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Abstract

This work evaluates the effects of sulfide phase location on zeolite-containing catalysts on
cyclohexene hydroconversion using the infrared (IR) operando technique. Parallels between
activity, product yield, and surface species changes with time-on-stream and by pyridine
poisoning were performed on pure HY zeolite, sulfided NiMo/HY, NiMo/Al,O; and
NiMo/Al,Os+HY. Isomerization activity could be related to zeolitic acidic OH groups and
hydrogenation activity to sulfide phase sites. From the changes due to pyridine pulse injection,
intrinsic activities could be calculated for isomerization (1-methyl-1-cyclopentene) and
hydrogenation (cyclohexane) routes. The turnover frequency (TOF) value for isomerization is
greater by one order of magnitude than that for hydrogenation. Hence, the poisoning effect of
one N-molecule will be 10 times higher on isomerization than on the hydrogenation route.

Whatever the location of the sulfide phase, the coke is mostly formed on the zeolite. As a
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consequence on NiMo/HY, the close proximity between acidic and sulfide sites results in lower

formation of hydrogenated products due to blockage of some sulfide sites by coke. In contrast,

hydrogenation activity of NiMo/Al,O; + HY is less affected by coke, NiMoS being mostly

located on alumina. However, the results show that the close proximity between acid and sulfide

sites allows a higher degree of hydrogenation of the isomerization product (1-methyl-1-

cyclopentene). Thus, the higher proximity has a beneficial effect on methylcyclopentane

formation.
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Graphical abstract

Favoured by
close proximity
e’b‘e between sites
. CHj CHj
«:0“,\‘\4\ HYD

—_—

Coke (area g™)

Coke formation is not affected by the

proximity between sites

1500

1200+

900 4

600 4

i PYRIDINE
i~ ADDITION

—O— Close proximity between sulfide and acid sites
—0— Less proximity beween sulfide and acid sites

300

00 05 10 15 20 25 30

Recovery of part of hydrogenation (HYD)

activity with the release of poisoned LAS
6 300

—A— Cyclohexane yield
—O~— Poisoned Lewis acid sites (LAS)

i _PYRIDINE _
i ADDITION

TOS (h)
B
250
tieT 9% 7200
707
150 ©
£
S
L 100 %
k50
Lo

1's
TOS (h)



1. Introduction

Diesel specification has become stricter along the years, especially in terms of density and
cetane number. Thus, hydrogenation of aromatic compounds followed by ring-opening of the
naphthenic cycle has been extensively investigated in the literature to improve fuel quality. Such
studies are carried out on bifunctional catalysts, where hydrogenation/dehydrogenation (metal
or sulfide sites) and acid functions (zeolites, responsible for isomerization and cracking steps)
are evaluated [1-4]. In this context, there are key parameters that interfere in this selectivity,
such as the balance between acidic and hydrogenation functions, nature and acidic strength of
acid support, diffusion of formed products, among others [1,3,5]. The proximity between these
sites is reported as a positive factor for improving ring-opening reactions and minimizing
cracking due to shorter diffusion distances [3,6]. On the other hand, the presence of nitrogen
compounds in hydroprocessing feedstocks is a common source of catalyst deactivation [7-9].
These compounds are strongly adsorbed on the catalyst, neutralizing Brensted acid sites of

zeolite and reducing catalytic activity.

Operando infrared (IR) spectroscopy is a technique that allows the monitoring of the catalyst
surface sites during the reaction under working conditions [10]. In the last decade, many studies
based on operando IR spectroscopy were published [10-14], but very few papers report
investigations of sulfide catalysts [8,15]. However, the investigation of the role of active sites by
operando IR spectroscopy may provide valuable information about these bifunctional materials.
This study focuses on cyclohexene hydroconversion. Indeed, cyclohexene is a suitable reactant
for such studies because it is an intermediate for isomerization and hydrogenation reactions and
such molecule is easily converted at conditions allowed by the infrared operando setup [16],
such as atmospheric pressure and appropriate temperature. The reaction scheme for cyclohexene
transformation is widely known [10,17-25] and shown in Figure 1. Three routes are possible:

dehydrogenation to benzene, hydrogenation to cyclohexane, or isomerization to 1-methyl-1-



cyclopentene, which can be further hydrogenated to methylcyclopentane. Hewever—the
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Figure 1. Cyclohexene hydroconversion scheme. De-HYD: dehydrogenation; HYD:

hydrogenation; ISO: isomerization.

