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Abstract

The combined impact of platinum location and metal-acid balance on the catalytic performances
of HUSY zeolite alumina-shaped bifunctional catalysts was evaluated in the n-hexadecane
hydroisomerization. For well-balanced catalysts, the location of Pt on the alumina resulted in lower
isomerization selectivity as compared to when platinum was located on the zeolite. In the latter
case, the maximal distance between Pt and acid sites was found to be in the nanometric scale
(high intimacy) whereas in the former it was in the micrometric scale (low intimacy), particularly
due to the presence of large clusters of HUSY zeolite. Nevertheless, whenever proper balance
between functions was not ensured in high-intimacy catalysts, the low-intimacy were shown to
perform better. The requirement for nanometric metal-acid sites intimacy must be hence

combined with an adequate metal-acid balance to achieve optimal catalytic performance.
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Introduction

Bifunctional catalysts comprising acid and hydrogenation-dehydrogenation functions are at the
heart of the petroleum refining industry (e.g. hydroisomerization of Cs-Cs 1, hydrocracking of
heavy oil cuts -2, dewaxing by hydroisomerization Bl). Due to their flexibility towards different
products 2 4 and the number of solutions available to tackle different catalyst poisons [,
bifunctional catalysts will also play a key role in the production of sustainable fuels from a panoply

of feedstocks (e.g. vegetable oils ], Fischer-Tropsch waxes (¢, (pyrolyzed) plastic waste []).

The hydroisomerization of long chain n-paraffins involves such a bifunctional catalyst typically
consisting of a noble metal finely dispersed over a support in which a zeolite is shaped with a
binder in the form of extrudates. Designing a bifunctional catalyst is thus a complex process where
numerous parameters might play a role. In order to reduce the degree of complexity, most studies
have been carried out over unshaped zeolite catalysts in the powder form. The focus is then
frequently put on the study of the effect of zeolite properties on the hydroisomerization
performance. Particularly, by varying the pore architecture and acid-base properties 8l. The
observed effects shall, nevertheless, be taken cautiously, as those originate from powder zeolite
catalysts whereas shaping with a binder, typically alumina or silica, is required for the industrial
applications Bl. Shaping is commonly described as a complex process that might significantly
modify the active sites of the zeolite 19, which is far from being fully understood 4. The few
available studies report either neutralization of the most acidic Brgnsted sites 112 or, conversely,
increased acidity upon shaping of zeolite [*3l. However, full preservation of zeolite properties has
been also achieved [, resulting in similar catalytic behaviour for hydroconversion reactions prior

to and after shaping 142,

According to the classical bifunctional mechanism 1%, optimal catalytic performance is achieved
when the acid function is “well-balanced” by the hydrogenating-dehydrogenating (HDH) function
18b,16] |n such case, for fixed operating conditions, the catalytic performance in hydroisomerization
is solely dictated by the zeolite properties. Kinetically, this implies that the rate-determining
reaction steps take place in the zeolite. The HDH function must be hence sufficiently active as
compared to the acid functionlé® 15 17, Moreover, to prevent undesirable consecutive reactions
over acid sites, the distance between these functions (Weisz's intimacy criterion) must also be
sufficiently short ['8l. Therefore, both the ratio and the distance between metal and acid sites must

be controlled when designing industrial bifunctional catalysts.

In the particular case of the metal-acid sites distance (or, inversely, intimacy), most of the studies

have shown that sufficient proximity between metal and acid sites enhances the selectivity

towards feed isomers 1819, Recent reports have, however, reopened the debate about the ideal

proximity between both functions for optimal performances 9. In the most noteworthy case,

improved yield in feed isomers was observed when the platinum was deposed on the alumina

and not on the zeolite 2%, Nevertheless, the effect of the metal to acid sites ratio was not
3
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evaluated. Additionally, shaping introduces additional complexity, as the dimensions of the
extrudate may introduce mass transfer limitations 1. In order to assess the intrinsic catalyst
properties the size of the extrudate will then likely need to be reduced, which can alter the catalytic
properties of the tested sample as compared to the extrudate properties whenever Pt is

