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Abstract

The effect of pressure on the activity and selectivity of well-balanced Pt/H-Beta
bifunctional catalysts in n-hexadecane (n-C;¢) hydroisomerization was studied. The
turnover frequency per Brensted acid site of the catalyst decreased when increasing
pressure due to the lower concentration in olefins at equilibrium, in line with the
classical bifunctional mechanism. Conversely, when increasing the total pressure, the
Ci¢ isomer yield unexpectedly decreased in contradiction with pure kinetic/
thermodynamic effect of olefin pressure on the reaction rates. Thanks to Grand
Canonical Monte Carlo (GCMC) calculations, non-idealities in adsorption behavior in
the zeolite micropores were revealed when considering a representative reaction
medium. Via mechanistic kinetic simulations combined with GCMC simulations for the
relevant intermediates concentrations, the pressure effect on catalyst selectivity is
proposed to be due to the interplay between the (light) cracked products and the (heavy)
hexadecanes in the pores of Beta zeolite which leads to a pressure-dependency on the

adsorption behavior.
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1 Introduction

Bifunctional catalysts comprising acid and hydrogenation-dehydrogenation
functions are of utmost important in industrial hydroconversion processes. The use of
such catalysts enables the conversion of either conventional or sustainable carbon
sources into liquid fuels.'® With the liquid fuels for transportation accounting for 30%
of the worldwide energy consumption and the most recent reports foreseeing an increase
of 20% in liquid fuels demand by 2040, improved atom economy can save
considerable amounts of carbon resources for other applications. Enhancing the

selectivity of industrial hydroconversion catalysts is, hence, a timely issue.

Focusing on the hydroisomerization of long chain n-paraffins, the bifunctional
catalyst typically consists of a noble metal finely dispersed over a zeolite (usually mixed
with alumina).® For a given set of operating conditions, the activity and selectivity of
such catalysts are controlled by i) the ratio of metal to Brensted acid sites,” ' ii) the

81417 and iii) the topology and pore structure of the

distance between those sites,
zeolite.""'®** Ensuring optimal ratio and intimacy between metal and acid sites (so-
called “well-balanced catalyst”) results in maximal activity and selectivity towards feed
isomers, as well as minimal secondary cracking, for a given zeolite. The choice of the
adequate zeolite depends on acid-basic properties and on its pore architecture
combining micro and mesopores.>*** The pores of the zeolite can act either as a

2528 o1 as solid

molecular sieve, i.e. by excluding molecules based on its shape and size,
solvents, i.e. by interacting with confined molecules resulting in the (physical)

adsorption of such molecules.”’* Depending on the zeolite structure and composition

as well as on the size and nature of the molecule at stake, confinement effects can result
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in selective adsorption, enhanced/restricted diffusivity or even (transition-state or

product) shape selectivity.*'=*>’

A large diversity of catalytic performances in n-paraffins hydroisomerization has
been reported depending on the zeolite structure.'™!® Despite the acceptance that H-
USY (protonic Ultra-Stable Y, FAU framework) zeolite has gained in industrial

hydroconversion processes,’ literature reports have highlighted promising results over

18,20,38-45 18,4648

H-Beta-based catalysts, as well as over some medium-pore frameworks.
Due to their recurrently greater TOF per protonic site compared to Pt/H-USY in the
hydroconversion of n-paraffins, Pt/H-Beta catalysts are particularly interesting.
Noticeably, this behavior has been observed regardless of the considered Si/Al ratios.
384950 On the contrary, there is no consensus with respect to the isomerization
selectivity. Some authors revealed a prominent isomerization behavior of H-Beta zeolite
20,42,43,50-52

while others disclosed high cracking yields even for intermediate levels of

conversion *** leading to significant overcracking, as compared to e.g. H-USY.

On the other way around, for a given catalyst formulation, the operating conditions
can also play a role in the catalyst performance. Whereas the typical range of industrial
reaction temperatures can be easily achieved in laboratory conditions, the same is not
valid for total pressure and hydrogen to hydrocarbon molar ratios. Due to safety reasons
and growing costs, most of the laboratory-scale tests are performed at much lower total
pressures than those industrially relevant. The latter ones can go from as low as 3.5 MPa
in the hydroisomerization of Fischer-Tropsch (FT) waxes * to as high as 20 MPa in the
hydrocracking of vacuum gas oils (VGOs).! In the same way, high hydrogen to
hydrocarbon molar ratios (H»/HC), usually above 20 and often above 100, are most of

- S . - . 20,43,50,53
the times applied in academic studies to ensure pure gas-phase operation.” """ In
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industry, the typical Hy/HC volumetric ratios are comprised between 500 and 2000." For
n-hexadecane, a molecule that can be present in both FT waxes and light VGOs, a

volumetric ratio of 1000 corresponds to a molar ratio of 12.

As a matter of fact, the effects of operating conditions investigated in the literature
have been mostly explained by the modification of the balance between catalytic
functions.”* ¢ Sufficiently well-balanced catalysts (i.e. metal to acid sites ratio superior
to that required for balance) are, hence, insensitive to small modifications in the
operating conditions. This phenomenon is identified by a unique curve of feed isomers
yield with conversion.’’ Nevertheless, variations in the operating conditions,
particularly in hydrocarbon partial pressures, affect not only the kinetic intrinsic
constants of the surface reactions but also the physisorption of reactants and products in
the zeolite.”>*> As confinement effects increase with pressure, their impact on the
reaction rates is expected to be also larger at high partial pressures of hydrocarbons, i.e.

in industrially-relevant conditions.

Up to now, studies on hydroconversion have also pointed towards an impact of the

53,60,61

confinement effects on the selectivity. Recent works are proposing a series of

adsorption criteria to screen promising zeolite structures for hydroisomerization > or
direct relationships between molecular modelled adsorption properties and catalytic

64,65 . . o
2 However, these studies focus on the differences between zeolitic structures

results.
and not on the operating conditions. As literature studies are based on hydroconversion
tests which are performed at low partial pressures in hydrocarbons, it is of utmost
relevance to bridge the gap between those experiments and the industrial conditions and

understand the key phenomena. Therefore, the present study focuses on the effect of

total pressure on the catalytic performance of zeolite Beta (*BEA), at industrially
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relevant hydrocarbon partial pressures. In order to mitigate effects related with metal-
acid balance, well-balanced catalysts are employed. For a rational interpretation of the
effects observed experimentally, Grand Canonical Monte Carlo (GCMC) simulations of
the adsorption properties of reactants and products at reaction conditions are pursued as

well, considering the A polymorph of *BEA.