Thus, this work aims to investigate, by FTIR operando study, the effects of proximity between
sulfide and acid sites on cyclohexene hydroconversion. This study will contribute to
understanding how the location of sulfide sites affects coke formation, as well as the influence
of nitrogen compounds (pyridine) on the activity and selectivity of catalysts regarding

isomerization and hydrogenation reactions.
2. Materials and Methods

2.1 Catalyst Preparation

NiMo catalysts were synthesized using two supports: alumina (Pural SB, SASOL) and HY
zeolite (Zeolyst Inc, Si/Al mol ratio = 15, framework Si/Al = 25). The catalyst supported on
alumina (Alu) was prepared by a previously described procedure [4]. The impregnation
solution was prepared by solubilization of 2.1 g of ammonium heptamolybdate (99%, VETEC),
followed by dissolution of 1.3 g of nickel nitrate hexahydrate [Ni (NOs),.6H,0] (97%, VETEC)

in perydrol solution (30%wt.) to a final volume of 17 mL. The pH of the solution was adjusted



to 2.5 by addition of concentrated ammonium hydroxide. This solution was added to 15 g of
alumina support (wetness impregnation), followed by manual homogenization for 1 hour. The
catalyst was dried at 473 K for 1 hour and then calcined at 723 K for 1 hour, with a heating rate
of 10 K min®. The expected contents are 2 wt.% of NiO and 10 wt.% of MoQs, and it was
identified as NiMo/Alu. The catalyst supported on HY zeolite was prepared by previous
addition of Ni by three steps of ionic exchange with a 0.1 mol L™ nickel nitrate hexahydrate
solution [Ni (NOs),.6H,0] (97%, VETEC) at 343 K, followed by drying at 473 K for 2 hours
and then calcining at 823 K for 2 hours. Mo was incorporated by a physical mixture between 20
g of Ni-exchanged zeolite and 2.2 g of MoO; (99.9%, Molymet), followed by manual grinding
for 5 minutes and thermal treating at 723 K for 24 hours. The expected content of this catalyst is
2 wt.% of NiO and 10 wt.% of MoQ;, and its identification was NiMo/HY . In the third catalyst,
metals were firstly impregnated onto alumina, as described for NiMo/Alu preparation. Then, the
obtained material was physically mixed with HY zeolite to contain 1.2 wt.% of NiO, 6.3 wt.%
of MoO;, 47.0 wt.% of zeolite and 455 wt.% of alumina, which was identified as
NiMo/Alu+HY. For operando tests, NiMo/HY and NiMo/Alu+HY catalysts were compared
either at the same metal or zeolite amounts by using a different mass of catalyst during their

tests.

2.2 Catalyst characterization

NiO and MoOs content in the catalysts were determined by X-ray fluorescence (XRF), in a
Panalytical equipment, model Magix Pro. The crystalline structure of supports and catalysts was
measured by X-ray diffraction (XRD) in a Philips equipment, model PW1710, using CuKa
radiation filtered by a monochromator at 40 kV and 55 mA, with scanning angle (20) between 5
and 70° and velocity of 5° per minute. Textural properties of supports and catalysts were
characterized by nitrogen adsorption at 77 K in a Tristar 3000 equipment from Micromeritics.

Samples were submitted to an treatment at 723 K for 3 h and subsequently at 573 K for 1 h



under vacuum (50 mtorr) prior to analysis. Micropore properties were obtained by t-plot method
for HY and NiMo/HY, while textural properties for Al,Os; and NiMo/Alu were determined by
BET method. For NiMo/Alu+HY, such properties were evaluated by both methods. All results

were normalized to the support content in each catalyst.

FTIR spectroscopy of adsorbed CO was used to characterize the sulfide phase. Samples were
pressed into self-supported wafers (approximately 8 mg cm™) and dried in situ under vacuum
overnight. Sulfidation was performed at 623 K for 2 h, under 30 mL min™ of 10% H,S in H, and
heating rate of 3 K min™. After that, the catalyst was flushed with Ar for 0.25 h, kept under
vacuum for 1 h at 623 K and then cooled to 298 K. CO adsorption was performed at low
temperature (77 K), achieved with liquid nitrogen. Adsorption was carried out by introduction
of small doses of CO up to an equilibrium pressure of 133 Pa. Spectra were scanned using a
Nicolet spectrometer (Nexus) equipped with an MCT detector with 256 scans and 4 cm™
resolution. All spectra were normalized to a sample disk of 500 mg cm? and their
decompositions were performed by OMNIC 9 peak fit, using Voigt fit analysis. Such spectra

were taken after equilibrium at 133 Pa of CO.

2.3 Operando study

Samples were pressed into self-supported wafers with approximately 8 mg cm™ and inserted in
an operando FTIR cell previously described [10,26]. Before the tests, the catalysts were sulfided
at 623 K for 2 h, at heating rate of 3 K.min™, and 30 mL min™ of 10% H,S in H,. After,
catalysts were kept at 623 K for 30 minutes at 30 mL min™ of N,, and then the temperature was
decreased to 523 K at a rate of 3 K min™, when a flow of the reaction gas, composed of 1.0% of
cyclohexene, 50% of H, and 49% of N, on a molar basis, was admitted into the system.
Catalytic tests were carried out at 523 K, Hy/cyclohexene ratio of 50 mol/mol and cyclohexene

WHSV of 5 h™. The composition of reactor effluent was determined by gas chromatography



