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Towards Biolubricant Compatible Vegetable Oils by Pore-Mouth 
Hydrogenation with Shape-Selective Pt/ZSM-5 Catalysts  
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Pt/ZSM-5 catalysts with various crystal sizes were prepared via competitive ion-exchange, followed by a slow activation 

procedure. Even when using very large ZSM-5 crystals, highly dispersed Pt nano-clusters were contained within the zeolite 

crystal’s voids, as ascertained by 2D pressure-jump IR spectroscopy of adsorbed CO and focussed ion-beam transmission 

electron microscopy. The shape-selective properties of the Pt/ZSM-5 catalysts were evaluated in the partial hydrogenation 

of soybean oil. Unique hydrogenation selectivities were observed, as the fatty acids located at the central position of the 

triacylglycerol (TAG) molecules were preferentially hydrogenated. The resulting oil has therefore high levels of 

intermediately melting TAGs, which are compatible with biolubricants due to their improved oxidative stability and still 

appropriately low temperature fluidity. The TAG distribution in the partially hydrogenated soybean oil samples was 

independent from the zeolite crystal size, while the hydrogenation activity linearly increases with the crystal’s external 

surface area. This trend was confirmed with a Pt loaded mesoporous ZSM-5 zeolite, obtained via a mild alkaline treatment. 

These observations imply and confirm a genuine pore-mouth catalysis mechanism, in which only one fatty acid chain of 

the TAG is able to enter the micropores of ZSM-5, where the double bonds are hydrogenated by the crystal encapsulated 

Pt-clusters. 

Introduction 

ZSM-5 zeolites containing Pt particles have already proven to 

be valuable catalysts in petrochemistry,
[1]

 but also in environ-

mental
[2]

 and food applications.
[3]

 Generally, for optimal cata-

lytic performance, the metal should be well-dispersed 

throughout the zeolite matrix, due to the higher available 

active metal surface area and the lower propensity for coke 

formation and catalyst deactivation. In addition, the localisa-

tion of the metal clusters in or on the zeolite crystals is espe-

cially important as it can have a major influence on the selec-

tivity of the reaction. It is well-known that the accessibility of 

the interior of zeolite crystals can impose shape-selective size 

exclusion effects on both the feed molecules (reagent selectiv-

ity) as well as on the products that can be formed (product 

selectivity).
[4]

 Therefore, active sites, viz. metal clusters, locat-

ed inside the narrow voids of the zeolite matrix, might cause 

enhanced molecular shape- selectivity. Metal clusters located 

at the exterior surface of the zeolite crystals will not induce 

such size exclusion selectivity. The shape-selective hydrogena-

tion of certain aromatics over modified Pt/ZSM-5 catalysts 

contained in a refinery gasoline or distillate pool, thereby 

reducing aromatic emissions, is a typical example of preferred 

intracrystalline catalysis.
[5]

 

Next to size exclusion, molecular shape-selectivity can also 

arise from configurational diffusion, occurring in situations 

where the dimensions of the catalyst approach those of the 

molecules. In this diffusional regime, even a subtle change in 

the dimensions of a molecule can result in a large variation of 

its diffusivity.
[4a]

 Though shape-selective effects are rarely 

described in oleochemistry,
[6] 

it was recently shown that linear 

trans fatty acids (methyl elaidate) can be preferably hydrogen-

ated in the presence of the bent cis isomer (methyl oleate) 

using a shape-selective Pt/ZSM-5 catalyst.
[7]

  

Application of the same Pt/ZSM-5 catalyst for the partial 

hydrogenation of model triacylglycerols (TAGs), has led to the 

elucidation of a new form of shape-selectivity through size 

exclusion. Hereby, the central fatty acid chain (often denoted 

sn-2 position) of the model TAG is more preferably reduced. 

This was rationalised by the hypothesis of pore-mouth adsorp-

tion of TAGs in a “tuning fork” conformation, allowing the 

central fatty acid chain to protrude in the zeolite pores con-

taining occluded metal (Figure 1).
[3]
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Figure 1. Illustration of sn-2 regio-selective hydrogenation of triacylglycerols (TAGs) in 

“tuning fork” conformation. In this specific example, a LLO triacylglycerol composed of 

poly-unsaturated linoleic (L) acid at position sn-1 and sn-2 and mono-unsaturated oleic 

(O) acid at position sn-3, is partially hydrogenated to a OSO triacylglycerol. The latter is 

composed of a fully saturated stearic (S) acid at the central sn-2 position, while mono-

unsaturated oleic (S) acids are present at the outer sn-1/3 positions. 