2 Materials and Methods

2.1 Catalyst preparation

Zeolite Beta is composed by two intergrown polymorphs (A and B) stacked in a
more or less random fashion generating 3D straight channels with an equivalent
minimum pore size of 0.66x0.67 nm.°® The zeolite Beta was supplied by Zeolyst
(commercial name CP814E) in ammonium form and was, hence, calcined to obtain the

protonic form (H-Beta) using a protocol published elsewhere.®’

In a preceding work, the Pt loading was varied to study the influence of metal to
acid sites ratio on the catalytic performance Pt/H-Beta catalysts.' Optimal
performances in N-hexadecane hydroisomerization (at 1.1 MPa and H,/n-C;; ratio of 12)
were obtained for surface metal sites to acid sites ratio of 0.02 for Pt/H-Beta. Herein, to
ensure an optimal metal-acid balance, the Pt loading introduced aimed at achieving a
surface metal sites to acid sites ratios (npts/nAl) superior to the referred one. This

resulted in Pt loading of 1.0 wt.%.

The introduction of platinum in the zeolite was performed by incipient wetness
impregnation of an aqueous solution of [Pt(NH;3)4sNOs]-6H,O. The concentration of
precursor was 44 mmol L resulting in a Pt loading of 1.0 wt.%. The impregnated

material was dried overnight at 383 K and then calcined in an air flow of 4 NL h' g™
6
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Three plateaux at 423, 523 and 623 K over one hour each and a final plateau at 773 K
over two hours were performed. A heating rate of 5 K min™' was used. The reduction of

platinum was performed in situ before catalytic testing as detailed in section 2.3.

2.2 Solids characterization

H-Beta zeolite was characterized by X-Ray Fluorescence (XRF) to determine the
total Si/Al molar ratio and by *’Al magic angle spinning nuclear magnetic resonance
(MAS-NMR) to determine the percentage of framework aluminum (AI'). The
experiments were performed using a Bruker 400 Avance spectrometer equipped with a
4 mm CP MAS probe head at RT. The MAS rate was 12 kHz for all experiments. The
*’Al NMR spectra were obtained using exciting pulses of 1 ps (n/12) and relaxation
delays of 0.5 s. For the sample employed, the global Si/Al molar ratio was 13 and the

llV

percentage of aluminium atoms which were tetracoordinated (Al "), as determined by

Al NMR, was 72 %. The tetracoordinated aluminium atoms generate negatively
charged oxygen atoms in zeolites framework.®® Therefore, the concentration of Al'"

species (840 pmol g™ is an estimation of Brensted acid sites concentration for a zeolite

in the protonic form.

Nitrogen adsorption measurements were carried out at 77 K on a Micrometrics
ASAP 2010 apparatus. Prior to adsorption, the sample was degassed under vacuum at

363 K (over 1 h) and at 623 K (over 4 h). The t-plot method®” was employed to

calculate the microporous volume (Vicro) and the external surface area (Sexi).

Platinum content of Pt/H-Beta was determined by XRF spectroscopy as well. The
metallic dispersion was determined by hydrogen titration of chemisorbed oxygen in an

Autochem II 2920 (Micromeritics) apparatus with a thermal conductivity detector. The



samples (200-300 mg) were pre-treated under H, (30 mL min™) at 473 K over 30 min

2 and 723 K over 60 min using a heating rate of 5 K min™', cooled and purged under Ar
3 (20 mL min™) over the night. Titration was performed at 308 K and pulses of H, (or O)
4  were injected every 3 min. The accessible metal (np;) was calculated by means of 1.5
5  H,:Pt stoichiometric coefficient.”””" The platinum dispersion determined was 37 %.
6  The properties of the Pt/H-Beta sample are summarized in Table 1. Further details on
7  the characterization can be found elsewhere.”>” It should be nevertheless noted that,
8  due to the low content of Pt (1 wt.%) in the zeolite, the influence of Pt introduction on
9 the zeolite properties is expected to be rather limited. This is further supported by the
10  fact Pt clusters are, for this sample, mainly deposed on the external surface of the
11 zeolites.” In a previous work, * the impact of Pt introduction on the BEA zeolite acidity
12 was also assessed. The concentration of Brensted acid sites decreased by less than 10%
13 upon Pt introduction and the acid strength did not seemed to be affected. This is also in
14  agreement with the very low metal to acid sites ratio in this catalyst: 0.023 (Table 1).
15 Table 1: Physico-chemical, textural and structural characteristics of H-Beta zeolite and
16 corresponding Pt-containing bifunctional catalyst.
Pore c Pt
Na . . . . d
aperture Vmicro Sext . . Pt loading dispersion Np/Ny
3 ¢ 2 (SI/Al)g|oba| a (Sl/AI)framework b (llm°|
(nm x (cm’/g) (m°/g) 1) (wt.%) (%) (mol/mol)
nm) g
6.6x6.7 0.17 235 13 18 840 1.0 37 0.023
17 #Molar ratio of the amount of Si and Al determined by XRF.
18 ® Ratio of (Si/Al)gsal to the relative amount of (Al'V+AI"') measured by *’Al NMR.
19  °Product of Al concentration determined by XRF to the relative amount of (AI"+Al') measured by Al NMR.
20 ¢ Measured by H,-O; titration.
21
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2.3 Catalytic tests

