,8]. Parameters
such as the specific ellipticity of the pore mouth, and the crystallite
size (which is inversely proportional to the number of pore
mouths), have been found to correlate with selectivity [8], support-
ing the above hypothesis. However, despite such evidence,
pore-mouth catalysis has remained a subject of debate for butene
isomerisation.

In addition to the specific location of acid sites as a function of
pore topology and morphology, the precise nature of the acidic
sites in ferrierite also plays an important role in selective skeletal
isomerisation. High isobutene yields thus require Brønsted acid
sites with intermediate acidity [9], while the simultaneous pres-
ence of Lewis sites and/or highly acidic Brønsted sites instead pro-
motes oligomerisation and cracking reactions [10]. Notably, the
protonated form of Ferrierite (H-Fer) is characterised by a low ratio
of Lewis to Brønsted acid sites compared to other 10-MR zeolites
(Table 1 in [11]). Other important parameters are the location
and distribution of the active sites inside, and on the surface of,
the catalyst crystallite. Five different Brønsted acidic sites could
be distinguished in H-Fer, based on their FTIR fingerprint; hydroxyl
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Table 1
Literature data reported for the acidity of commercial ferrierites after protonation.

Sample # in this
study

Commercial
name

Si/Al
ratioa

Brønsted acidity by MAS NMR
(mmol/g) [17]

Brønsted acidity by FTIR
(mmol/g) [17]

Acid strength Dm CO
(cm�1) [17]

CECb (mmol/
g) [16]

EFAl (mmol/
g) [16]

2 HSZ720KOA 8.9 1.389 1.172 286 ND ND
4 CP914C 10.0 0.904 0.840 295 0.92 0.64
5 CP914 27.5 ND ND ND 0.40 0.15

a Determined by chemical wet analysis.
b CEC = Cation-exchange Capacity from NH3 during calcination.
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groups in 10-MR channels (20% of Si(OH)Al), in large pockets of the
8-MR channels (50% of Si(OH)Al), in the 8-MR channels and finally
in the 6-MR and 5-MR-windowed cavities [12]. Their distribution
has since been found to vary with the template (when the synthe-
sis is performed in the absence of sodium cations) and can there-
fore be controlled by optimising the synthetic procedure [13].
FTIR studies using bulky probe molecules furthermore showed that
the external surface of protonated ferrierite has terminal silanols
(some with significant Brønsted acidity), as well as Lewis acid sites,
but no bridging hydroxyl groups [14]. However, such information
on the location and density of acid sites in ferrierites does not
yet allow one to correlate structure with catalytic activity, since
accessibility of the Brønsted acidic sites in relation to the size,
shape and polarity of the reactant molecules also plays a key role.

The key role that acidity plays in isomerisation reactions is
illustrated by the literature, where the relation between acidity
and performance has been studied for some commercial ferrierite
grades. A number of parameters describing the acidity of these
samples are listed in Table 1. These ferrierites show different selec-
tivities in the gas-phase transformation of butene to isobutene;
selectivity to isobutene has been reported to increase with Si/Al
ratio [15] and with an optimum amount of extra-framework alu-
minium (EFAl) [16]. However, the selectivity of ferrierite samples
with very similar Si/Al ratio has been found to differ significantly
in the liquid-phase isomerisation of monoterpene hydrocarbons
[17]. A combination of techniques (MAS NMR and FTIR) confirmed
that the Si/Al ratio alone is indeed not sufficient to predict the cat-
alytic performance, and acidity needs to be described in more
specific terms, that is, the precise type, strength, location and
accessibility of the sites.

Recently, H-Fer has also been found to show superior activity
and selectivity in the liquid-phase isomerisation of linear unsatu-
rated fatty acids to branched-chain species (Branched-chain
Unsaturated Fatty Acids or BUFA, Scheme 1) [18]. Quantitative
oleic acid (OA) conversion and BUFA yields above 70% m/m have
been reported, representing a step change compared to the numer-
ous zeolite types previously investigated. As in butene isomerisa-
tion, the unique topology of ferrierite is believed to be
responsible for the transition-state selectivity observed. Further
improvements in BUFA production were made by the use of the
bulky Lewis base triphenylphosphine (TPP), which has been shown
to enhance selectivity by binding to the external acid sites and sup-
pressing residual oligomerisation at the zeolite surface [19]. The
selectivity that ferrierite displays in this reaction is remarkable,
given the fact that the zeolite shows severe deactivation already
Scheme 1. Skeletal isomerisation o
after very short reaction times. The deactivation has been shown
to proceed via two mechanisms: Firstly, pore blockage occurs from
a very early stage in the reaction, with dodecylbenzene and its pre-
cursors having been identified as the major coke constituents.
Secondly, activity is further reduced due to acid site poisoning,
caused by strong adsorption of polyenylic species formed by
hydrogen transfer reactions [20]. These modes of deactivation
imply that from the very early stages of reaction, only the pore
mouth is participating in catalysis.