Up to now, the concept of pore mouth catalysis has been 

used only to rationalise bifunctional catalysis of long chain n- 

alkanes with Pt-loaded zeolites, such as Pt/H-ZSM-23
[8]

 and 

Pt/H-ZSM-22.
[9]

 In this respect, pore mouth catalysis was de-

fined as catalysis in which only a part of the molecule is phy-

sisorbed in one pore of the zeolite, the other part remaining 

outside. As only the pore mouths of the zeolite are active in 

the reaction, the use of larger zeolite crystals should not influ-

ence the shape-selective property of the catalyst. On the con-

trary, shape-selective properties induced by configurational 

diffusion would change upon increasing the crystallite size. 

Hereby, the increase of the imposed diffusional constraints 

would lead to a decreased relative conversion of the slower 

diffusing reagent. 

In this work, the hypothesis of pore-mouth catalysis over 

shape-selective Pt/ZSM-5 is verified by variation of the zeolite 

crystal size and hence the external surface area. First, a de-

tailed microscopic and spectroscopic study is carried out to 

assure the intracrystalline appearance of the Pt clusters, an 

essential condition for pore-mouth catalysis induced shape-

selectivity. Additionally, also the influence of different Pt addi-

tion methods on the location and distribution of the Pt clusters 

will be investigated.  

To compare their shape-selective properties and activity, 

the Pt/ZSM-5 zeolites with various crystal sizes are applied as 

catalysts for the partial hydrogenation of real vegetable oil, viz. 

soybean oil, containing a complex mixture of mainly poly-

unsaturated TAGs, mostly present at the sn-2 position of the 

TAG molecules. TAGs are presented for example as SLO, an 

abbreviation based on the composing fatty acids linoleic acid 

(L; C18:2 cis-9,cis-12) at the central sn-2 position, and oleic 

acid (O; C18:1 cis-9) and stearic acid (S; C18:0) at the outer sn-

1/3 positions. Given their excellent frictional properties, high 

viscosity index, low volatility and good biodegradability, vege-

table oils have a large potential as renewable resource for 

lubricants.
[10] 

However, as a result of their high degree of poly-

unsaturation, their oxidative stability and ageing resistance is 

rather poor. Therefore, a partial hydrogenation is necessary to 

reduce a substantial portion of the oxidative unstable linoleic 

(L) and linolenic (Ln ; C18:3 cis-9,cis-12,cis-15) acids. Thereby, 

the formation of high-melting saturates (such as stearine SSS 

as a result of a complete and unselective hydrogenation) or 

trans isomers (as a result of double bond isomerisation) should 

be avoided, in order to maintain an acceptable low-

temperature melting behaviour.
[10]

 The proposed shape-

selectivity of Pt/ZSM-5, i.e. a preferable and selective hydro-

genation of linear trans fatty acid chains (if formed) and the 

saturation of fatty acids at the sn-2 position in the TAGs rather 

than those at the sn-1/3 positions (Figure 1), is expected to 

steer the hydrogenation towards biolubricant compatible 

vegetable oils with an intermediate melting profile.  

Results and discussion 

To assess the hypothesis of pore-mouth catalysis during partial 

hydrogenation with Pt/ZSM-5 zeolites, various ZSM-5 zeolites 

with different crystal sizes, but comparable Si/Al ratios, viz. 

100-138, have been bought or synthesised. An overview of the 

various ZSM-5 samples is given in Table 1. 

The crystals of the commercial ZSM-5 sample (CBV28014, 

Zeolyst; notation: Z-26) have a spherical morphology and are 

rather heterogeneous in size, viz. 0.4 – 2 µm (Table 1, entry 1). 

Home-made ZSM-5 samples Z-20, Z-2 and Z-1 were synthe-

sised according to a published procedure (Table 1, entries 2-

4).
[7]

 Sample Z-20 has also a spherical morphology, yet the 

crystals are more homogeneous in size, averaged around 1 

µm. Samples Z-2 and Z-1 both show a coffin-shaped morphol-

ogy, having an average size of 4 x 3 x 2 µm and 11 x 7 x 5 µm, 

respectively. SEM images of all samples can be found in Figure 

SI1.  

In order to obtain a ZSM-5 sample with large external sur-

face area, the commercial ZSM-5 sample was subjected to a 

mild NaOH treatment (sample Z-55). Such alkaline treatment 

creates intracrystalline mesoporosity, and thus a larger availa-

ble surface area, via a minor dissolution of the zeolite frame-

work.
[11] 

  

Nitrogen isotherms of the various samples reveal two hys-

teresis phenomena (Figure SI2): one at low pressure (p/p
0
 = 

0.1 – 0.3) and one at high pressure (above p/p
0
 = 0.45). The 

shape of the nitrogen isotherms are in agreement with the 

literature on ZSM-5 samples with high Si/Al ratio (> 50).   