heterogeneously distributed in the extrudate [24al,

In this study, the sole effect of metal location on the catalytic properties of industrially-relevant
hydroisomerization catalysts was firstly investigated, by carefully controlling all the other
parameters. To probe the catalytic behaviour of shaped zeolite catalysts featuring platinum
nanopartices either on the binder or on the zeolite, n-hexadecane hydroisomerization was
chosen. To isolate the effect of the metal location, the metal to acid sites ratio was also varied
enabling the evaluation of catalysts with fixed (optimal) metal to acid sites ratio and distinct metal
location. Taking that knowledge, the combined role of metal-acid intimacy and balance was then
assessed. Any significant temperature effect was prevented by mainly varying the reactant
conversion thanks to the hydrocarbon space time, keeping a narrow range of temperatures.
Further experimental artefacts like mass and heat transfer limitations were excluded by careful
design of the experimental tests. Finally, the catalysts were compared via metrics intrinsic to their
catalytic behaviour in hydroisomerization: the turnover frequency over the Brgnsted acid sites and

the maximum feed isomers yield.
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Results

Catalysts characterization

Zeolite and support

The physico-chemical properties of the HUSY zeolite and the corresponding alumina-shaped
extrudates will be briefly described, as both solids have been previously characterized in detail in
[221 and 1142, respectively. FAU topology has a 3-dimensional channel with an equivalent minimum
pore size of 0.74 nm, giving rise to 1.4 nm supercages at the channel intersections [?3. This leads
to a large micropore volume and surface area, as observed in the commercial sample employed
herein (Table 1). The framework Si/Al atomic ratio amounted to 18.4, resulting in a concentration
of framework aluminium AlIv of 820 umol g ?4(Table 1). As these aluminium atoms generate
negatively charged oxygen atoms in zeolites framework 23, their concentration provides a good

estimation of Brgnsted acid sites concentration for zeolites in the protonic form.

Table 1: Zeolite fractions, Al'Y concentrations, micro and mesopores properties by N2
adsorption-desorption [14a,

Sample Si2 Zeolite NAIQv) Vmicro Shicro Vmeso Smeso
P (wt.%) (Wt%) (umolg®) (mLg?")  (m?*g") (mLg?) (m?g™?)

HUSY 43.9 100 820 0.33 813 0.21 101

Al203+HUSY 7.3 16.5° 135°¢ 0.045 105 0.59 266

aMeasured by X-ray fluorescence.

b Using the amount of Si measured by X-ray fluorescence in parent zeolite.

¢ Using naigvy determined for the parent zeolite.

According to the weight percentage of silicon, the trilobe extrudates comprised roughly 83.5 wt %
of alumina and 16.5 wt % of HUSY zeolite (Table 1). The characterization of the extrudates after
calcination only revealed y-Al.03 and FAU framework phases, with no evidence of crystallinity
loss upon shaping 48, The microporous volume of the shaped supports corresponded to more
than 80% of that of the parent zeolite. The same activity per zeolite mass for shaped and
unshaped USY was obtained in a model reaction catalysed by Brgnsted acid sites (m-xylene
conversion) 42l Hence, all the evidences pointed towards a full preservation of the zeolite
properties in the shaped Al203+HUSY sample. The concentration of Brgnsted acid sites in the
extrudate was, hence, directly estimated based on that of parent zeolite (Table 1).

Metal

The metal properties of the samples are presented on Table 2. For both catalyst series, the actual
Pt loadings were lower than the nominal ones, which can be attributed to a fractional ionic
exchange efficiency 14a. The accessible metal on the samples was determined by oxygen titration
of chemisorbed hydrogen. The corresponding metal dispersions were quite high, with Pt being

better dispersed in alumina (ca. 90 %) as compared to in HUSY (ca. 73%). The very low Pt content
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in 0.04Pt/Al203+HUSY precluded the evaluation of Pt dispersion by O2-H: titration. The average
value of dispersion for the other Pt/Al20s+HUSY samples was then used to estimate the
concentration of accessible metal sites in that sample. Assuming that the concentration of
Brgnsted acid sites in the catalysts was similar to that of the shaped support, the metal to acid
sites molar ratio (ne/na) was estimated for each catalyst. The variation in platinum loadings
resulted in clear distinct np/na within each catalyst series. Furthermore, both catalyst series had
a similar np/nai range, as aimed at for a meaningful comparison of the catalysts performances in

n-hexadecane hydroconversion.