Pt/H-Beta was tested in the hydroconversion of n-hexadecane at two sets of
operating conditions, representing industrial- and academic-relevant conditions. The
“high pressure” conditions, 4.1 MPa and a molar H; to n-C¢ ratio of 12, are typical for
FT waxes hydroconversion processes (see Introduction). To acquire a wide range of
conversion levels, the reaction temperature was ranged from 528 to 538 K and Weight
Hourly Space Velocity (WHSV) from 10 to 100 h™'. To mimic the lower partial pressure
of hydrocarbons in most of the scientific studies, the “low pressure” conditions
correspond to a lower total of 1.1 MPa, but a rather similar molar H, to n-C;¢ ratio of
10, to avoid possible concurrent reactant ratio effects. A constant WHSV value of 2.0 h°
' was employed, the conversion level being thus manipulated by varying the reaction
temperature from 453 to 503 K. Before the test, the catalyst powder was pelletized and
sieved into pellets of 0.2-0.35 mm and pre-treated using a H, flow rate of 4 NL h' g!
and heated at 5 K min™ to a final reduction temperature of 723 K for one hour. The
absence of transport phenomena was verified according to the criteria reported in
literature.” Catalytic performances were calculated by mass balance to the carbon
atoms at the outlet of the fixed bed reactor. n-C;¢ conversion was calculated as the
amount of carbon atoms of the products divided by total amount of carbon atoms. The
yield of a given product was calculated as the amount of carbon atoms of that product
divided by total amount of carbon atoms. Activity was calculated as the apparent kinetic
constant for first-order consumption of n-hexadecane per catalyst mass per unit of time.
The average turnover frequency per Bronsted sites (TOF ;) was defined as the activity
per mole of Brensted acid site of the zeolite, Al'. Deactivation of all samples was

negligible at the end of the catalytic tests.
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2.4 Grand Canonical Monte Carlo (GCMC) calculations

GCMC simulations combined with a bias scheme for the insertion of the centre of
mass of the guest molecules were performed at 538.15 K to calculate adsorption
isotherms and selectivities of both pure hydrocarbons and mixtures in zeolite Beta. The
structure was represented by a 3x3x3 purely siliceous cell of the A polymorph of *BEA
(taken from the IZA database)”” . The simulations were performed using the GIBBS 9.3
code. 7® The adsorbate molecules were described according to the anisotropic united
atom (AUA) for hydrocarbons, ’’ while the description of the zeolite was based on a
“Kiselev type” potential "® where the depth of the potential well was slightly modified
in order to better match the experimental adsorption data available for pure linear
alkanes (octane and hecadecane) in *BEA and FAU. Generally, the force fields used for
the simulation are validated for pure compounds only in fluid phase or in adsorbed
phase from their adsorption isotherms. It exists indeed seldom reference data for mixed
hydrocarbons. However, the AUA force field is built in such a way to ensure a robust
transferability through pseudo-atoms and the use of well-defined mixing rules for the
calculation of interaction between pseudo-atoms belonging to different molecules.”’ In
this way, the adsorption isotherms were determined from experimental data according to
the model proposed by Denayer et al. * and compared to those obtained from the
simulations. 10 million Monte Carlo steps were accumulated for pure compounds, and
at least 50 million steps for mixtures. Further details about the model parameters and

methodologies are provided in the Supporting Information (SI1).

10
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3 Results

3.1 Hydroisomerization of n-hexadecane at “low” and “high” pressures

3.1.1 Turnover frequency over protonic sites

As referred in Section 2.3, the catalyst was tested at two different pressures (1.1
and 4.1 MPa) corresponding also to two different ranges of reactions temperatures to
cover large conversion ranges. An Arrhenius-type plot for the average turnover
frequency TOF4; throughout the reactor at 1.1 and 4.1 MPa total pressure is reported in
Figure 1. It is worth mentioning that the average turnover frequency was calculated by
assuming a first-order kinetics in n-hexadecane, which can be deduced for the classical

. . . 11 . .
bifunctional mechanism '' and has been verified experimentally as well **¢51-2,

According to the Arrhenius plot, the increase in pressure from 1.1 to 4.1 MPa
resulted in lower TOF,; over Pt/H-Beta catalyst. This detrimental effect of pressure on
the activity of well-balanced catalysts has been interpreted in the literature as a
reduction on the equilibrium partial pressure of olefins generated by dehydrogenation of
paraffins over the metal sites.”**° This trend is in agreement with Le Chatelier principle,
as dehydrogenation leads to an increase in the number of molecules. Otherwise, if the
dehydrogenation reaction was not thermodynamically limited, augmenting pressure
would have increased the dehydrogenation rate due to the increase on paraffin partial
pressure, i.e. a kinetic effect.>® In this case, the TOF,, is expected to increase when the
total pressure increases. The detrimental effect of pressure observed here confirmed,

hence, the adequate balance between metal and acid sites in the employed catalyst.

11
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Figure 1: Arrhenius plot for hydroconversion turnover frequency over protonic sites (10° s™)
for Pt/H-Beta catalyst at 1.1 (O) and 4.1 MPa (m) of total pressure. Each point at 4.1 MPa
corresponds to the average TOF 4, obtained using, at least, four different contact times at the

respective temperature (see Fig. S3 for full dataset).
3.1.2 Product yield and selectivity

The yield of C;¢ isomers was plotted as function of conversion for each set of
operating conditions (Figure 2). There is a striking difference in the yields of i-Cig
which can be reached at low and high pressures. More specifically, the maximal yield of
Ci6 1somers decreased expressively (from 67 to 46%) with increasing total pressure
(from 1.1 MPa to 4.1 MPa). According to the literature, high pressures favour the
balance of the acidic function by the HDH one,’** leading hence to higher feed isomers
yields,* for poor-balanced catalysts. For sufficiently well-balanced (i.e. metal to acid
sites ratio superior to that required for balance), variations of the operating conditions
will not modify the balance between the catalytic functions and a unique feed isomer

54,57
=" In our case, the

yield curve is observed regardless of the operating conditions.
balance between the catalytic functions has been ensured by optimization of Pt loading.

Furthermore, the observation of unique isomer yield curves at different temperatures

12
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(SI2) as well as the decrease of turnover frequency with increasing pressure (previous
section) provided robust additional evidence for the optimal balance of the catalyst
regardless of the operating conditions. The pressure effect observed herein is therefore

not in line with any of the previous observations in literature.
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Figure 2: Yield of feed isomers as function of n-hexadecane conversion for Pt/H-Beta catalyst
at 1.1 (O) and 4.1 MPa (m) of total pressure. Dashed lines correspond to kinetic model (Eq. 1 of

the main text).