Table 1. Physico-chemical characterisation of various ZSM-5 supports. 

Sample Si/Al 

Crystal 

size
[a]

 

[µm] 

Morphology
[a]

 
Vtot

[b] 

[cm³/g] 

Vmicro
[c]

 

[cm³/g] 

Sext
[d]

 

[m²/g] 

Z-26 138 0.4-2 Spherical 0.20 0.17 26 

Z-20 100 0.5-1.5 Spherical 0.21 0.16 20 

Z-2 110 4x3x2 Coffin 0.17 0.16 2 

Z-1 115 11x7x5 Coffin 0.17 0.17 1 

Z-55 / 0.2-0.3 Spherical 0.34 0.17 55 

[a] determined with SEM; [b] – [d] determined with N2 physisorption; [b] 

adsorption value at p/p0 = 0.97; [c] derived from positive intercept of the 

straight line through t-plot data in the region from t=0.5 to t=0.8; [d] derived 

from slope of the same straight line through t-plot data. 
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The sudden change in adsorbed volume at p/p
0
 = 0.1 is ex-

plained by a liquid-like to solid-like phase transition of ad-

sorbed nitrogen in the channels of the near-silicalite 

crystals.
[12]

 The hysteresis at high pressure is attributed to 

capillary condensation in mesopores, which can be either 

intra- or intercrystalline. Micropore volumes and external 

surface areas are determined by applying the t-plot method on 

the adsorption branch of the isotherms and are compared in 

Table 1. It is clear that all ZSM-5 samples have comparable 

total and micropore volumes. Only the Z-55 sample has a con-

siderably higher total pore volume, which is attributed to the 

presence of intracrystalline mesopores. The external surface 

areas (Sext) vary considerably, viz. from 1 to 55 m²/g. The value 

of Sext is used as suffix in the notation of the various ZSM-5 

samples. 

Two types of Pt/ZSM-5 catalysts were prepared, using dif-

ferent Pt addition methods, viz. incipient wetness impregna-

tion (IWI) and competitive ion-exchange (CIE). Also a Pt/γ-

alumina catalyst was prepared via IWI, and used as reference 

of non-microporous material. The Pt loading (0.5 wt%) and 

catalyst activation procedure were equal for all samples, ap-

plying slow heating ramps in order to hinder the migration and 

agglomeration of Pt as described previously.
[7]

 The most im-

portant details concerning the various Pt catalysts are summa-

rised in Table 2. 

 

Intra- versus Extracrystalline Pt clusters 

From previous work with transmission electron microscopy 

(TEM), it is known that Pt/ZSM-5 catalysts prepared by CIE 

show a high Pt dispersion with small Pt nano-clusters, presum-

ably located mainly inside the zeolite pores, whereas Pt addi-

tion with IWI leads to an asymmetric broad distribution of Pt 

particles, ranging from 2 to 20 nm, many of which are located 

outside the zeolite crystal.
[7]

  

However, as TEM images are 2D projections of 3D objects 

it is not always straightforward to determine whether metal 
 

Table 2. Characterisation of Pt-catalysts. 

Catalyst DPt
[a] 

[%] 

Pt size[a] 

[nm] 

DPt
[b] 

[%] 

Pt size[b] 

[nm] 

Pt size[c] 

[nm] 

Pt/Al2O3 28 2.9 / / / 

Pt/Z-26-IWI 23 3.6 29 3.2 3-12 

Pt/Z-26-CIE 40 2.0 42 2.2 1-2.5 

Pt/Z-20-CIE 20 4.1 / / / 

Pt/Z-2-CIE 11 7.5 / / / 

Pt/Z-1-IWI 11 7.5 / / 1-10 

Pt/Z-1-CIE 15 5.5 / / 1-3 

Pt/Z-55-CIE 21 3.9 / / / 

[a] average based on CO-chemisorption MS measurements; [b] average based on 

CO-chemisorption IR measurements; [c] range observed by TEM measurements. 

 

particles are located in the intracrystalline micropores or on 

the external surface of the zeolite crystal. Therefore, in this 

work the Pt localisation on the two catalysts based on the 

commercial zeolite, viz. Pt/Z-26-CIE and Pt/Z-26-IWI, was veri-

fied with a new technique, viz. 2D pressure-jump infrared 

spectroscopy of adsorbed species (PJAS-IR). 

The 2D PJAS-IR technique is capable of locating adsorption 

sites by the evolution of Fourier analysed IR spectra after a 

sudden change in the pressure of adsorbate in a porous mate-

rial.
[13]

 This technique allows investigating relaxation processes 

following this perturbation. As each adsorbed species re-

sponds with its own frequency depending on the diffusion 

coefficients and the adsorption energy, the location and envi-

ronment can be determined.
[14]

 Therefore 2D-PJAS-IR of ad-

sorbed CO should reveal the location of Pt on the catalysts. 