Table 2: Pt loading and dispersion, accessible Pt and metal to acid sites molar ratio for
bifunctional catalysts.

Nominal Measured Dispersion e B Pt
Catalyst Pt loading  Ptloading p(%) (pmgtl gd) net/Nai distribution
(wt.%) (wt.%) coefficient
0.11Pt/HUSY+AI203 0.125 0.11 71 4 0.030 0.95
0.25Pt/HUSY+AIl203 0.375 0.25 76 10 0.071 0.99
0.04Pt/Al203+HUSY 0.050 0.04 <MDL 28 0.015 1.00
0.07Pt/Al203+HUSY 0.080 0.07 91 3 0.024 0.95
0.18Pt/Al203+HUSY 0.200 0.18 89 8 0.061 0.95

a2 Assuming a Pt dispersion of 90% (average of other Pt/Al,Os+HUSY samples).

b Accessible Pt as measured by O,-H; titration.

To have a quantitative overall picture of the Pt location, the distribution of chemical elements
along the diameter of extrudates was measured by Electron Probe Micro Analysis (EPMA). Figure
1 depicts the average elemental profiles of Al, Si, and Pt for 0.25Pt/HUSY+AI20s and
0.18Pt/Al203+HUSY samples, as an example (all profiles can be found in Sl). The platinum
concentration profiles revealed a uniform distribution of platinum along the diameter of the
extrudates for both samples. This was further investigated by calculating the distribution
coefficient for platinum (vide Experimental Section). All samples featured a distribution coefficient
above 0.95 (Table 2), confirming the uniform distribution of platinum along the extrudates.
Nonetheless, it is worth mentioning that small variations in the metal loading (particularly, towards

lower values) or synthesis procedures can lead to non-uniform metal distributions [4al,

The concentration profiles of Al and Si (Figure 1) also show quite a uniform distribution along the
extrudates, pointing out to a uniform distribution of zeolite in the alumina matrix, as previously
observed as well for this support 14, The minor variations observed were similar but in opposite
directions: whenever Si concentration increased, that of alumina decreased and vice-versa. This
enabled the identification of zeolite-rich (in presence of silicon) and alumina-rich (in absence of
silicon) domains along the extrudates. The Pt content in either the zeolite or the alumina,
depending on the catalyst series, was thus estimated (vide Experimental Section for calculations

details) and compared to the Pt content deposed in the whole support (Figure 2).
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Figure 1: Average electron probe microanalysis profiles of Pt (blue), Al (green), and Si (purple)
along the diameter of the extrudate for a) 0.25Pt/HUSY+AIl>03 [14a] and b) 0.18Pt/Al203 +HUSY.

For PYHUSY+AI203 samples, the Pt content deposed in the HUSY zeolite nearly matched the
overall Pt deposed in the support (Figure 2), as previously disclosed [4a, Conversely, for
Pt/Al203+HUSY, the Pt content deposed in the alumina matched the overall Pt deposed in the
support (Figure 2). A selective deposition of platinum on either the zeolite or the alumina was,
hence, achieved via well-suited metal deposition methods. More specifically, the methods
employed take advantage of the different acid-base properties of the alumina and the HUSY
zeolite in solution. The point of zero charge of y-Al20s is usually attained at a pH around 7-8 [29],
whereas for HUSY zeolite the charge neutrality in solution was measured at a pH of 3. Therefore,
in weak acidic medium the surface of alumina should be positively charged, contrarily to that of
the zeolites. The PtCle?- anions are thus preferably deposed on the alumina while the Pt(NHs)4?*
cations are preferably deposed on the HUSY zeolite [202. 24,
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Figure 2: Pt content deposed on the HUSY zeolite for Pty HUSY+AI.O3 (®) samples 143 and
deposed on the support for Pt/Al2Os+HUSY (@) catalyst series vs. overall Pt content.
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Hydroisomerization of n-hexadecane