In addition to its selectivity to isomerisation over oligomerisa-
tion, the ferrierite topology promotes a very specific branching pat-
tern. The BUFA obtained by H-Fer-catalysed alkyl isomerisation are
a mixture of at least 30 alkyl isomers, predominantly
methyl-branched ones [19]. Mono-branched fatty acids
(MoBUFA) dominate the reaction mixture with the methyl group
being found preferentially at positions 8–14 [19].
Ethyl-branching and propyl-branching are not reported, which is
in contrast to fatty acid isomerisation reactions performed with
larger pore zeolites [21]. Multiple-branched fatty acid isomers
are detected, albeit in limited amounts in ferrierite-catalysed reac-
tions, and are believed to be formed by successive rearrangements
[21]; this multiple branching occurs preferentially at specific posi-
tions along the carbon chain, that is, 11, 14 and 14, 15 [19], exclud-
ing any quaternary carbon formation [19,21]. The MoBUFA are of
particular commercial interest; single methyl-branched fatty acids
have been shown to maintain good biodegradability [22], and the
position of the methyl group close to the centre of the molecule
ensures maximum impact on low-temperature properties [23],
highly desirable in, for example, lubricant applications [24].
Furthermore, oleochemicals derived from hydrogenated BUFA are
reported to bring performance benefits in many consumer and
industrial applications [21,25–27], and the special properties of
the MoBUFA are similarly expected to be carried over in their
derivatives. Therefore, it is important to optimise MoBUFA yield
and to understand how to control and limit the formation of
multiple-branched products.

In this paper, we present our findings regarding the
liquid-phase skeletal isomerisation of OA in the presence of various
ferrierite catalysts. Five samples, four of which have very similar
Si/Al ratios, were obtained from two manufacturers – in order to
explore how subtle differences in morphology and acidity, includ-
ing type, strength, location and accessibility of the acid sites, influ-
ence the results of catalytic testing. A number of complementary
characterisation techniques have been combined to measure these
key parameters, building on prior studies of established gas and
f OA in the presence of H-Fer.
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liquid-phase reactions involving ferrierite. We focused on under-
standing the origin of the superior activity and selectivity towards
(Mo)BUFA in the alkyl isomerisation of oleic acid.
2. Experimental

2.1. Chemicals and catalyst material

Distilled OA with trade name Priolene™ 6936 (92.2% C18:1,
3.2% C18:2, 0.2 C18:3 and 3.7% saturated fatty acids, mainly
octadecanoic) was obtained from Croda.

The ferrierite samples used are listed in Table 2. Sample 2,
received in the sodium/potassium cation form, was activated by
conversion to its protonated form, henceforth denoted as H-Fer,
using an ion-exchange procedure with hydrochloric acid (HCl,
1 M) at room temperature (RT) [28], before air drying for three days
at RT. All samples received in the ammonia form were calcined for
5 h at 500 �C. For completeness, the XRD patterns of all catalysts
were recorded after activation (data not shown); they were found
to be consistent with the ferrierite structure and free of crystalline
impurities. Based on the intensity of a number of characteristic
diffraction lines, catalyst 1 shows somewhat lower crystallinity.

PtO2 was purchased from Sigma Aldrich (Pt 80–85% and surface
area P75 m2/g).
2.2. Catalytic testing

All catalytic testing was carried out with 1.5% m/m loading at
two different scales as follows:

– A 1.8 L RC1 high-pressure reactor from Mettler Toledo was used
to study both activity and selectivity starting with the following
amounts: 1000 g OA, 15.0 g H-Fer and 10.0 g demineralised
water. After purging with nitrogen 3 times, the reactor was stir-
red with a mechanical stirrer at 400 rpm, pressurised to about
1 bar and heated to (a maximum of) 260 �C at a rate of
6 �C/min, resulting in a pressure of about 11 bar. Reaction tem-
perature was typically held for 6 h (unless otherwise stated),
before the mixture was cooled to 80 �C and filtered under nitro-
gen for a minimum of 4 h.

– A 15 mL multi-autoclave SPR16generation2 from Amtech was
used to compare the initial activities starting with the following
amounts: 7.0 g OA, 105.0 mg H-Fer and 73.0 ll demineralised
water. Reactors were stirred with a magnetic stirrer at
500 rpm and purged with nitrogen 3 times, before heating them
to (a maximum of) 260 �C; pressures between 6 and 7 bar were
recorded. After a few minutes at reaction temperature (to
achieve conversions of 10–20%), the reactors were cooled to
50 �C and their content was directly filtered using a syringe fil-
ter (PTFE, 0.45 lm).

Because of the large differences in molecular weight of the com-
ponents in the crude reaction mixture, its composition was
Table 2
Overview of ferrierite samples tested.

Catalyst
#

Name Supplier Supplied
form

Nominala

Si/Al
Activation
method

1 CP7145 Zeolyst NH4
+ 8.5 Calcination

2 HSZ720KOA Tosoh K+ 8.5 Wet
exchange

3 HSZ722HOA Tosoh H+ 10 /
4 CP914C Zeolyst NH4

+ 10 Calcination
5 CP914 Zeolyst NH4

+ 27.5 Calcination

a Commercial values.
determined in two steps. First, the oligomer concentration in the
crude reaction mixture was determined by high-temperature GC
(HT-GC). Secondly, the monomeric fraction was separated from
the oligomers by distillation at a temperature of 260 �C under a
pressure of <1 mbar. Subsequently, to reduce chemical complexity
and facilitate analyses, a small amount of the collected monomeric
fraction was diluted in ethyl acetate (40 mg/mL), hydrogenated at
RT for 45 min using 40 mg Adam’s catalyst (PtO2 reduced in situ,
hydrogen flow of 50 mL/min) and subjected to GC analyses.