In order to assess the reliability of this method, Pt disper-

sions were determined via IR measurements of chemisorbed 

CO (see supporting information). The quantitative response 

was used to determine the number of accessible Pt atoms and 

thus the dispersion of the metal. The frequency of the IR bands 

also informs directly on the particle size. At room temperature, 

CO typically adsorbs linearly on Pt
0
 clusters with characteristic 

IR bands in the 2100-2000 cm
-1

 range, depending on the size of 

the Pt clusters. A shift to lower wavenumbers of the νC-O 

stretching frequency of chemisorbed CO is due to smaller Pt 

particle size.
[15]

 On the Pt/Z-26-CIE and Pt/Z-26-IWI sample this 

peak is seen at 2075 and 2078 cm
-1

, respectively, correspond-

ing to linearly chemisorbed CO on the surface of small Pt
0
 

nanoparticles. These peaks shift to 2083 cm
-1

 with higher CO 

doses, due to a CO coverage effect on the Pt nanoparticles 

(Figure SI3). Pt/Z-26-CIE shows a dispersion of 42% with a 

mean particle size of 2.2 nm. For Pt/Z-26-IWI the dispersion is 

around 29% with mean Pt particle size of 3.2 nm. These values 

are in agreement with those previously obtained from CO TPD 

with MS (Table 2).
[7]

 

Next, 2D-PJAS-IR of adsorbed CO was studied on both 

samples to determine the Pt location. The corresponding 2D 

maps are presented in Figure 2. The CIE sample (Figure 2A) 

shows that the main intensity band is concentrated at high 

frequency (HF, 180-200 Hz) and low wavenumbers (2000-1950 

cm
-1

). The signal in the low wavenumbers range is due to a 

reduced CO coverage on the nanoparticles surface at 300°C. 

The 2D-PJAS IR map for the IWI sample (Figure 2B) shows that 

the main signal is concentrated at low frequency (LF, 50-75 Hz) 

and around 2050-1990 cm
-1

. 

From a previous study on the sintering process of Pt on 

ZSM-5, it was concluded that signals at low frequency (< 50 Hz) 

correspond to the CO adsorption-desorption oscillation pro-

cess occurring on the external surface, while the signals at 

higher frequency (130 – 250 Hz) are assigned to the presence 

of Pt nanoclusters in the pores of ZSM-5.
[14]

 This conclusion 

was rationalised by the fact that the mean free path is longer 

on the external surface than in the pores. Moreover, in agree-

ment with the present observations, the HF signal appearing at 

low wavenumbers corresponds to smaller Pt clusters com- 
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Figure 2. 2D PJAS-IR maps (at 300 °C) of CO adsorbed on Pt/ZSM-5: (A) Pt/Z-26-CIE and 

(B) Pt/Z-26-IWI. 

pared to the LF signal appearing at higher wavenumbers. 

From the 2D-PJAS-IR maps of both samples, it follows that 

the HF signal observed for the CIE sample can be assigned to 

the presence of small Pt nanoparticles within the pores of the 

ZSM-5 zeolite, while the LF signal observed for the IWI sample 

is attributed to CO adsorbed mainly on Pt nanoparticles locat-

ed on the outer surface of the ZSM-5 crystals. Thus, when Pt is 

added to ZSM-5 via competitive ion-exchange and subsequent-

ly activated via a calcination and reduction method, applying 

slow heating rates, it is feasible to obtain shape-selective 

Pt/ZSM-5 catalysts with all Pt located inside the zeolite pores. 

In contrast to the commercial ZSM-5 catalysts, the Pt dis-

tribution and localisation in large ZSM-5 crystals has not been 

studied before and therefore was assessed in this work prior 

to evaluating its catalytic hydrogenation properties, using 

focussed ion-beam transmission electron microscopy (FIB-

TEM). FIB-TEM is a highly valuable technique for determining 

the distribution of Pt clusters throughout the zeolite crystal. 

Using this technique, thin sections of the zeolite crystal can be 

prepared by FIB milling and are then visualised in TEM. As this 

technique is especially valuable for determining the metal 

distribution in large crystals, Pt/Z-1-IWI and Pt/Z-1-CIE cata-

lysts with dimensions of about 11 x 7 x 5 µm, were selected for 

characterisation with FIB-TEM. From both samples, a FIB la-

mella was taken in the middle of the zeolite crystal (Figure 3a). 