Further insight into the effect of pressure can be grasped by analysing the
product selectivity, in terms of lumped products, i.e. monobranched isomers of
hexadecane (MB), multibranched isomers of hexadecane (MTB), and cracked products
(CP). At 1.1 MPa (Figure 3a), MB were the main products until 50% of conversion.
Afterwards, MTB products were predominant reaching a maximum at ca. 80%
conversion. CP increased steadily with conversion and were negligible for conversions
lower than 40%. This corresponds to a predominantly consecutive mechanism. At 4.1
MPa (Figure 3b), the trends are qualitatively the same, but the main products were MTB

over a broad conversion range being only surpassed by the cracking products for

13
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conversions above 80%. The apparent reaction scheme was thus predominantly
consecutive over both pressures. Conversely, the increased pressure led, on the one
hand, to a remarkable reduction in the selectivity towards monobranched and, in a lower
extent, multibranched C;s isomers over the whole range of experimental conversions,
and, on the other hand, to an increased selectivity towards CP. The lower yield of Ci¢
isomers revealed in Figure 2 is a direct consequence of the important increase in CP

with increasing pressure.

100
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Figure 3: Selectivity in monobranched (4) and multibranched (®) C,4 isomers,

and cracking (#) products as function of conversion at a) 1.1 and b) 4.1 MPa total pressure.

Lumping the monobranched and multibranched isomers into a single product,
the apparent scheme for hydrocracking boils down to two consecutive reactions:
isomerization followed by cracking (Scheme 1). For a series of two consecutive first-
order reactions with no variation on the total number of moles, the outlet flowrate (F)
profiles can be derived analytically and, thereby, the yield in the primary product as a
function of the reactant conversion (Eq. 1) * - see SI3 for more details. More
interestingly, the ratio of the (apparent) kinetic constants (k) can be estimated directly

from the C,¢ isomer yield (Yi.ci6) VS. conversion curve (X).

14
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n-C,e > i-Cyq > CP Scheme 1
kapp
’V CTaC%qpp ]
A =T - 1-x)~-(1-2) :
i=Ci6 — O = PP x x Equation 1
Cn—Cls crack/ app — 1
isom

The kinetic constants ratio was estimated for both pressures by minimizing the
sum of weighed squared residuals, as detailed in SI3. The simulated curve (based on the
estimated ratios) is compared with experimental data in Figure 2. The simulations
showed a very good agreement with experimental points, despite the simple nature of
the kinetic model (vide Fig. S4 for parity plots). The consecutive nature of the
hydroconversion over Pt/H-Beta at both pressures was, hence, confirmed. In literature,
consecutive apparent reaction schemes have been frequently associated with well-
balanced catalysts, as a fast rate of hydrogenation/de-hydrogenation reactions
diminishes the number of consecutive steps over acid sites.”'' In contrast, in poorly-
balanced catalysts, the number of consecutive steps over the acid sites is large.
Therefore, not only monobranched but also multibranched and, ultimately, cracked
products can appear as primary products. Such situation corresponds to a parallel
reaction scheme. This observation consubstantiated, once again, the adequate balance

between catalytic functions in the explored operating conditions.

The values of k™ ..a/k™Pisom estimated were 0.61 and 0.21 at 4.1 and 1.1 MPa,
respectively. This means that increasing the pressure from 1.1 to 4.1 MPa tripled the
apparent cracking kinetic constant relatively to that of isomerization. Such relative
increase in the apparent rate of cracking matches the lower yield of Ci¢ isomers
observed experimentally at higher pressure. In short, the kinetic model based on the

apparent reaction scheme (Scheme 1) represented adequately, both quantitatively and

15
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qualitatively, the evolution of Cj¢ isomers yield with conversion. Considering the
bifunctional mechanism, the increase, with pressure, in the apparent rate of cracking
compared to the isomerization one is in contradiction with the expected unique isomer
yield curve optimal metal-acid balance. This latter was corroborated, as already
referred, via the decreasing turnover frequency with pressure and the unique isomer

yield curve with temperature.

Concerning possible diffusion limitations, an increase in pressure would lead to
a faster diffusion of the molecules, due to a higher mass transfer driving force.
Moreover, it has been reported that the sorbate intracristalline effective diffusivity in a
zeolite tends to increase with the sorbate concentration inside the zeolite® Higher
sorbate concentration is expected when the pressure is increased. Meanwhile, the
overall reaction rate was observed to decrease when the pressure was increased. This
observation suggest that mass transfer limitations were not occurring. Therefore, the
observed decrease in the multibranched yield at higher pressures may not be assigned to

transfer limitations.

3.1.3 Distribution of cracking products

Figure 4 depicts the distribution of cracking products in terms of carbon number
at 10% yield of cracked products at 1.1 and 4.1 MPa total pressure. In both cases, the
quasi absence of methane and ethane confirms that hydrogenolysis over the metallic
sites is negligible. A roughly symmetrical and bell-shaped-like product distribution can
be observed for the low-pressure condition. This is a feature of pure primary cracking.”
Contrarily, at 4.1 MPa, C; to C; products were present in higher amounts than the
corresponding heavier counterparts revealing the occurrence of secondary cracking. In

addition, the overcracking index, defined as the number of cracked molecules formed

16
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per C;6 molecule cracked was also examined. If only pure primary cracking exists, the
overcracking index is equal to 2. Contrarily, if half of the cracked products undergo a
second cracking step, the overcracking index equals 3. At 4.1 MPa, the average
overcracking index was 2.14 against 2.07 at 1.1 MPa (Fig. S3). Secondary cracking was

thus indeed promoted at high-pressure conditions.

From a mechanistic point of view, the enhanced secondary cracking can only be
a consequence of more consecutive acid-catalyzed steps for the cracking products. As
abovementioned, whenever a bifunctional catalyst is poorly-balanced, increased
pressure will lead to faster hydrogenation reducing then the number of consecutive steps
over acid sites.””* Hence, the results herein observed could not be explained by the

reaction intrinsic kinetics, as for the decrease in the maximal isomer yield.
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Figure 4: Molar distribution of cracked products for 10% yield in cracking products: a) 1.1 MPa and b)

4.1 MPa.
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3.2 Simulation of the adsorption of hydrocarbons on Beta zeolite (polymorph A)

The evolution of catalytic behavior with pressure presented herein cannot be
explained through the reaction kinetics, as established by the bifunctional mechanism.
However, the catalytic behavior is not controlled solely by the reaction kinetics, but also
by the adsorption/desorption of reactants and products. In order to shed light on the
impact of the latter, GCMC simulations were performed. The main goals of such
simulations are 1) to understand the confinement effect on the adsorption of the various
kinds of hydrocarbons involved along the reaction, ii) to study the impact of adsorption
on the evolution of the selectivities as a function of the pressure. Previous to
considering the co-adsorption of mixtures, in a first step the independent behavior

(adsorption isotherms) of representative pure compounds is investigated.