OA (with an initial mass fraction xC18:1,0), linoleic acid (xC18:2,0)
and linolenic acid (xC18:3,0) are considered as the reactive compo-
nents of OA. Their mass conversion (yt) was determined by quan-
tification of the mass fraction of stearic acid (xC18,t) in the
hydrogenated monomer fraction as a function of time t. The onset
of the reaction (t = 0) is designated as the time when the reaction
mixture reaches the temperature set point of 260 �C. A correction
is made for the distillation yield of the monomeric species (yM,t)
as determined by HT-GC, and for the initial mass fraction of unre-
active species, that is, the amount of stearic acid (xC18,0) present in
OA. The mass conversion of all unsaturated components, subse-
quently referred to simply as ‘‘conversion’’, is then given by

yt ¼ 1�
xC18;t þ xC18:1;tð Þ � yM;t � xC18;0

� �

xC18:1;0 þ xC18:2;0 þ xC18:3;0½ � ð1Þ

Note that due to the similar molecular weights of these mole-
cules, mole and mass conversions can be considered almost equiv-
alent; positional and cis/trans isomers are implicitly included in the
simplified nomenclature.

The selectivity towards BUFA (sB,t) is derived from the mass
fraction of all hydrogenated BUFA (xB,t) in the hydrogenated mono-
mer fraction. Again, a correction is made for the distillation yield of
the monomeric species (yM,t):

sB;t ¼
xB;t � yM;t

� �

xC18:1;0 þ xC18:2;0 þ xC18:3;0ð Þ � yt½ � ð2Þ

The selectivity towards MoBUFA is calculated in a similar way
from the mass fraction of all hydrogenated MoBUFA (xMoB,t) in
the hydrogenated monomer fraction.

2.3. Catalyst characterisation

The SEM images were recorded using a FEI XL30SFEG
microscope.

The particle size distributions for the crystal agglomerates were
compared by static light scattering (Malvern Mastersizer 2000). All
samples were analysed in duplicate as 7.5 mg/mL dispersions in
water under sonication.

Nitrogen physisorption on the catalyst materials was performed
with an automated gas sorption system, Micromeritics TriStar
3000. Before the measurements, the samples were outgassed for
12 h at 250 �C. The external surface area (SE), micropore surface
area (Sl) and micropore volume (Vl) were determined by applying
the t-plot method. The relative standard deviations for these
parameters have been calculated for sample 2 (as a typical exam-
ple) after repeating the analyses 4 times and were 7%, 24% and
3% respectively.

For Pyridine (Py) adsorption, IR spectra of the catalyst materials
were obtained by first pressing the material into a self-supporting
wafer of 12–16 mg with a 13 mm diameter. The wafer was placed
in a dedicated FTIR cell connected to an oven. Adsorbed water was
removed by heating the sample to 550 �C at 4 �C/min under vac-
uum (10�2 mbar). A Perkin-Elmer System 2000 was used to record
the FTIR spectra in transmission mode from 4000 to 400 cm�1 (res-
olution of 4 cm�1 and 12 scans), with the spectrum of the empty
cell as background (ratio). Py was adsorbed in situ at 50 �C on
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the dried wafer. The temperature of the cell was increased to
150 �C and kept at this temperature for 30 min to remove any phy-
sisorbed molecules, before recording the FTIR spectra. All the spec-
tra have been normalised to the overtone range 1750–2100 cm�1.

For CO adsorption, self-supporting wafers of 13–18 mg with a
13 mm diameter were prepared. The wafer was placed in a
well-sealed FTIR cell connected to an oven. Adsorbed water was
removed by heating the sample to 400 �C at 4 �C/min under vac-
uum (10�6 mbar) and holding this temperature for one hour before
cooling. The same Perkin-Elmer System 2000 was used to record
the FTIR spectra in transmission mode from 4000 to 1000 cm�1

(resolution of 4 cm�1 and 25 scans), with the spectrum of the
empty cell as background (ratio). CO (10% in He, purity 99.9%)
was adsorbed in situ at low temperature (�188 �C) on the dried
wafers. Spectra were taken at several pressures (from 5 to 10�4 -
mbar), while adsorbing and desorbing CO. The spectra of the dried
wafers recorded before adsorption at �188 �C were deconvoluted
in the range 3730–3200 cm�1 using the Matlab-based
BluePrintXAS software. The IR band areas were normalised by
the wafer density.

The XPS measurements were carried out with a Thermo
Scientific K-Alpha, equipped with a monochromatic small-spot
X-ray source and a 180� double focusing hemispherical analyser
with a 128-channel detector. Spectra were obtained using an alu-
minium anode (Al Ka = 1486.6 eV) operating at 72 W and a spot
size of 400 lm. Survey scans were measured at a constant pass
energy of 200 eV and region scans at 50 eV. The background pres-
sure was 2 � 10�9 mbar and during measurement 3 � 10�7 mbar
argon because of the dual-beam charge compensation. Sputtering
(for 30 s and 300 s) was done with an energy beam of 1000 eV at
low current, for monitoring of the Si/Al ratio in depth. C 1s, O 1s,
Si 2p and Al 2p bands were recorded.

A Varian Cary 500 Scan spectrophotometer was used to record
the UV–Vis spectra of the catalyst materials in diffuse reflectance
mode, in the range 200–800 nm (scan speed 600 nm/min and 1
cycle). Prior to analysis, 1.0 g H-Fer catalyst in 60 ml acetone was
stirred with 5% TPP on H-Fer for 24 h at RT. The excess of TPP
was removed by washing the sample with acetone four times
(i.e., until TPP could not be detected in the filtrate).