Due to the twinned nature of the coffin-shaped zeolites, inter-

growths and cracks in the lamella are clearly visible with SEM 

(Figure 3b), in agreement with previous studies.
[16]

 

Conventional bright field (BF) TEM images of the FIB lamel-

la of the impregnated sample are shown in Figure 4a. In these 

images, the strongly diffracting and absorbing Pt clusters show 

up as black dots. It is clear that the Pt clusters are not homo-

geneously distributed and are mainly located in and near the 

cracks. This inhomogeneous distribution of Pt particles can 

also be noted in STEM images, in which the Z-contrast of the 

incoherent scattering reveals the Pt clusters as white particles, 

as seen in Figure 4b. Most Pt clusters have sizes around 1-3 

nm, although also Pt clusters larger than 5 nm can be ob-

served, suggesting a bimodal distribution. 

Compared to the IWI-sample, the Pt clusters are smaller 

and much more homogeneously distributed in the CIE-sample. 

TEM images at different spots of the FIB lamella show the 

presence of small Pt clusters throughout the sample (con-

firmed by EDX). These highly dispersed Pt nano-clusters are 

more clearly visible in STEM images (Figure 4d). The Pt clusters 

in this sample are all very small, viz. around 1-2 nm, with only 

few larger particles seen in Figure 4c obtained from the top-

right part of the lamella. The bright bubble-like features in this 

image are due to staring radiation damage.
[16d]

 

From FIB-TEM measurements it can thus be concluded that 

it is feasible to obtain shape-selective Pt/ZSM-5 catalysts, in 

which the Pt-nanoclusters are homogeneously distributed 

throughout the zeolite crystal, even when very large ZSM-5 

crystals are used, provided that the Pt addition occurs via a 

competitive ion-exchange, followed by a careful calcination 

and reduction procedure. 

 

Selective partial hydrogenation 

Partial hydrogenation of vegetable oils is an important process 

in oleochemistry, and historically also strongly associated with 

food processing.
[17] 

The aim of this reaction is to selectively 

hydrogenate air-unstable polyunsaturated fatty acids, like 

linolenic (Ln) and linoleic (L) acid, to the more stable mono-

unsaturated oleic (O) acid. For use of partially hydrogenated 

oils as stable biolubricant, the formation of trans isomers or  

 

Figure 3. SEM images of (left) the large coffin-shaped Z-1 ZSM-5 crystal and (right) the 

FIB lamella.  



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

 

Figure 4. FIB-(S)TEM images of the Pt/Z-1-IWI sample, (a) showing Pt particles as dark 

spots agglomerated at interfaces and (b) the inhomogeneous distribution of small and 

large Pt particles as bright spots; and of the Pt/Z-1-CIE sample, (c) showing few Pt 

particles as dark spots and (d) homogeneously distributed small Pt particles as bright 

spots. 

fully saturated stearic (S) acids should be minimised, as their 

high melting points leads to adverse physical properties.
[10]

 

Earlier work with shape-selective Pt/ZSM-5 has proven the 

occurrence of such preferential stepwise reduction of the 

unsaturates without significant cis/trans isomerisation during 

hydrogenation of a complex mixtures of TAGs present in real 

edible oils.
[17a] 

In addition, high percentages of intermediately 

melting TAGs were observed, resulting from an increased 

selectivity for hydrogenation of the fatty acids located at the 

central (sn-2) position (Figure 1). This sn-2 regio-selectivity can 

be explained by pore-mouth catalysis, in which one fatty acid 

chain is adsorbed in the pore where it reacts with intrapore Pt 

clusters, whereas the other two fatty acid chains, located at 

sn-1 and sn-3 in the TAGs, largely remain outside and will not 

react.
[3] 

 

To confirm this pore-mouth mechanism, the different 

Pt/ZSM-5 zeolites with various crystal sizes and hence external 

surface areas (Sext), all with homogeneously distributed in-

tracrystalline Pt clusters prepared via CIE, are applied as cata-

lysts for the partial hydrogenation of soybean oil. The results 

from the FIB-TEM study assure that influences on the hydro-

genation performance cannot be caused by differences in Pt 

location or distribution.   

 The initial activity and the selectivity towards intermediate-

ly melting TAGs at a conversion of 30% are plotted in function 

of Sext in Figure 5. It is clear that the external surface area has a 

significant impact on the catalytic activity. The initial activity 

decreases from 2.33 mol double bonds converted per minute 

and g available Pt for the commercial based Pt/Z-26-CIE sam-

ple with external surface of 26 m²/g, to a value of 1.09 for the 

large coffin-shaped crystals of the Pt/Z-2-CIE catalyst with 

external surface of 2 m²/g. Note that the hydrogenation results 

of catalyst Z-1-CIE are not plotted in figure 5. Due to the ex-

tremely low activity of this catalyst it was not possible to ob-

tain a conversion of 30%. A value for the catalytic activity as 

high as 9.39 mol/(min.gPtavailable) is obtained with Pt/alumina 

with a total surface area of 177 m²/g. Figure 5 shows clearly a 

linear increase of the initial activity with increasing Sext. This 

trend was further corroborated by evaluating the Pt-loaded 

mesoporous ZSM-5 catalyst in the hydrogenation of soybean 

oil. Increasing the external surface of the commercial catalyst 

from 26 to 55 cm³/g, via a NaOH treatment, leads to an in-

crease in initial activity from 2.33 to 3.71 mol/(min.gPtavailable). 