Turnover frequency over Brgnsted acid sites

The turnover frequency was chosen to evaluate the intrinsic activity of the Brgnsted acid sites in
the bifunctional catalysts. Whenever the limiting reactant conversion is significant, the rate law
must be known to compute the average turnover frequency along the reactor. In the case of n-
paraffins hydroconversion, it has been repeatedly confirmed that the overall reaction follows a
first-order kinetics in the paraffin concentration 82251, In Figure 3, first-order plots are showcased
for 0.18Pt/Al20s+HUSY catalyst (vide S| for other catalysts). Irrespectively of reaction
temperature, the quality of the fitting was high confirming once again the previous observations.
Making use of the first-order kinetic constant, the average turnover frequency per protonic sites
(TOFa) was determined for all catalysts at every temperature. The apparent activation energy
was in the 180-196 kJ mol! range. Acknowledging the possible influence of metal to acid sites
ratio (80 16al TOF, of the catalyst series were compared as a function of np/nai at 488 K in Figure
3b).

4 10
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Figure 3: a) First-order plot for the consumption of n-hexadecane at 1.1 MPa total pressure and
a molar Hz to n-Cise ratio of 10 over 0.18Pt/Al20O3+HUSY catalyst. Symbols stand for experimental
data and lines for fitting results. b) Turnover frequency per protonic site as a function of npynai
ratio. Pt/HUSY+AlOs [14a] (m) and Pt/Al203+HUSY (@) catalyst series. Dashed line corresponds to
the average turnover frequency.

In spite of the significant variation in the metal to acid sites ratio (ca. 4 times), the turnover
frequency remained constant over both catalyst series. The insensitivity of TOFa to metal-acid
site ratio has been reported in several studies, being a direct consequence of the reaction
mechanism for relatively high npi/na 8 16, Qualitatively, variations on the amount of HDH function
will not impact the turnover frequency, because the dehydrogenation rate is anyway sufficient to
feed all the Brgnsted sites with intermediate olefinic species [%a. In other words, the
dehydrogenation of n-hexadecane is considerably faster than the conversion of its olefinic
intermediate over the acid sites, the acid-catalysed conversion remaining, hence, the rate-limiting

step regardless of np/nai. More importantly, the TOFa value obtained over both catalysts series

0.1
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was comparable. The minor difference might indicate a slight loss of acidity upon Pt deposition
on the zeolite. In any case, these results revealed that the Brgnsted acid sites held a similar

intrinsic activity regardless of location of the HDH function (on the alumina or on the zeolite).

Yield in Ci6 isomers

The hydroisomerization selectivity of the catalysts was evaluated via the evolution of the yield in
isomerization products of n-hexadecane as function of conversion (Figure 4). For Pt/HUSY+AI203
catalysts (Figure 4a), the evolution of Cis isomers yield with conversion was analogous.
Nonetheless, a slight increase in the maximal Cis isomers yield (i.e. at ca. 80% conversion) was
observed when increasing the Pt loading from 0.11 to 0.25%. The results disclosed for the
Pt/Al203+HUSY series (Figure 4b) were somewhat similar. Despite the similar evolution of the
yield curves, a clear increase of the maximal Cis isomers yield with the Pt loading could be
recognized. For the sake of completeness, the effect of temperature on the feed isomer yield was

assessed and confirmed to be negligible in the narrow range of temperatures chosen (vide Sl).

a) 8 .om b) &0
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Figure 4: Yield of feed isomers as function of conversion over a) Pt/HUSY+AI>O3 series 142 and
b) Pt/Al2Os+HUSY catalyst series.

To further evaluate the influence of the metal to acid sites ratio, the dual-function kinetic model,
previously proposed by us [ and validated over different catalytic systems [ 261 and
hydroconversion reactions 1%l was employed. This model based on lumped products establishes
a unigue relation between the maximal Cis isomers yield (Yicis) and the metal to acid sites molar

ratio, for a given zeolite tested at similar operating conditions (Eq. 3).

|4

Y. =
' 1+ e(ng /npe)

—C16

Equation 3

The estimated values for the parameters € and y can be found in Supporting Information. The
comparison of catalysts series is presented in Figure 5 through the evolution of maximal Cie
isomers yield (Yi-cis) with ne/nai. The metal to acid sites ratio had a rather similar effect on the

maximal Cis isomers yield over both catalyst series. Specifically, the plateaux of Yi.cismax were

9
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seemingly achieved at the same level of np/nai. This plateau behaviour of the maximal C1s isomers
yield can be explained at the light of the bifunctional mechanism by fast rates of
hydrogenation/dehydrogenation compared to the acid-catalysed isomerization and cracking ones
151, The latter being the rate-determining steps, the apparent reaction scheme is thus governed
by the zeolite properties and thereby intrinsic to the zeolite [, The bifunctional catalyst is, then,

labelled “well-balanced” and its behaviour does not depend on the metal-acid sites ratio.