TPD was carried out using a Micromeritics Autochem II,
equipped with a thermal conductivity detector (TCD). Prior to anal-
yses, 0.100–0.110 mg of sample was dried by heating in a stream of
He (50 cm3/min) at a heating rate of 10 �C/min to 600 �C and sub-
sequently cooled to 100 �C. Ammonia was added via pulses, and
kept in a 25 cm3/min He flow for 60 min, before increasing the
temperature at 5 �C/min to 600 �C.
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3. Results

This study is based on a series of five commercial ferrierites
showing significant differences in activity and selectivity, of which
four have very similar nominal Si/Al ratio (Table 2). The specified
Si/Al ratio for samples 1 and 2 is 8.5, while the nominal bulk acidity
of catalysts 3 and 4 is somewhat lower (Si/Al ratio = 10). Sample 5,
with a much lower acidity (Si/Al ratio = 27.5), has been included for
comparison. All catalysts are used in their protonated form,
obtained by calcination of the ammonium form (1, 4 and 5) or after
HCl wet exchange (2). Sample 3 was received in its protonated
form. The Si/Al ratios of all catalysts were determined prior to
activation.
1 2 3 4 5

Fig. 1. Initial activity of the ferrierite catalysts, expressed as OA conversion, during
the alkyl isomerisation of OA at 260 �C in the presence of 1.5% commercial H-Fer
catalysts: 1 and 2 (Si/Al = 8.5); 3 and 4 (Si/Al = 10); 5 (Si/Al = 27).
3.1. Catalytic testing

Protonated ferrierite undergoes a rapid and severe deactivation
during the alkyl isomerisation reaction with OA as feedstock,
resulting from two different mechanisms [20]. The rapid loss of
internal surface area is due to pore blockage, which occurs even
before the reaction temperature is reached. Catalysis is therefore
confined to the pore mouth from the start, and any study of the ini-
tial activity must probe this pore-mouth region. Acid site deactiva-
tion, the second cause of deactivation, is not playing a major role at
this early stage, and we can thus obtain a true picture of the cata-
lyst potential by studying the initial activity.

Fig. 1 shows large differences between the catalysts in OA con-
version (i.e., to all products) for the first 30 min of the reaction at
260 �C with a 1.5% loading. Within the first 5–10 min at reaction
temperature, the conversion-time plots are approximately linear,
indicating that the catalysts still retain most of their initial
pore-mouth activity.

Catalyst 5 is characterised by the lowest activity, as was to be
expected from its bulk acidity. On the other hand, the differences
seen in activity for the other four samples are surprising, given
their very similar Si/Al ratios; their activity can be ranked in the
following order: 2 > 3 � 1� 4� 5. There is no correlation with
the manufacture-specified Si/Al ratio, as both 3 and 4 are charac-
terised by a Si/Al ratio of 10. Therefore, this bulk parameter is
insufficient to account for the observed differences in rate and, as
for the isomerisation of monoterpene hydrocarbons, more discrim-
inating measurements of texture and acidity are required to prop-
erly explain and predict their activity as catalysts.

It can be seen in Fig. 1 that the conversion-time plots do not
pass through the origin, when t = 0 is defined as the moment when
the isomerisation reaction temperature is reached. The reason for
this is that OA oligomerisation commences at somewhat lower
temperatures than OA isomerisation. Indeed, it is known that esto-
lides can be synthesised in high yield at 150 �C using a K-10 mont-
morillonite clay [29], and these estolides are also seen for most of
the ferrierites tested here during the initial heating period. It is
then assumed in comparing initial activity of the catalysts this
way that the reactions taking place during the heating period are
similar, which is largely confirmed by analysis of the reaction prod-
ucts. The differences in low-temperature activity that are indicated
by the different intercept values must be related to the number
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Fig. 3. OA isomerisation at 260 �C in the presence of a series of 1.5% commercial H-
Fer catalysts: 1 and 2 (Si/Al = 8.5); 3 and 4 (Si/Al = 10); 5 (Si/Al = 27); a. Relation
between monomer yield and OA conversion (% m/m); note that the monomer yields
in 3a include unreacted OA; see exp. section for the definition of yield; b. Relation
between MoBUFA and BUFA selectivity (% m/m) at different OA conversions.
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and strength of unconstrained (and thus non-selective) acid sites
on the external surface of the catalyst.

The conversions achieved with the H-Fer samples after more
typical, elongated reaction times are illustrated by Fig. 2.
Catalysts 4 and 5 show the lowest conversion, as predicted from
their low initial reaction rates. However, the ranking of the other
catalysts changes to 3 > 1 � 2� 4� 5, indicating that 1 and 3
are somewhat more stable to deactivation than 2.

Additionally, the ferrierites show large differences in their
selectivity. In order to allow a proper comparison, reaction times
were selected such that 86–89% conversion was attained for each
catalyst; beyond this conversion, oligomer yield increases signifi-
cantly (Fig. 3a). Catalyst 5 was not able to reach this conversion
level, though, and the reaction was stopped arbitrarily after 16 h
(i.e., at 69% m/m conversion). Fig. 3b shows that each catalyst is
characterised by a specific relation between BUFA and MoBUFA
selectivity; for example, catalyst 4 produces almost exclusively
MoBUFA while 2 more strongly promotes multiple branching.