Despite the major influence on the activity, the selectivity 

of the reaction is hardly affected when using shape-selective 

Pt loaded ZSM-5 zeolites with varying crystal sizes. At the same 

conversion, nearly the same TAG compositions are obtained in 

the resulting partially hydrogenated samples (see Figure 6). 

Remark the substantial shift in composition from the original 

soybean TAGs towards triglycerides with less unsaturated 

bonds, as reflected by the higher equivalent carbon number 

(ECN; see Table SI1). Meanwhile, the undesired full hydrogena-

tion towards (too high melting) saturates (with ECN of 52 like 

SSO and 54 like SSS) is very limited, in contrast to the result 

with the Pt/alumina catalyst. It is apparent from Figure 5 that 

the selectivity towards intermediately melting triglycerides 

(ECN of 48 like OOO and 50 like SOO) is similar for all Pt/ZSM-5 

samples, viz. 36.6 – 39.2% at IV 90, and significantly higher 

compared to the level obtained with Pt/alumina, viz. 24.6% at 

a total conversion of 30%. In addition, also the hydrogenation 

 
Figure 5. Influence of Sext (Stotal in case of alumina support) of the various Pt catalysts on 

the initial activity (calculated as mol . min-1 . (gPt.DPt)
-1) and the hydrogenation selectivi-

ty, here expressed as the level of intermediately melting TAGs at 30% conversion (IV 

90) and the selectivity Ssn-2 for the hydrogenation of the fatty acids located at the 

central sn-2 position, calculated as the conversion on sn-2 / (conversion on sn-2 + 

conversion on sn-1/3).100%, at a total conversion of ± 25 mol% (IV = 100). All Pt/ZSM-5 

catalysts are prepared via competitive ion exchange, whereas Pt/alumina is prepared 

via incipient wetness impregnation. 
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Figure 6. Triacylglycerol composition according to their equivalent carbon number 

(ECN) of the starting soybean oil (in black) and the fat mixtures ( at IV 90) hydrogenated 

by different Pt catalysts. All Pt/ZSM-5 catalysts (in blue) are prepared via competitive 

ion-exchange, whereas Pt/alumina (in red) is prepared via incipient wetness impregna-

tion. Lines connect the relative amount of each TAG family with certain ECN and 

therefore show the (shift in) TAGs distribution before (black) and after partial hydro-

genation in presence of shape-selective (blue, intermediately melting fatty product) 

and non-selective (red, highly melting fatty product) catalysts. 

selectivity of the fatty acids located at the sn-2 position (Ssn-2), 

are comparable for the various shape-selective Pt/ZSM-5 cata-

lysts and significantly higher compared to the Pt/alumina cata-

lyst. These shape-selective features, determined by the loca-

tion of the Pt clusters within the pores of ZSM-5, are thus 

independent of the zeolite crystal size. This implies and con-

firms that the hydrogenation of soybean oil on shape-selective 

Pt/ZSM-5 proceeds via pore-mouth catalysis.   

Importantly, also increasing the external surface area via a 

mild NaOH treatment, hardly influences the selectivity in the 

hydrogenation of soybean oil (Figure 5; Figure 6), suggesting 

that also in hierarchical ZSM-5 (Z-55) the Pt clusters are locat-

ed mainly in the micropores. Taking the higher activity and 

comparable selectivity into account, hierarchisation of com-

mercially available zeolites thus appears to result in promising 

catalysts for active and selective partial hydrogenation of veg-

etable oils. 