Strikingly, depending on the platinum location, the well-balanced shaped catalysts had markedly
different Yi.ciemax. At the maximum experimental ne/nai (see Figure 4), the Pt/HUSY+AI203 series
achieved a yield of 60.6 % whereas the Pt/Al20O3+HUSY series achieved a yield of 56.5 %.
According to the dual-function kinetic model, at maximum Yi.ciemax attainable (i.e. at infinite npynai)
over the two series is 62.3 % and 58.3 %, respectively. Hence, despite both catalyst series have
featured the same zeolite and appropriate metal to acid sites molar ratios, Pt/Al203+HUSY
catalysts achieved lower maximal Cis isomers yield than Pt/HUSY+AI20s. To further investigate
this loss of feed isomers, we will now focus exclusively on the product selectivities over the well-

balanced catalysts.

70

60 -

Maximal i-C,; yield (%)
(9]
o

30 T T T T
0 0.02 0.04 0.06 0.08 0.1

Npe/ Ny

Figure 5: Maximal Cis isomers yield as a function of the overall ne/na molar ratio.
Pt/HUSY+AI>O3 (m) [14a and Pt/Al,Os+HUSY (@) catalyst series. Symbols stand for experimental
data and lines for model fitting results.

Product distributions over well-balanced catalysts

Figure 6 depicts the product distribution in terms of lumps as a function of conversion for the well-
balanced catalysts: 0.25Pt/HUSY+Al20s and 0.18Pt/Al20s+HUSY. Focusing on the low
conversion range and visually extrapolating to zero conversion, the selectivity towards both
monobranched (MB) and multibranched (MTB) isomers of hexadecane seemed to be non-
negligible. Both were, hence, primary products of the hydroconversion reaction. Nonetheless, the
MB isomers clearly outweighed the MTB ones. MB products were predominant at conversion

levels lower than 50 % whereas MTB products took over for conversions between 50 % and 90

10
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%. The selectivity towards cracking products (CP) remained relatively insignificant up to 40 % of
conversions, becoming increasingly important as conversion increased. Such exponential
increase in selectivity with conversion is characteristic of products formed via a reaction
intermediate (i.e. non-primary products) and not consumed by any further reaction. This is indeed
the case for cracking products (CP) as all products were considered together into the same lump.
Taking all the observations into account, one could infer that the hydroconversion reactions

occurred in a rather consecutive manner: n-Cis 2> MB > MTB > CP.

Comparing the catalysts at low conversions, 0.25Pt/HUSY+Al.03 presented a higher MB/MTB
ratio than 0.18Pt/Al2O3+HUSY (Figure 6). At high conversions, selectivity towards both MB and
MTB isomers was lower over the latter. As a result, cracking selectivity was more significant over
0.18Pt/Al203+HUSY. The apparent reaction scheme was somewhat more parallel when platinum
was deposed on Al203 than when it was deposed on the zeolite HUSY itself. From the mechanistic
point of view, that is typically associated with longer residence times of intermediate olefins,
resulting in more consecutive acid-catalysed reactions and, thereby, a more parallel apparent
reaction scheme [# 8b. 163 However, this could not be attributed to metal-acid balance (as both
catalysts were well-balanced) nor to the properties of the acid function as the support and the
zeolite at stake were the same. On the other hand, Pt was located either on the zeolite
(PYHUSY+AI203) or on the alumina (Pt/Al20s+HUSY). Acknowledging the possible role of the
distance between metal and acid sites [16b. 18a.20a] 3 closer look will be taken at this parameter.
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Figure 6: Monobranched (circles) and multibranched (diamonds) Cis isomers, and cracking
products (triangles) selectivity as function of conversion over 0.25Pt/HUSY+AI2O3 (closed
symbols) and 0.18Pt/ Al203+HUSY (open symbols).
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Discussion