Fig. 4 compares the selectivity at two levels of conversion. At
88% conversion (4b), the catalysts can be ranked: 4 > 3 � 1 > 2. At
lower conversion (69%, 4a), the selectivity of catalyst 5 is almost
as good as 4; the differences between the others are somewhat
smaller. Again, the acidity as determined by the Si/Al ratio cannot
be linearly related to BUFA nor MoBUFA selectivity, although the
experimental evidence points to an optimum which we estimate
to be in the range of a Si/Al ratio of 10–15.

3.2. Catalyst characterisation

In order to explain the catalytic testing results and relate cata-
lyst performance to structure, all catalysts were characterised in
detail using a number of complementary techniques.

3.2.1. Morphology
Fig. 5 shows the scanning electron microscopy images (SEM) of

the commercial H-Fer samples. All catalysts consist of plate-like
crystals in the sub-micron range, with thicknesses ranging from
0.01 to 0.15 lm. While similar at first sight, the SEM images do
show a number of important differences. The crystals of sample
4, for instance, differ from the other samples, with very irregular
shapes and rounded edges. The same catalyst is studied in [17],
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Fig. 2. OA conversion after 6 h of isomerisation at 260 �C in the presence of 1.5%
commercial H-Fer catalysts: 1 and 2 (Si/Al = 8.5); 3 and 4 (Si/Al = 10); 5 (Si/Al = 27).
where the authors suggested that a post-treatment, such as weak
dealumination, had been applied; this explanation would be con-
sistent with the observed morphology. The crystals of sample 5,
in turn, are somewhat larger (0.5–2 lm). So in addition to the
higher Si/Al ratio and resulting lower acidity, the low surface area
per unit mass, and consequently fewer pore mouths, might thus
also contribute to the very low conversion observed with this
catalyst.

Static light scattering was used to determine the particle sizes
of catalysts 1–4, particle being defined here as crystal agglomer-
ates. The results are summarised in Table 3. Catalyst 2 consists of
larger particles, with a diameter ranging from 3 to 36 lm and a
median at 15 lm. Catalysts 1, 3 and 4 show very similar distribu-
tions, with a median diameter of 3 to 5 lm, but different activity.
These differences in particle size thus cannot explain the catalytic
data.
3.2.2. Textural properties
Surface area and porosity of the H-Fer series were determined

by nitrogen physisorption measurements (Table 4). The external
surface areas show a large variation, with the SE of catalyst 1
(52 m2/g) being �50% larger than for 2 or 5 (both 32 m2/g). As
OA isomerisation is thought to occur mostly via pore-mouth catal-
ysis [20], this parameter should be taken into account when
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studying the differences in activity. In addition, there is a signifi-
cant variation in total pore volume (�20%), while the micropore
volume remains largely unchanged (<2%). The maximum total pore
volume is found for catalyst 1, which is in line with the other tex-
tural parameters. On the other hand, catalyst 4 is characterised by
the smallest total pore volume, while its external area is above
average. Fig. 6 shows that a type IV adsorption–desorption iso-
therm is obtained for catalyst 4, instead of the type I expected
for microporous materials [30] and indeed seen for the others (only
catalyst 2 is shown as example). Catalyst 4 must therefore include
also a small amount of mesopores; their volume is too small, how-
ever, compared to the intercrystalline space to impact the total
mesopore volume. The beneficial role that mesopores might play
has already been highlighted for the H-Beta-catalysed OA alkyl iso-
merisation, where high conversion was linked to a large amount of
mesopores [31].
3.2.3. Acidity type and accessibility
Catalyst 5, with a much higher Si/Al ratio, shows a very low

activity but a high selectivity. However, the Si/Al ratios for the four
remaining catalysts lie between 8.5 and 10, and this narrow range
does not explain the large observed differences in activity and
selectivity. Therefore, other acidity-determining parameters have
been systematically investigated, in order to determine whether
any link can be made with the observed performance of the
catalysts.

FTIR spectroscopy has been used to probe the Brønsted acid
sites responsible for the alkyl isomerisation, and any Lewis acid
sites if present. d3-Acetonitrile is generally used as is able to probe
all acidic sites of the two-dimensional 10- and 8-MR channel struc-
ture [5]. We chose to use pyridine as probe instead (Py, kinetic
diameter of 0.6 nm), in order to focus on the acid sites located in
the 10-MR channels, and those accessible from these channels
[5]. As a result of the pore-mouth catalysis, only (part of) these
channels are believed to take part in the isomerisation of the
long-chain OA molecules [20]. Fig. 7 gives the FTIR spectra between
1600 and 1400 cm�1 with the key ring vibrations of the adsorbed
Py. All five commercial catalysts show mostly Brønsted acidity;
from the 4 major bands assigned to the protonated Py [32], the
band at 1543 cm�1 was used to determine the relative Brønsted
acidity, later shown to correlate with the activity. The very small
band at 1454 cm�1 confirms that the Lewis acidity of the samples
is insignificant compared to the Brønsted acidity, even after correc-
tion of the peak intensities for their extinction coefficients (respec-
tively 2.22 and 1.67 cm lmol�1 [33]).