3.2.1 Simulation of the adsorption of pure hydrocarbons

The independent adsorption isotherms of n-hexadecane (n-Ci¢, the reactant), 6-
methyl-heptadecane (6M-C;s, representative of the monobranched — MB — family),
4,4,6-trimethyl-tridecane (446M-C;3, representative of the multibranched — MTB —
family), n-octane, and 4-methyl-heptane (n-Cg and 4M-C; representative of the cracking
products — CP — family) were calculated by the GCMC approach (Figure 5). For the iso-
alkanes, central branching positions were selected as this is expected to result in greater
variety in terms of adsorption properties. For a given number of carbon atoms (16 or 8),
the adsorption threshold appeared to be strongly sensitive to the branching degree, with
higher loading at lower pressures in the case of the linear molecules. This can likely be
related to the straight nature of pores in zeolite Beta, in two directions of space. In
particular, the filling of the pore with the multi-branched C;¢ species (446M-C;3) is

strongly shifted at high pressure with respect to the two other C;¢ species. The maximal
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loading at high pressure is however about the same for all C;s molecules. As
expected,*™” Cg molecules are quantitatively adsorbed at relatively much higher
pressure as compared to C;¢ molecules, but the amount adsorbed at saturation is much
higher. The respective behaviors of Cg and C;¢ molecules are the consequences of the
evolution of the adsorption enthalpy and entropy with respect to the size of the
molecule, themselves strongly influence by the pore topology.* Expectedly, the
adsorption enthalpy increases in absolute value (stronger interaction) as the number of
carbon atoms in the molecule increases. For large pore zeolites such as Beta, the
corresponding entropy loss remains moderately dependent on the chain length®’, so that
in the end, the longer the molecule, the stronger the adsorption, and the lower the

saturation pressure.

?3 500
S 450 n-Cyg
E= 6M-C;s (MB) -4
% 4007 446M-C,3(MTB) =
E 350 n-Cy -
2 4M-C,(CP) o
g 300
(=%
g 250
=
& 200
=]
E 150
S
= 100
2
g 50
=
Z 0 c
100 10° 10% 107 10¢ 105 104 103 102 10 1

P (MPa)

Figure 5: Adsorption isotherms obtained from GCMC calculations, for pure representative

compounds at 538 K. Lines are only guides for the eye.

The range of threshold pressures appears to be rather low if compared with the
experimental pressures conditions used. In these conditions, depending however on the

conversion levels, the zeolite should be close to saturation for all C;¢s compounds, if not
19
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Cs compounds. Thus, analyzing the adsorption competition between these compounds

requires the explicit simulation of the adsorbed mixture properties.

3.2.2 Simulation of the adsorption of mixtures of hydrocarbons representative of the

reaction medium

A representative mixture was chosen to mimic the reaction medium at
intermediate cracking level (n-Cic:MB:MTB:CP = 1:1:2:2). MB, MTB and CP are
represented by 6M-C;s, 446M-C;3 and 4M-C; respectively. First, for comparison
purposes, the equilibrium adsorption isotherms are shown in absence of CP, over a large
range of total hydrocarbon pressures (Figure 6a). Note that the total pressure (including
hydrogen, not taken into account in the GCMC simulation) is much higher than the
hydrocarbon partial pressure. The domains explored experimentally are indicated in the
legend of each figure hereafter. Such domains were determined by considering the
experimental initial Hy/Hydrocarbon molar ratios of 10 and 12 at 1.1 and 4.1 MPa total

pressures respectively.

Despite the high partial pressure (corresponding to a high conversion level) of
MTB species considered, this species would be not significantly adsorbed in the zeolite.
On the other hand, n-C;¢ dominates over a large pressure condition range. The results of
GCMC show, hence, the following adsorption selectivity order: n-C; > MB >> MTB. It
is worth mentioning that over the whole range of pressures considered, the pores remain
saturated in hydrocarbons. In line with the present results, previous Monte Carlo
investigations for C4-Cy alkanes in silicalite showed that, in vapor-phase, linear alkanes
exhibit a higher packing efficiency.*®® As a consequence, at a given pressure, higher
loadings are achieved when replacing branched alkanes with linear ones. In short, as the

loading increases, for a given carbon number, linear alkanes are expected to replace
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branched alkanes due to configurational entropic effects. Conversely, when pore
saturation becomes to be approached, adsorption of alkanes in zeolites is known to
become less selective.”™® In other words, at pore saturation, all molecules would be

expected to have closer affinities for the zeolite,”® which is clearly not the case here.

a) n-Cyq b) n-Cyq
30 1 6M-C,; (MB) 6M-C5 (MB) -
446M-C, (MTB) =
446M-C,; (MTB) = 30 2 -

N
W
L

—_ 353
W (=}
L L
[5%3 [oe]
S W
L L

—_
(=}
L

w

E

Number of molecules per unit cell

Number of molecules per unit cell
[y

0 —a—a—a—a_—=8 8 —8 —nm 0 ® - oo
106 104 102 1 102 10 104 1073 102 10! 1 10 102
Pyc (MPa) Pyc (MPa)

Figure 6: Calculated adsorption isotherms at 538 K (by GCMC) for a n-C;5:MB:MTB mixture
a) in absence and b) in presence of CP. A gas phase 1:1:2(:2) ratio for the mixture n-C,4:6M-
Cy5:446M-C;5(:4M-C5), representative of the n-C,:MB:MTB(:CP) one. The “low” and “high”

pressures conditions corresponds to about 10™" and 4.10™" MPa, respectively.

Opposite to the case of MB and MTB products, the adsorbed concentration of

cracking products (represented by 4M-C;) was very sensitive to pressure conditions
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(Figure 6b). In this way, 4M-C; is almost absent at low pressures and progressively
replaces the longer hydrocarbon compounds. This effect was more pronounced at high
gas phase CP concentration. Despite the higher partial pressures considered for CP in
both models, such a behavior is consistent with the shift in threshold pressure with
respect to Ci¢ species already observed for pure compounds. Starting from a
hydrocarbon pressure of ~10" MPa (corresponding to a total pressure close to 1 MPa),
their concentration in the zeolite started to increase. CP even virtually dominated in the
solid between 1 and 10 MPa of hydrocarbon partial pressure. This is mainly associated
to a decrease in n-C;4 and MB concentrations (to a much lower extent in the case of the

latter) within the pores.