Estimation of the metal-acid sites distance

While the experimental determination of (a distribution of) the metal-acid sites distance would be
a daunting task, the estimation of the maximal distance can be fairly straightforward if the Pt
location is known. When platinum is homogeneously dispersed in the zeolite, the maximum
distance between Pt and acid sites corresponds to half of the distance between two consecutive
Pt particles (24, As Pt has been observed to be homogeneously distributed both inside the zeolite
HUSY crystals 2201 and throughout the support on the employed Pt/HUSY+AI>Oz catalysts (Figure
1la), the calculations were grounded on such premise. For Pt/HUSY+AI203 catalysts, the
maximum Pt-acid sites distance was revealed to be between 10 and 20 nm, depending on the Pt
concentration in the zeolite crystals (Table 3). An analogous range was also obtained for Pt

deposed on pure zeolite (Pt/HUSY).

Table 3: Maximal Pt-acid distance at the nanoscale.

Critical Dependence dM@pt_acid
Sample distance on Pt loading (nm)
Pt/HUSY Pt-Pt Yes 15-20
Pt/HUSY+AI20 Pt-Pt Yes 10-20
Pt/Al203+HUSY Size of zeolite agglomerates No 100-10000

In the case of Pt/Al20:+HUSY samples, the results of EPMA have shown that the whole Pt is
virtually located in the alumina. On the other hand, besides single crystals, also porous clusters
of zeolite HUSY are present in the extrudates 4, Those can be as large as 2-:10% nm size [14a],
Consequently, as sketched in Figure 7, the Pt-acid sites distance is abruptly maximized whenever
zeolite clusters are at stake. In such case, the maximum distance is uniquely defined by the

cluster size (Figure 7) being hence as long as 10 um (half of the maximal clusters size).

Nevertheless, the clusters of zeolite corresponded only to a fraction of the whole zeolite present
in the shaped Al203+HUSY support 143, Therefore, the case of single zeolite crystals should be
also evaluated. According to Figure 7, for a single crystal of zeolite, the maximal Pt-acid sites
distance corresponds to half of the sum of Pt-Pt distance to the crystal size. The Pt-acid distance
was thus estimated considering a homogeneous Pt distribution and a bulk density for the alumina
of 1.2 g cm-3. From 0.04 to 0.18 wt.% of Pt loading, drt.rt ranged from 35 to 20 nm. According to
SEM measurements, the size of zeolite HUSY crystals in the shaped support ranges from 300 to
1000 nm 144, |n that way, the maximal Pt-acid distance would be ca. 520 nm in Pt/Al2Oz+ HUSY.
Thereby, the Pt-acid sites distance would be more than 10 times larger in Pt/Al203+USY than in
P/HUSY+Al.0O3 extrudates.

12
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Al,O,

Zeolite crystal

Zeolite cluster
Platinum

Figure 7: Schematic representation of a Pt/Al20s+HUSY cross section focusing on the maximal
Pt-acid sites distance in the case of single zeolite crystals (top magnification) and clusters of
zeolites (bottom magnification). Actual extrudate diameter: 1.6 mm. Actual crystal size: 1-108

nm. Actual cluster size: 2-:10* nm. Actual Pt nanoparticles size: 1.1 nm.

In summary, the presence of zeolite agglomerates can amplify up to 4000 times the Pt-acid site
distance. The size of zeolite agglomerates is thus the critical size for Pt-acid sites distance when
metal is located in the Al2Os. Nonetheless, the gap of several orders of magnitude between crystal
and cluster sizes implies that the fraction of zeolite present in clusters may be of relevance to the
actual implications of the metal to acid sites distance. Quantifying this fraction via routine
techniques is not straightforward. Still, as in this study all catalysts featured the same support,

this fraction is expected to be constant.

Before catalytic evaluation, the extrudates were crushed and sieved into a granulometry of 200
to 500 um to prevent mass transfer limitations. As all elements were well distributed throughout
the extrudates (Table 2), the metal to acid sites molar ratio in the tested powder particles was
hence equivalent to the overall metal to acid sites ratio. Concerning the metal to acid sites
distance, as the minimal powder particles size was at least one order of magnitude larger than
the maximal Pt-acid site distance (200 um vs. 10 um), the latter is expected to be conserved in
tested powder particles. The key difference, at the catalytic evaluation conditions, arising from the

distinct metal location was then the metal-acid sites distance.