3.2.4. External crystallite acidity
Two methods have been used to study the external crystallite

acidity. Firstly, a combination of XPS and argon ion sputtering
enabled us to check for any acidity gradients in the outer layer of
the crystallites. Fig. 8 shows the resulting Si/Al ratios obtained
for the commercial H-Fer series directly, and after 30 s/300 s sput-
tering. Unsurprisingly, sample 5 shows the highest Si/Al ratio,
although it is somewhat lower than the manufacturer-specified
number; it is also the only catalyst with a higher Si/Al ratio after
sputtering. On the other hand, the Si/Al of the outer layer as mea-
sured by XPS (1 < 2 � 4 < 3) does not exactly follow the
manufacturer-specified Si/Al (1 � 2 < 3 � 4); the Si/Al ratio above
10 measured for catalyst 2 could be explained by some slight dea-
lumination during the wet activation.

The Si/Al ratio of the outer layer for catalysts 2 and 4, as mea-
sured by XPS, is similar. However, this gives no indication of the
accessibility of the acid sites to the OA. To assess any differences
in accessibility, we used a bulky Lewis base (TPP) as a probe and
quantified TPP chemisorption by diffuse reflectance UV–Vis spec-
troscopy. This way, it was possible to quantify the non-selective
external acid sites in catalysts 2 and 4 (Fig. 9). The use of TPP
specifically is based on results from catalytic testing, in which it
has been shown to enhance selectivity of H-Fer-catalysed alkyl iso-
merisation of OA by preventing unwanted oligomerisation reac-
tions [19,20]. The spectra recorded for catalysts 2 and 4 after
reaction with TPP show 3 distinctive bands: an intense one at
226 nm and two smaller ones at 267 and 274 nm, all originating
from TPP cations. Interestingly, the intensity of the bands at 226,
267 and 274 nm for catalyst 2 is about two times larger than that
for catalyst 4, clearly showing that there are about twice as many
non-selective sites on the external surface of sample 2.

These results, together with the equivalence of the outer acidity
profile of the two catalysts measured by XPS, show that a number
of acid sites close to the external surface are not accessible to TPP
for catalyst 4, for example, they must be located in the pore mouth
of smaller channels or in small pockets close to the external
surface.

3.2.5. Effective and intrinsic acid strength
The number and effective strength of all acid sites in the com-

mercial H-Fer samples were first determined by ammonia TPD.
The manufacture-specified Si/Al ratio is, as expected, well



Fig. 5. Scanning electron microscopy images of the commercial H-Fer catalysts 1 to 5.

Table 3
Particle size distributions of the commercial H-Fer catalysts; All particles (i.e., crystal
agglomerates) are ranked based on their size and the diameter is reported for 10%,
50% (median) and 90% of the particle count.

Catalyst # Diameter (lm) 10% Diameter (lm) 50% Diameter (lm) 90%

1 1.3 4 9
2 3.4 14 36
3 1.3 5 15
4 0.9 3 7
5 NDa NDa NDa

a Not determined.
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correlated with the total acidity found with this technique
(Table 5). All curves (Fig. 10) show two peaks, one around 200 �C
and one between 400 and 500 �C. The latter corresponds to the
stronger acid sites that must be involved in alkyl isomerisation.
Note that the temperature maxima for both peaks shift towards
lower temperature down the series from 1 to 5 (Table 5). There
is a weak negative correlation between the bulk Si/Al ratio (as indi-
cated by the manufacturer) and the temperature maxima for the
peak at 400–500 �C; this trend, which is based on the limited data
set and variation observed within it, does not seem to be influ-
enced by the platelet morphology. Indeed, the longest desorption
time (as measured to the maximum of the second TPD peak) corre-
sponds to catalyst 1 that comprises the smallest crystals, while the
shortest desorption time is measured for catalyst 5 comprising the
largest ones. For all catalysts, the 10-MR channels are running
along the crystal length, so if there was redeposition or diffusion
Table 4
Overview of textural properties of commercial H-Fer catalysts based on N2

physisorption.

Catalyst
#

SE, external area
(m2/g)

VT, total pore volume
(cm3/g)

Vl, micropore volume
(cm3/g)

1 52 0.235 0.126
2 32 0.212 0.124
3 36 0.206 0.124
4 40 0.193 0.124
5 32 0.229 0.126
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Fig. 6. Comparison of nitrogen adsorption–desorption isotherms of two commer-
cial H-Fer catalysts: 2 (top) and 4 (bottom).



Fig. 7. IR absorbance spectra of the commercial H-Fer catalysts 1–5, after
adsorption of Py at 50 �C and desorption at 150 �C.

Fig. 9. Overlay of diffuse reflectance UV–Vis spectra of two commercial H-Fer
catalysts 2 and 4, after reaction of their external acid sites with TPP; the spectra
have been individually recorded and treated.
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limitations of NH3 in the 10-MR channels, the opposite result
would be expected.

In addition, the intrinsic strength of the Brønsted acid sites has
been probed by FTIR analysis after CO adsorption/desorption. The
spectra (in both the hydroxyl stretching and CO stretching regions)
collected for all samples during the experiments are given in the
supporting information (Figs. S2–S6). The CO-induced shifts are
given in Table 5. Based on this technique, the acidity of the ‘‘ex-
posed’’ acid sites (10-MR channels and cavities of the 8-MR chan-
nels [35]) is rather similar for all catalysts. The data point at very
slightly lower proton affinities for samples 4 and 5; this is consis-
tent with the evidence that catalyst 4 is dealuminated and the fact
that catalyst 5 has a higher Si/Al ratio. The values found for sam-
ples 2 and 4 are also slightly higher than those of the literature
(see Table 1 in the introduction), but show a similar trend.
Analysis of the CO stretching region revealed the presence of a
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small amount of K+ ions in the 10-MR channels and 8-MR channels
of sample 2 (Fig. S3b), a small amount of K+ ions in the 8-MR chan-
nels of sample 3 (Fig. S4b), a residual amount of coordinatively
unsaturated Al3+ ions in sample 1 (Fig. S2b) and some EFAl in sam-
ples 1, 4 and 5 (Figs. S2b, S5b and S6b respectively) [35–36].