Due to the non-monotonous variation of concentrations with pressure, the
behavior of the adsorbed phase can be considered far away from ideality. In order to
understand the effect of pressure in the intrinsic adsorption selectivity (i.e. decoupled
from composition), the results are presented in the form of separation factors as function
of the hydrocarbon partial pressure in Figure 7. The corresponding separation factors
between CP or n-Ci¢, and the ensemble MB + MTB are calculated according to
equation 2, y; depicting the gas phase molar fraction, C*® the adsorbed concentration,

for 1 = CP or n-Cys.

Ciads' (YmMB+YMTB)
i

= Equation 2
(ciE+ciFs) v q

Despite the possible deviation associated to the molecular model parameterization
(additional details can be found in SI1), the obtained results in the considered range of
experimental conditions unravel an important impact of the hydrocarbon partial pressure

on the adsorption selectivity.
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In this way, when increasing pressure, the adsorption of CP is favored at the
expense of N-C;s. Meanwhile, the adsorption of MB is much less affected. Focusing
solely in entropy, linecar alkanes have a higher packing efficiency than the
corresponding structural isomers.**™® Therefore, CP would be expected to preferentially
replace branched alkanes (in this case MB) rather than linear ones with the same carbon
number.”’ However, when confinement increases (i.e. pore size and kinetic diameter of
molecules become commensurable), cases exist in which branched isomers (namely

with the methyl group in the central position) adsorb preferentially.”’”?

Finally,
although a model with different mixture composition yielded qualitatively similar

results (see Fig. S2 in SI), significant changes in the mixture composition might also

have an effect in the intrinsic adsorption selectivity.”

14 J
n-Cy6

12 - 4M-C,(CP) -#

SF,

O 0 ﬁll\ WA (v\ Y L) T ]
103 10-4 1073 102 10! 1 10 10?
Pyc (MPa)

Figure 7: Evolution of the separation factor (defined by equation 2) as a function of the
hydrocarbon pressure at 538 K, as simulated by GCMC. Gas phase concentration ratio in n-

C16:6M-C5:446M-C3:4M-C; mixtures: 1:1:2:2 on *BEA zeolite. Lines are guide for the eyes.
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4 Discussion

The experimental catalytic results revealed in Section 3.1 clearly show a decrease
in Cj¢ isomer yield when increasing the total pressure for a well-balanced Pt/H-Beta
catalyst. This decrease is mainly due to a decrease in the formation of monobranched
Ci¢ at high pressure, which was attributed to a higher apparent reactivity of such
compounds towards consecutive reactions. The latter was well rendered by the use of a
very simple kinetic model. Meanwhile, the study of the adsorption behavior by GCMC
simulations disclosed a change in the adsorption affinity of hydrocarbons in the zeolite
as a function of pressure. In order to unequivocally relate the adsorption behavior to the
catalytic results, it is convenient to make use of the bifunctional mechanism and the
corresponding rate equations, now using a much more refined model as compared to the

previous one.

For a well-balanced catalyst, the dehydrogenation of paraffins into olefins is in
quasi-equilibrium and the rate-determining steps (RDS) are isomerization and cracking
taking place on the acid sites.”'" As detailed in Table 2, a paraffin (with a degree of
isomerization j) is considered to be firstly physisorbed in the zeolite pores and then
dehydrogenated on the metal sites (only the global reaction is written, as equilibrium is
assumed). The corresponding olefin chemisorbs over a Bronsted site of the zeolite
generating a carbenium ion. The latter subsequently undergoes skeletal rearrangements
or carbon-carbon bond rupture.” The formed olefins follow the inverse reaction pathway
being first deprotonated, then hydrogenated into a paraffin. Finally the paraffin is
desorbed. However, acknowledging both the rate-determining character and
irreversibility of isomerization and cracking, the steps after these reactions do not take

part in the rate law (and thus were not explicitly written in Table 2). The concentration
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of vacant acid sites, labelled [a], depends on the fraction of vacant sites and the amount

of acid sites per catalyst mass, naj. The concentration of adsorbed paraffins, [Pjads] is a
function of total pressure, P, and composition in hydrocarbons in the zeolite,

particularly cracking products, ycp’ as shown by GCMC calculations.

Table 2: Reaction mechanism of a paraffin over a well-balanced bifunctional catalyst. The
deprotonation then hydrogenation then desorption steps of isomerized and cracked products are

assumed to be at equilibrium.

i ads i
Adsorption P2 P Cg;zs = ( PT’ij) Equation 2
. d d .
Dehydrogenation/ pja = 0; + H, DH _ (;ngPH2 Equation 3
j = d
Hydrogenation C’%f ’
Protonation 01!1‘15 +az2 0].+ +a ot ng Equation 4
TG
Isomerization 01.+ - 0].11 RDS
Cracking 0],+ -0} +0, RDS

If the steps of transformation of carbenium ions are assumed rate-limiting
compared to the adsorption/desorption of olefins, the reaction rate over acid sites is
given by Eq. 5, where k, is either kinetic constant for isomerization or cracking reaction.
It is worth mentioning that the Langmuir-Hinshelwood formalism cannot be (fully)
applied in this case, due to the non-ideal physisorption behavior for paraffin mixtures.
To obviate any assumptions on physisorption, the concentration of adsorbed paraffins

was explicitly accounted in the reaction rate.

ads

Pj

_ DH i,prot
Ta = KqK; K] [a] Py,

Equation 5
2
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The coverage of acid sites was demonstrated to be very low in the hydroconversion of
paraffins **, in accordance with the low concentration of olefins. Therefore, the
concentration of vacant acid sites can be approximated by the total concentration of acid
sites, na; and the rate of an acid-catalyzed step for any paraffin in the reaction medium
is given by Eq. 6.