According to literature reports for hydroisomerization of n-paraffins [18 271, a distance shorter than
a few micrometers is required to ensure that diffusion of olefinic intermediates is not rate-limiting,
pointing to an adequate intimacy between catalytic functions at the scale of zeolite crystals (0.5
pm max.). Conversely, this means that at the scale of the clusters (10 um max.) the diffusion of

olefinic intermediates might become relevant.
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Impact of the metal-acid intimacy on hydroisomerization

At this point, it is of interest to compare not only the shaped catalysts, but also non-shaped ones

(i.e. catalysts in which Pt is directly supported on the zeolite), as these are the most commonly

studied in literature and are typically assumed to have the highest intimacy. According to our
previous study on the role of metal-acid balance in Pt/HUSY catalyst, Pt loadings of 0.40 % and

0.70 % vyielding dispersions of ca. 50 % are sufficient to balance the zeolite HUSY employed in
this work 1801, For each series, i.e. Pt/HUSY, Pt/HUSY+AI203, and Pt/Al203+HUSY, the catalysts

with highest Pt loading, all considered to be well-balanced, are compared in Figure 8a). It is worth

mentioning again that all catalysts were tested in powder form employing the same granulometry

and at similar operating conditions.
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Figure 8: Yield of Cis isomers as function of conversion for a) well-balanced catalysts and b)
poorly-balanced Pt/HUSY and balanced Pt-shaped catalysts. Catalysts: Pt/HUSY(4),
Pt/HUSY+AI203 (m), and Pt/Al203+HUSY (@). Pt loadings: a) 0.4%, 0.25%, 0.18%; b) 0.1%,
0.11%, 0.07%; respectively. Metal to acid sites ratio: a) 0.02, 0.071, 0.061; b) 0.003, 0.030,
0.024.

The yield of C1s isomers was markedly lower when Pt was deposed on the alumina than on the
HUSY zeolite, irrespectively of the presence of a binder (Figure 8a). The shaping of HUSY zeolite
has been already previously observed to be irrelevant for the hydroisomerization behaviour,
provided that shaping is carefully controlled, platinum is located in the zeolite and homogeneously
distributed throughout the extrudates 144, |n this case, i.e. when deposing the HDH function in
the zeolite, being the crystal size, and thus the maximal metal-acid sites distance, typically in the
nanometer scale, the exact location of Pt (e.g. mainly inside the micropores as in HUSY or on
the external surface of the crystals as in HBEA [229) shall not even truly matter for the

hydroisomerisation performance.

Conversely, when platinum is located in the alumina, the Pt-acid site distance depends on the
size of zeolite agglomerates, being thus much larger (100-10000 nm) than the expected Pt-acid
distance when Pt is deposed in the zeolite. This decrease in isomerization selectivity can be

hence attributed to the higher number of consecutive acid-catalysed steps occurring, due to the
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longer Pt-acid sites distance. Such proposal can be qualitatively examined via a simplified
reaction scheme based on isomerization followed by cracking ?9. For fixed operating conditions,
the yield of feed isomers, and more particularly the maximum yield, depends on the ratio of the
apparent kinetic constants for isomerization (ki) and cracking (kc) . The higher the ki/kc ratio,
the lower the fastest the consumption of Cis isomers as compared to their formation and, thus,
the lower the Cis isomers yield. As the turnover frequency depends on k; and was comparable,
one may infer that kc was greater over Pt/Al203+HUSY than over Pt/HUSY+AI2Oz3 catalysts.
Therefore, the higher Pt-acid sites distance seems to have resulted in a higher apparent cracking
constant which is in agreement with higher number of acid-catalysed steps encountered by the

olefinic intermediates.