Finally, deconvolution of the hydroxyl range at �188 �C before
introduction of CO (Fig. S1) gave the peak areas of the Brønsted
acid sites in (i) the 10-MR channels, (ii) the large pockets of the
8-MR channels, (iii) the 8-MR channels, iv) the 6-MR, as well as
the EFAl (see Table S1 in the supporting information). The distribu-
tion of these sites varies significantly between the 5 catalysts.
Assuming that their extinction coefficients are similar, the 10-MR
channels account for 12% of Si(OH)Al for catalysts 4 and 5, 15%
for catalysts 1 and 2 and 22% for catalyst 3.
4. Discussion

Taken together, the data obtained with various analytical tech-
niques for the five commercial ferrierite catalysts provide further
insight into the relationship between their structure, and their
activity and selectivity in the liquid-phase isomerisation of linear
unsaturated fatty acids. Despite four of the five having very similar
Si/Al ratios, they show significant differences in OA conversion, as
well as in (Mo)BUFA yields. With regard to their bulk properties,
the Si/Al ratios are consistent with the acid site quantification
based on ammonia TPD (Table 5): 1–2 > 3 > 4� 5. The acid site
concentration found by TPD is also reasonably in line with the lit-
erature data on total Al content (1.65 mmol/g for catalyst 2 [34];
1.56 mmol/g for catalyst 4 [16] and 0.55 mmol/g for catalyst 5
[16]). Therefore, with the exception of catalyst 5, a difference in
Si/Al ratio of less than 20% has a significant effect for this applica-
tion. In addition, the TPD results, together with the absence of EFAl
(as evidenced by the FTIR data after CO adsorption), confirm that
catalyst 2 has not suffered any significant dealumination, despite
the activation by ion exchange with HCl. This method was selected
instead of the milder NH4NO3 exchange as it proved to be conve-
nient and reproducible.

Additionally, these catalysts are characterised by similar mor-
phologies and textural properties; only their external surface areas



Table 5
Overview of acidity parameters found for the commercial H-Fer by XPS, NH3-TPD and FTIR analysis after CO adsorption/desorption.

Catalyst
#

Nominala Si/Al
ratio

Outerb Si/Al
ratio

TPD acid sites concentration
(mmol/g)

TPD 1st maximum
temperature (�C)

TPD 2nd maximum
temperature (�C)

Acid strength Dm CO
(cm�1)

1 8.5 9.5 1.61 231 471 293
2 8.5 11 1.66 213 461 292
3 10 12 1.52 194 441 292
4 10 11 1.35 195 414 298
5 27 23 0.82 184 411 295

a Commercial values.
b Measured by XPS.
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vary by �50%. The latter is important though, and its variation can
explain some of the differences observed in activity, as catalysis
has been found to be constrained to the pore mouth due to very
early pore blockage [20]. Due to previously observed gradual poi-
soning of the active sites, comparison of the catalyst activities must
be done at an early stage of the reaction. The linearity of the
conversion-time plots at low conversion (Fig. 1) is consistent with
an active site model in which desorption of the branched species is
the rate-limiting step (quasi-zero-order) [37]. At higher conver-
sions, pore deactivation and competing reactions complicate the
picture. Nonetheless, we observe that initial activity correlates well
with the number of Brønsted acid sites present in the 10-MR chan-
nels, determined using Py as a 10-MR selective probe. This is illus-
trated in Fig. 11 (calculated at t = 8 min). This relationship assumes
that the distribution of Brønsted acid sites in the 10-MR channels is
homogeneous, that is, the probability that an active site is found
close to the pore mouth (and thus accessible for reaction) is pro-
portional to the total number of active sites in the 10-MR channels,
as measured by Py desorption FTIR. By comparison, in the
gas-phase isomerisation of butene to isobutene, a linear relation-
ship was also found for isobutene yield (rather than butene conver-
sion). In this case, the yield was found to be proportional to the
total number of Brønsted acid sites, as determined by the acetoni-
trile probe (which in contrast to Py also probes Brønsted acid sites
in the 8-MR channels) [34]; for the same reaction, the observed
increase in selectivity with time-on-stream was also explained
by pore-mouth catalysis. Additionally, smaller crystal size (for a
given Si/Al ratio) has been shown to increase isobutene selectivity
for H-Fer catalysts, confirming the importance of the 10-MR
pore-mouth density [8].

The relation seen between OA conversion and Brønsted acidity
explains the differences between the five catalysts in terms of
activity (i.e., they are the result of differences in overall Al distribu-
tion over the various possible T-sites), but it does not yet explain
the differences observed in (Mo)BUFA selectivity. Indeed, the high
Brønsted to Lewis acid site ratio of all catalysts (in line with find-
ings from the literature [11]) explains the low level of oligomers
and high BUFA yield found with all five catalysts, as reported in
the alkyl isomerisation of butene to isobutene [10]. It cannot how-
ever explain the significant variation in selectivity within the
monomeric fraction; this suggests that there must be other param-
eters at play.