Conclusions 

Shape-selective Pt/ZSM-5 catalysts, with all Pt being located in 

the intracrystalline voids for a loading of 0.5 wt%, can be syn-

thesised by competitive ion-exchange, followed by a slow 

temperature-activation procedure. The intracrystalline loca-

tion of the Pt nano-clusters is confirmed with 2D pressure-

jump IR spectroscopy of adsorbed CO. Moreover, FIB-TEM 

indicates that even in large ZSM-5 crystals, Pt-nano-clusters 

are homogeneously distributed throughout the zeolite crystal 

To achieve this, it is crucial to add the Pt metal complex via 

competitive ion-exchange. Shape-selective properties, deter-

mined by the location of the Pt clusters within the small pores 

of ZSM-5, are confirmed in the partial hydrogenation of soy-

bean oil. The resulting high hydrogenation selectivity towards 

intermediately melting TAGs, attributed to a distinct sn-2 re-

gio-selectivity and essentially precluding complete saturation 

of TAG molecules, and the independence of this selectivity to 

the zeolite crystal size, are the most important characteristics 

to address that hydrogenation of TAGs on shape-selective 

Pt/ZSM-5 proceeds via pore-mouth catalysis. Due to the im-

proved oxidative stability and appropriately low-temperature 

fluidity, the partially Pt/ZSM5 hydrogenated vegetable oil is 

promising as a renewable feedstock for biolubricants. 

 

Experimental  

Soybean oil was kindly provided by Oleon (Belgium). NH4-ZSM-5 

zeolite powder (CBV28014, Si/Al = 138) is from Zeolyst. γ-
Alumina was purchased from Aldrich (Type 507C). Synthesis of 
ZSM-5 zeolites was according to a previously described proce-

dure with colloidal SiO2 (LUDOX®AS-40, 40 wt% suspension in 
water) as Si-source, Al(NO3)3.9H2O as Al-source, tetraprop-
ylammonium (TPA) bromide as templating agent and 1-hexanol / 

water mixtures as solvent.[7] Alkaline treatment was performed by 
addition of the zeolite (33 g L-1) to a vigorously-stirred aqueous 
solution of 0.15 M NaOH at 65 °C for 30 min. The reaction was 

followed by quenching, filtration, extensive washing using distilled 
water, and overnight drying at 80 °C. Pt catalysts were synthe-
sised as described previously.[7]  

Platinum dispersions were determined using CO chemisorption 
MS. Catalyst pellets loaded in a tubular reactor were reduced 
according to the above described pretreatment procedures and 

cooled down to room temperature under flowing He. For the titra-
tion of the Pt surface, pulses of 5 µL of pure CO, were added to a 
He flow of 10 mL/min at an interval of 2 min. The CO concentra-

tion in the outlet stream was followed continuously via ion moni-
toring at m/e = 28 with a Pfeiffer Omnistar quadrupole mass spec-
trometer. For the calculation of the dispersion, adsorption of 1 CO 

per accessible Pt atom was assumed. The size of Pt particles, dPt, 
was derived from the Pt dispersion, DPt, assuming a cubic particle 
shape.[18] 

dPt = 0.821 
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CO chemisorption IR experiments were been performed under 
vacuum in a quartz IR cell equipped with KBr window. The IR 

experiments were performed on a Bruker IFS 66 FTIR instrument 
equipped with a cryogenic MCT detector and running at 8 cm-1 
resolution. The catalyst powder was pressed and used as wafers 

of 20 mg (10 mg cm-2). Samples were activated at 673 K under 
oxygen atmosphere (~ 100 Torr) in order to remove impurities. A 
static reduction under H2 (~ 100 Torr) at 673 K followed by an 

evacuation was then repeated twice. Small calibrated doses of 
CO were sent afterwards at RT on the activated sample leading to 
an increase of the CO IR bands of CO chemisorbed on Pt surface 

atoms. 

Two dimensional Pressure Jump of the Adsorbed Species IR 
studies (2D-PJAS-IR) consists in the variation of the IR cell vol-

ume inducing a pressure jump of the CO adsorbed species on the 
zeolite system and monitored by IR spectroscopy. This recent 
technique already described elsewhere[19] allows investigating 

relaxation processes occurring at the end of the perturbation. As 
each adsorbed species responds with its own frequency depend-
ing on the diffusion coefficients and the adsorption energy, the 
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location and environment could be determined. The sample 

treatment and activation procedure were the same as for the CO 
chemisorption. A mixture of CO/He (1/10; 33 Torr) was introduced 
at RT followed by heating up to 573 K. Afterwards, the 2D-PJAS 

experiment was performed on Pt/ZSM-5 with 5 co-additions and 
the IR spectra were recorded in the step scan mode.[20] CO ad-
sorption for the 2D-PJ experiment was performed at unusually 

high temperature in order for the adsorption equilibrium to be 
easily shifted by the pressure swing.[14] The fairly high pressure 
(compared to usual in situ infrared experiments) increases the 

amount of CO adsorbed on the metal above the detection limit of 
an MCT detector. 

Cross-section FIB lamellas were prepared with the so-called “lift 

out” technique using an FEI Helios NanoLab 650 FIB/SEM dual-
beam system. An ion-beam-assisted (30kV) protective Pt layer 
was deposited on the surface of the crystal before FIB cutting. 