Equation 6

— DH p,prot
Ty = kqK; K g ——

Considering the same product lumps as before (Scheme 1), the continuity equations for

n-Cje and its isomers over the catalyst mass (w) can be written (Eq. 7)

dF,_.
—Li16 :
— 16 — 4 Equation 7
dW som
dF;_c
16 .
— 0 =17 —-r Equation 8
dw isom crack

Writing the rate laws for isomerization of n-hexadecane and cracking of its isomers
based on Eq. 6, Egs. 9 and 10 can be obtained. Whereas the (intrinsic) kinetic constants
for surface reactions are not expected to be influenced by pressure changes, and can be
then grouped into lumped kinetic constants (k’), the molecular simulation results
revealed that physisorbed concentrations might be. Substituting the rate equations (Eqgs.
9 and 10) into the continuity equations and dividing Eq. 8 by Eq. 7, the variation of the
yield of C;¢ isomers upon an incremental variation in conversion as a function of kinetic

parameters and species concentrations becomes explicit (Eq. 11).

Cads Cads
— DH prot n—=Cig __ q.1 n—Cig .
Tisom = Kisom n—C16Kn_C16nAl P = Risom Tp Equation 9
Hy Hy
ads ads
_ DH prot i—C16 __ 1,1 i—C16 .
Terack = Kerack i—ClsKi—cmnAl = kcmckp— Equation 10
H, H,
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dYi_c.. dF,_ ; ads

16 i—Ci6 crack™i—Cq¢ .
= =l-—— Equation 11
dx an—Cw kgsomcrclllee

The GCMC molecular simulations have shown that hydrocarbons mixtures
behave differently from pure hydrocarbons and, more importantly, that the affinity of
each compound to the zeolite can evolve as a function of the pressure depending on the
branching degree and carbon number. In Figure 8a, this evolution is taken into account
to simulate the evolution of the derivative of Yicjs with respect to that of conversion
based on the kinetic model (Eq. 11), for a given conversion (83%), corresponding to the
hydrocarbon mixture chosen for GCMC simulations. First of all, as expected, the higher
ratio between isomerization and cracking lumped kinetic constants, the lower the slope
of the Yi.ci¢ versus conversion curve. Regardless of this ratio (which was unknown), the
overall trend pointed to less steep increase yield of Ci¢ with conversion for higher total
pressures. Therefore, the dYi.ci¢/dX would become zero at a lower conversion and so
the maximum of C,¢ isomers yield would be reached at lower conversion. Taking into
account the known shape of the evolution of C;¢ isomers yield with conversi0n11’54’95,

the maximum of C,¢ isomers yield would hence be lower as total pressure increases, as

observed experimentally (Figure 2).

a) 0 b) 12-
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8 4
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I Y T
>
B 04 o
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Figure 8: a) Evolution of the derivative of the yield with respect to the conversion at 83%

conversion as function of the total pressure, for various kKoht  /kibP = : 0.5 (=), 1.0 (=), 1.5

crack isom

(—). b) Evolution of the derivative of the yield with respect to the conversion at 83%

conversion as function of the total pressure, for various ke'v . / k;’i’;mck :0.15 (=), 0.20 (

—), 0.25 ( ). Simulations based on a dual-function kinetic model'' for a well-balanced
catalyst (via a) Eq. 11 and b) Eq. 16) and on the GCMC results (via the evolution of partial
pressures with total pressure, as depicted in Figure 6 b) Erreur ! Source du renvoi

introuvable.

From a mechanistic point of view, when total pressure increases, Cadsn_cm
decreases as compared to C*%yg and C*%yrp, and therefore C*%, ¢4 (Figure 7). The rate
of MB and MTB cracking is, hence, favored as compared to the isomerization of n-
hexadecane (Eqgs. 9-11). Such change on the relative adsorbed concentrations of n-Cjg
and i-C¢ at higher pressures results, hence, in a reduction of the selectivity towards Cg
isomers at higher pressures. In the same way, the significant increase in cracked
products observed when increasing pressure can be directly related to the drop in the
SF,.c16 with pressure. It is worth underlining that this is counter intuitive when
reasoning according to the bulkiness of the molecules and the adsorption isotherms of
the pure compounds. In fact, it can only be explained by the interplay of lighter
hydrocarbons (cracking products) in the adsorption of heavier hydrocarbons (n-C;s, MB

and MTB).

As mentioned in the Introduction, there is no consensus in literature regarding

the isomerization selectivity of H-Beta zeolite. Some studies suggested high selectivity

20,42,43,50,51

towards feed isomers while others disclosed high cracking yields even for

. . . 3853
intermediate levels of conversion

. Unfortunately, as most of those studies do not
mention if the bifunctional catalyst studied is properly balanced or not, their data cannot
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be directly compared. Therefore, the focus was put on two studies (carried out by some
of wus) for which well-balanced Pt/H-Beta catalysts were tested in the
hydroisomerization of n-hexadecane. It should be nonetheless mentioned that Batalha et
al. obtained the referred result over a composite of H-Beta with a-Al,O;. " The
maximum feed isomers yield is plotted against n-hexadecane partial pressure in Figure

9 and compared to the current results.

80

60 -

40 +

Maximum C,, isomers yield (%)

20 T T T
0 100 200 300 400

n-C,¢ partial pressure (kPa)
Figure 9: Maximum yield of C;¢ isomers as a function of n-hexadecane inlet partial pressure for
Pt/H-Beta catalysts. Batalha et al. (), ' Mota (#), °® and this study: at 1.1 (O) and 4.1 MPa (=

).

The previous results are in line with the high selectivity at high conversion of
Pt/H-Beta at low pressures observed in this study. In other words, whenever the partial
pressure of n-hexadecane is below 100 kPa and the bifunctional catalyst is well-
balanced, H-Beta zeolite can achieve great C;¢ isomers yield. Conversely, this study
demonstrates that high partial pressures can be detrimental to feed isomers yield over
Pt/H-Beta catalysts, due to the stronger stabilization of branched C,¢ isomers inside the
pores compared to the linear isomer. Interestingly enough, the data by Mota et al., *°

included in Figure 9, was obtained using n-heptane as diluent. This might explain, at the
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light of our results, the lower C;s isomer yield as compared to the one obtained by
Batalha et al. '° Taking a broader perspective, the pressure-dependence of H-Beta-based
catalysts selectivity might explain the contradictory results reported in literature on the
hydroisomerization behavior of H-Beta zeolite and the minor industrial application of
Pt/H-Beta catalysts. Furthermore, most of the more dated studies reporting promising
results for Pt/H-Beta catalysts were performed over shorter alkanes, for which

confinement effects are expected to be less predominant.