i ke
N-Cyq > i-Cyq > CP Scheme 1

These findings point to the detrimental role of long metal to acid sites distance, in agreement with
most of the literature findings (mainly on HUSY but also on HBEA zeolite). Whenever the HDH
function is located in the binder, the size of zeolite clusters determining the maximal Pt-acid sites
distance, one possibility is to optimize the shaping conditions to prevent the formation of such
(large) zeolite clusters. Concerning the potential positive role of longer metal-acid sites distances
claimed in literature 2%, although this would provide interesting alternatives to design bifunctional
catalysts [11.20c] our study found no trace of such phenomenon. The observed increases in feed
isomers yield when deposing the HDH function on alumina have been attributed to a predominant
role of the external surface and pore mouths of the zeolite [202.20cl. However, in such case, a clear
drop in catalytic activity, which was not observed, would be expected. Firstly, because only a
small amount of the Brgnsted acid sites of HUSY zeolites are on the external surface of the
crystals (e.g. 11%, for the sample in this study [2201). Secondly, because the confinement inside
the zeolite structure is, at least partially, responsible for the high acidity of this class of materials.
Whereas pore mouth sites have been suggested to be as acidic as the ones in the microporosity,
the turnover frequency on the external surface sites can be expected to be significantly lower as

compared to the inner ones, located in pores and cages.

Finally, it shall be noted that only by decoupling the effect of both the metal to acid sites molar
ratio and intimacy (via well-balanced catalysts), the change in catalytic performance upon
variation of the metal location could be herein confidently attributed to the metal to acid sites

distance.
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Interplay of metal-acid intimacy and balance in hydroisomerization

In addition to impacting the maximum Cie isomers yield of well-balanced catalysts (as just
discussed), the intimacy might also impact the metal-acid sites ratio required to balance both
functions. The epsilon value of the dual-function kinetic model is a descriptor of the metal-acid
site molar ratio required to reach proper balance between the two functions 81, The higher is the
epsilon value, the higher is the required metal-acid site molar ratio. The epsilon value of the dual-
function kinetic model was similar for Pt/HUSY+AI203 and Pt/Al20s+HUSY catalysts (Table S2).
This suggests that the np/na molar ratios required to reach plateau of maximum Cisisomers yield
would be analogous for both shaped catalyst series (as can also be seen in the model lines in
Figure 5). However, no experimental data at low ne/na was obtained for the PtYHUSY+AI2O3
system so the epsilon value obtained with the model must be considered cautiously (Figure 5). In
literature, as the distances between both functions became longer, the Pt-acid sites ratio required
to reach a constant number of acid-catalysed steps was observed to diminish 1601, According to
the bifunctional mechanism, the lower requirement in terms of ney/na when diffusional limitations
take place can be explained by the lower flow of olefinic intermediates between the two catalytic

functions.

The interplay between metal-acid balance and intimacy can be evidenced when the catalysts
featuring dissimilar metal-acid sites distance are compared at lower Pt loadings (Figure 8b). In
such case, the maximum Cis isomers yield was much lower in Pt/HUSY whereas it remained
similar for the shaped catalysts, as compared to the well-balanced catalysts (Figure 8a). In other
words, Pt/HUSY became poorly-balanced whereas both Pt/HUSY+AI,O3z and Pt/Al203+HUSY
were still well-balanced. Hence, catalysts with poor intimacy (Pt/Al203+HUSY) can outperform
catalysts with optimal intimacy (Pt/HUSY) whenever proper balance between functions is not

ensured in the latter.

The poor balance of PYHUSY in this case can be explained by the low metal-acid sites ratio
(Figure 8b). In spite of the comparable Pt loadings, due to the dilution of the zeolite in the shaped
support (16 wt.%) and the higher Pt dispersions in those catalysts, the metal-acid sites molar ratio
is significantly lower in Pt/HUSY (0.003) than in the Pt shaped catalysts (0.024-0.030). Such
assignment of the lower performance in Pt/HUSY to the metal to acid sites ratio was only possible
because both metal to acid sites ratio and intimacy were quantified in all samples, particularly
using techniques that probe the bulk of the catalysts (e.g. O2-H: titration and EPMA) instead of
providing a local qualitative picture which might not be representative of the whole sample (e.g.

miscroscopic techniques).

In a nutshell, the results herein show that both balance and intimacy between metal and acid sites
play a role in hydroisomerization, particularly when shaped, industrial-like, catalysts are at stake.

Optimizing the catalyst performance requires hence the comprehensive study of both parameters.
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Conclusion

The catalytic behaviour of bifunctional shaped HUSY zeolite catalysts was investigated for two
distinct metal particle locations: either on alumina or on the zeolite. The platinum location was
verified by a bulk technique confirming the selective metal deposition.