Ga+ ion beams of 30kV/2.5nA and 30KV/0.23nA were used for 
sample cutting and early stage milling, respectively. In the final 
stage, the Ga+ beam was reduced to 5kV/14pA to minimise the 

ion beam damage during final milling. Conventional TEM and 
HAADF-STEM observations were performed on an FEI Tecnai 
microscope operated at 80-200KV. Since the Pt-ZSM-5 samples 

are very sensitive to the electron beam, the samples were entered 
in the TEM vacuum at least 6 hours before the observations in 
order to allow for a maximum evaporation of any residual water 

molecules.  

Hydrogenation of soybean oil was carried out in a 100-mL Parr-
autoclave with sampling device. Hydrogenation reactions were 

conducted at 65 °C and 60 bar H2 pressure under constant stir-
ring (500 rpm). In a typical experiment, 40 g soybean oil and an 
amount of catalyst at a concentration of 1 - 5 wt% (g catalyst /g 

oil) were loaded in the reactor.  

Triacylglycerol (TAG) composition was determined by Reversed-
Phase high performance liquid chromatography (RP-HPLC), using 

a Supelcosil TM LC-18 column (25 cm x 4.6 mm; 5 µm). The 
column temperature was kept at 40 °C. The mobile phase was a 
mixture of 70% (v/v) methanol and 30% (v/v) chloroform, and was 

used at a rate of 1.5 mL/min. 10 µL samples prepared at 0.07 
g/mL concentration with chloroform as the solvent, were injected. 
Quantification of triacylglycerols was based on relative peak are-

as. Identification of triacylglycerols was carried out by comparison 
of retention time and equivalent carbon number (ECN) based on 
commercial standards. The compounds are separated by the 

chain length of their fatty acids as well as by their degree of un-
saturation. Each double bond reduces the retention by the equiva-
lent of two carbon atoms. This is reflected in the ECN, which is 

defined as CN-2n, in which CN is the sum of the carbon atoms in 
the fatty acid residues of a TAG molecule, and n the number of 
double bonds. Triacylglycerol molecules with identical ECN will 

co-elute. 

The fatty acid composition of the samples was determined by 
analyzing the corresponding fatty acid methyl esters (FAME) by 

gas chromatography. The triglycerides are first converted to 
FAME by methanolysis. In this reaction, a sample of 300 µL is 
dissolved in 3 mL diethylether and reacted with a solution of 3 mL 

5% KOH in methanol. After 15 min the transesterification reaction 
is stopped through addition of 3 mL octane. The formed methyl 
esters migrate to the octane phase, which is subsequently 

washed three times with 3 mL distilled water in order to remove 
glycerol and K+ soaps. The FAME were analyzed by a Hewlett 
Packard HP 6890 gas chromatograph with a split injection system 

(split ratio = 100:1) and N2 as the carrier gas. A 100 m CP-SIL-88 
highly polar capillary column with an internal diameter of 0.25 mm 

and a film thickness of 0.2 µm is used for separation. Initially, the 

column temperature is kept at 180 °C for 50 min, and then raised 
at 10 °C/min to 225 °C and held for 15 min. The FID detector used 
was kept at 280 °C. Heptadecane was used as external standard 

for quantification. FAME were identified based on retention times, 
using a FAME MIX C14-C22 reference from Supelco. 

The degree of hydrogenation was also monitored by determining 

the iodine value (IV) of the products. Iodine values (g of iodine 
necessary for complexation with the double bonds present in 100 
g of fat substrate) were calculated from GC composition. 

Regio-specific analysis of triglyceride molecules is carried out 
using a sn-1,3 specific pancreatic lipase (Sigma Aldrich) accord-
ing to the procedure of Luddy et al., 1964.[21] The sn-2-mono-

acylglycerols are separated by means of TLC with chloro-
form/acetone/formic acid (85/15/1) as the mobile phase. 20 dots 
of 40 µL were separated; the mono-acylglycerol fraction was 

scraped off, dissolved in diethylether, converted to FAMEs by 
means of a methanolysis step and analyzed by GC. The fatty acid 
composition of the sn-1,3-positions was calculated from the con-

centrations in the intact triglyceride (TG) and in sn-2-mono-
acylglycerol (MG) with the following equation: TG = 2/3 x sn-1,3 + 
1/3 x sn-2-MG. 

The selectivity for the hydrogenation of fatty acids located at the 
central (sn-2) position was calculated according to the formula 
given in the equation below. 

100.
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In which Xsn-2 and Xsn-3 denote the (hydrogenation) conversion of 

double bonds of fatty acids located at the sn-2 and sn-1/3 posi-
tions, respectively. 
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