The enhanced secondary cracking at high-pressure conditions, can be
mechanistically grasped by decoupling CP lump into primary cracking products, p-CP,
and secondary cracking products, s-CP (see Scheme 2). The respective continuity
equations (Egs. 12 and 13) depend, obviously, on the both primary and secondary
cracking reaction rates. Those can be explicitly written via Eq. 6 (Egs. 14 and 15),
yielding an expression relating the formation of both product lumps (Egs. 16). As
represented in Figure 8b, the derivative of the flowrate of secondary CP with respect to
the one of primary CP increases with higher ratios between the lumped secondary
cracking constant and the primary one. More importantly, according to the kinetic
simulations, for a fixed conversion level (83%), increasing the total pressure would lead
to a significant augmentation of the net rate of formation of secondary CP, as compared
to primary ones. This is in line with the clear presence of secondary cracking at 4.1 MPa

contrarily to 1.1 MPa (Figure 4 and Figure S4).

Fisom r'p-crack Fs-crack Sch 5
n-C16 > i-C16 > p-CP —p S'CP cheme
dF.
p—CP __ .
dw Tp—crack — V's—crack Equation 12
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dFs_cp

dw = Ts—crack Equation 13
Cads Cads
prot i-C16 ! i—C16 .
rp crack — kp crackKL (316K1 Cie Ny p kp—crackp_ Equation 14
Hy Hy
ds ads
cs c
_ prot p—CP __ ' p—CP .
Ts—crack = ks—cracka CPK —cpNal P— - s—crackP— Equation 15
H, H,
, -1
dF,_ k cods ,
s—CP __ p crack“i—ci6 1 Equation 16

dF,_ro ads
p—CP ks cracka CcP

According to GCMC calculations, CadSCP is also observed to increase with pressure
relatively to C*%\ i and C*%yrp. Taking this into account, increasing pressure will lead
to faster cracking of primary cracked products (Eq. 15) as compared to the cracking of
Ci¢ isomers (Eq. 14). Therefore, secondary cracking, at comparable yields of Ci¢
isomers, will be enhanced when increasing pressure. As a matter of fact, the
predominance of primary cracking is typically explained by the enhanced adsorption of
alkanes with increased chain length, which favors the conversion of the heaviest
molecules. * Nonetheless, the presence of secondary cracking has been often attributed
to the vanishing of such selective adsorption of the heavier molecules when the pores of
the zeolite are saturated, **>° particularly over Beta zeolite. > In such way, at pore
saturation, the reactivity of alkanes with the same degree of branching becomes similar.
That is not, though, what the GCMC calculations put forward. Zeolite pores are
saturated during the whole range of studied pressures and yet the adsorption selectivity
is kept. Solely for partial pressures of hydrocarbons above 0.1 kPa, the adsorption of
cracked products turns out to be relevant and it only matches that of n-hexadecane and

its isomers in the 1-10 kPa range.

In summary, adsorption of alkanes in the zeolite Beta seems to be highly dependent

on both pressure and mixture effects. In particular, the presence of light (cracked)

31



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

products was observed to decrease the adsorption of linear reactant molecules rather
than the corresponding branched isomers, for sufficiently high pressures. The lower
selectivity towards feed isomers and primary cracking at higher pressures observed for a
well-balanced Pt/H-Beta catalyst was in line with the disfavored adsorption of the linear
reactant and the favored adsorption of cracked products. The mixture effects between
hydrocarbons and the impact of pressure on those are, hence, of utmost importance on
catalyst selectivity in hydroconversion processes. The approach developed here opens

the door to selectivity predictions for a large range of catalytic materials, %

provided
operating conditions, in particular reactant and products partial pressures, are also
included in the material screening. Whereas as of today more detailed simulations
would be unfeasible for screening purposes, additional studies featuring all possible
existing isomers might lead to more quantitative results, particularly if these isomers
adsorb more favorably in the Beta micropores reducing even more the adsorption of the

reactant, and identification of critical properties (e.g. kinetic diameter) for the herein

disclosed competitive adsorption.

5 Conclusion

The focus of this study was hold on the effect of pressure over the performances for
n-Ci¢ hydroconversion obtained for a well-balanced Pt/H-Beta catalyst. In order to
obtain clear insights into a possible effect of the adsorption properties on the catalytic
behavior, GCMC molecular simulation technique was combined with catalytic tests and

kinetic analysis.

The catalytic evaluation revealed a detrimental impact of total pressure on the yield
of Cj6 isomers yield for a well-balanced Pt/H-Beta catalyst. Consecutive cracking was

also favored when the total pressure increased. In hydroconversion, high pressures are
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known to favor the balance of the acid function by the metal one. For poor-balanced
catalysts, this is expected to result in improved feed isomers yields. The pressure effect

observed herein occurred in the opposite direction.

When considering a mixture representative of the reaction medium, the GCMC
simulations showed an evolution of the adsorption selectivity with pressure. In
particular, when pressure was increased, the light (cracked) products became
increasingly adsorbed at the expense of n-Ci¢ molecules. Ci¢ branched isomers were
only marginally impacted. The lower selectivity towards feed isomers at higher
pressures observed was, hence, explained by a greater relative reactivity of C;¢ isomers
as compared to n-hexadecane. Likewise, the enhanced adsorption of cracked products
relative to Cj¢ isomers is believed to be at the origin of the amplified secondary
cracking at higher pressures. It is worth noting that these effects were only observed
when cracked products were introduced into the mixture of C;¢. Therefore, the interplay
between the (light) cracked products and the (heavy) n-hexadecane, in the pores of beta
zeolite, is proposed to be at the origin of the pressure effect in catalyst selectivity. These
insights enabled, as well, to shed light on the contradiction between the outstanding
hydroisomerization behavior of Pt/H-Beta catalysts reported in most studies and the
minor use of H-Beta in industrial practice. The considerably lower partial pressures

employed in the former potentially explain this paradox.

More generally, the catalytic behavior of Pt/zeolite catalysts in the
hydroconversion of high carbon number alkanes might depend strongly on the complex
interplay between hydrocarbons subjected to confinement in the zeolite pore. Further

studies on the physisorption of alkanes mixtures representative of the hydroconversion
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reaction medium in order to understand the competition between hydrocarbons is of

particular interest.
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