A first indication of what determines these selectivity differ-
ences to/within the monomer fractions is given by the XPS studies.
These measurements show that a lower acidity of the outer crys-
tallite surface seems beneficial to monomer selectivity, although
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the correlation is not perfect; catalyst 4 is significantly more selec-
tive than 2, despite their equivalent outer XPS acidity profile. Based
on the TPP results, we can further refine the requirements for
selective BUFA formation. Indeed, our UV–Vis results after TPP
chemisorption show that sample 2 is characterised by twice as
many non-selective sites on its external surface. Some of the sites
seen by XPS must therefore be barely accessible to the OA reactant.
XPS is therefore unable to fully discriminate the accessibility of
sites. UV–Vis with TPP is therefore a necessary supplementary
technique to XPS, when catalysts with similar external acidity
are compared, in order to predict differences in selectivity to BUFA.

This finding can be further substantiated by characterisation
data reported earlier for these catalysts by Rachwalik et al. [17];
these authors compared the acidity of catalysts 2 and 4 by FTIR,
and the resulting spectra were similar in the main features.
However, the distribution of silanol groups is quite distinct; cata-
lyst 4 has some silanol groups located inside zeolitic faults
(3730 cm�1) and fewer external silanol groups (3748 cm�1). The
authors concluded that this catalyst has been submitted to a
post-synthesis treatment, which would have removed most of
the external acidity. Our UV–Vis/TPP method shows an absence
of non-selective sites for catalyst 4, supporting their hypothesis;
our SEM pictures, and the presence of mesopores (detected by
physisorption), provide further evidence.

The highest selectivity to MoBUFA is found for catalysts 4 and 5.
CO probing with IR shows that they are characterised by the stron-
gest Brønsted acid sites, but based on the deconvolution of the
OH-stretching range (see supporting information) their 10-MR
channels contain the lowest concentration of these sites. On the
other hand, catalyst 3 has somewhat weaker Brønsted acid sites,
but approximately double the concentration in the 10-MR chan-
nels. We can conclude from these data that selectivity to
MoBUFA is enhanced by having a low concentration of strong
Brønsted acid sites in the 10-MR channels. Catalyst 1 cannot be
compared in this way, as it appears to be incompletely crystallised
(based on XRD and residual coordinatively unsaturated Al3+). For
catalyst 2, the traces of K+ detected in the 10-MR channels by CO
probing mean that a number of Si(OH)Al in the 10-MR channels
are actually not activated. On the other hand, the Py study found
the same number of Brønsted acid sites for catalysts 2 and 3.
Therefore, the presence of K+ must limit the Py diffusion in the
10-MR channels of catalyst 2, and the density of Si(OH)Al in the
extremities of these channels must be higher for this sample com-
pared to sample 3. The somewhat lower acidity combined with the
higher density of the Brønsted acid sites is therefore consistent
with the lower MoBUFA selectivity.

Notably, in the gas-phase alkyl isomerisation of butene to iso-
butene, catalyst 5 also showed a very high selectivity, which was
explained by a non-interconnected nanoreactor model in which
the low density of active sites in the channels decreases the chance
of successive reactions [15]. Although our system has been shown
to undergo early pore blockage, high selectivity to MoBUFA can be
explained by a similar model where the nanoreactors are limited to
the channel extremities, consistent with the pore-mouth
hypothesis.

If we compare the NH3-TPD curves recorded for our catalyst ser-
ies, the maxima recorded for the second peak (corresponding to
those sites strong enough to induce alkyl isomerisation) shift
towards lower temperature (Table 5), and a negative correlation
between these maxima and MoBUFA selectivities is found. This
apparent contradiction with the IR study of CO adsorption/desorp-
tion can be explained by the fact that NH3 is probing all acid sites.
Since the Brønsted acid sites are heterogeneous [38] and their dis-
tribution in the various channels varies significantly between cat-
alysts, TPD thus reflects better the relative amount of the strong
acid sites in the 10-MR channels. Therefore, the selectivity of
H-Fer to MoBUFA depends not only on its specific channel dimen-
sions and external/internal location of the acid sites, but also on its
effective acidity.
5. Conclusions

The liquid-phase skeletal isomerisation of OA has been studied
in the presence of different commercial H-Fer. Despite four of the
five having very similar Si/Al ratios, they show significant differ-
ences in activity, and selectivity towards the monomeric, BUFA
and MoBUFA fractions. A number of complementary characterisa-
tion techniques have been used to assess their acidity in detail,
including type, location, accessibility and strength. The initial
activity was found to be related to the Brønsted acidity in the
10-MR channels. A low density of external acid sites enhances
the selectivity to monomeric acids, while a high ratio of Brønsted
to Lewis sites promotes the BUFA yield. MoBUFA selectivity was
found to require few Brønsted acid sites of high strength in the
10-MR channel, reflected in a decrease of the effective acidity as
seen by NH3-TPD. Together, the results presented on activity and
catalyst structure show that catalyst 4 is the best commercial cat-
alyst for this application, and also provide insight into why its low
external acidity and low density of strong Brønsted acidity in the
10-MR channels are beneficial for performance. Finally, the results
presented provide detailed insights into the required characteris-
tics in terms of acidity of an efficient OA isomerisation catalyst.
The relationships found between structure and activity may serve
as guidelines for the synthesis of even more efficient catalysts.
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