(GC) and used to monitoring conversion and product yield, utilizing a Bruker 450-GC
equipment, equipped with a column BP1 50 m x 0.32 mm and FID detector. Fourier Transform
Infrared (FTIR) spectra, used to monitor the catalyst surface, were recorded on a Nicolet 6700
equipped with an MCT detector with 64 scans and 4 cm™ resolution. After approximately 1 h of
reaction, a pulse of pyridine (2.1 umol) was added to the feed, and IR bands quantified poisoned
Bransted (BAS) and Lewis acid sites (LAS) at 1542 and 1450 cm™, using molar absorption
coefficients (g) of 1.8 umol cm™ [27] and 1.5 pmol cm™ [28], respectively. After approximately
2 h of reaction, an additional dose of 2.1 umol of pyridine was introduced to the system, and
catalytic behavior was monitored by GC and IR, and poisoned BAS and LAS were quantified as

described above.

3. Results and Discussion

3.1 Compositional, structural, and textural properties

Elemental analysis and textural properties of supports and catalysts are summarized in Table 1.
NiO and MoO; contents exhibit close values to the theoretical ones. Textural characterization
indicates that the specific area of NiMo/Alu is similar to the original support (Alu), considering
the intrinsic analysis error (approximately 10%) [29]. On the other hand, NiMo/HY catalyst
presents a decrease of micropore area compared to the pure zeolite. Textural properties of
NiMo/Alu+HY are complicated to interpret due to the difficulty of isolating the contributions of
zeolite and alumina, except for the micropore area, which can be exclusively attributed to the

zeolite. In contrast to NiMo/HY, NiMo/Alu+HY exhibits a comparable micropore area to the

Additionally, all zeolite-containing samples present analogous micropore volume, considering

the intrinsic analysis error, in agreement with reported by previous works [30,31].



Table 1. Elemental analysis and textural properties

Samples HY Alu  NiMo/HY NiMo/ Alu  NiMo/Alu+HY
NiO (wt.%) - - 1.7 2.2 1.3
MoO; (Wt.%) - - 9.6 11.9 7.1
BET Area”(m?g™?) 771 244 665 271 504
Micropore area® (m? %) 547 - 458 13 591
External area” (m2 g*) 224 244 207 258 203
Pore volume® (cm? g% 0.19 0.48 0.20 0.45 0.30
Micropore volume® (cm®*g™?)  0.25 - 0.26 - 0.28

# Normalized to alumina content on NiMo/Alu catalyst and zeolite content in NiMo/HY and
NiMo/Alu+HY catalysts

® Normalized to support content on the catalyst (“HY+Alu” in NiMo/Alu+HY, “HY” in
NiMo/HY and “Alu” in NiMo/Alu)

Pore size distributions and isotherms of the samples are exhibited in Figure 2. HY and
NiMo/HY show a peak with a maximum at approximately 37 A (Figure 2A) while Alu and
NiMo/Alu exhibit a peak with maximum at 65 A and NiMo/Alu+HY exhibit a combination of
both peaks. For comparison reasons, an Alu+HY pore size distribution was created by a
combination of Alu and HY distributions, properly normalized by the amount of each
compound in the support. Then, the ratio between the dV/dlogD values at 65 A (alumina
contribution) and 37 A (zeolite contribution) on Alu+HY and NiMo/Alu+HY was calculated,
and the values obtained were 1.77 and 1.36, respectively, indicating that metals addition caused
more impact on alumina distribution than the zeolite on NiMo/Alu+HY. Figure 2B shows the
isotherms of the materials. HY and NiMo/HY exhibit similar isotherm profile and one can note
a shift at p/p° close to 1 on NiMo/HY isotherm. Alu and NiMo/Alu also have similar profiles,
with Alu exhibiting a shift at p/p°® close to 1. NiMo/Alu+HY exhibit a combination of both
isotherms and do not present a shift at higher p/p° values, as observed on NiMo/Alu. Thus, the
comparable micropore area to the pure zeolite shown in Table 1, the lower ratio between

alumina and zeolite contributions on pore distribution and the absence of shift on the isotherm at



higher p/p° values exhibited by NiMo/Alu+HY suggest that NiMo phase is preferentially

deposed on alumina.
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Figure 2. (A) Pore size distributions and (B) isotherms of the samples. *Pore size distribution of

NiMo/Alu+HY was estimated by HY and Alu distributions, normalized by each compound

content on the support.

X-ray diffractograms, illustrated in Figure 3, exhibit similar patterns between the catalysts and

their respective supports. The absence of peaks related to MoOj; aggregates (dashed lines) in the

catalysts suggests suitable dispersion of metal species on the supports.
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Figure 3. X-ray diffractograms of supports and catalysts. Dashed lines: MoOj; diffraction peaks

(JCPDS n° 05-0508)

3.2 Nature and location of sulfide sites

IR Spectra of CO adsorbed on the sulfide catalysts are presented in Figure 4A. Bands associated
to CO interactions with the support are found between 2140 and 2190 cm™ [32,33], while bands
characterizing sulfide phase are observed below 2140 cm™. The CO spectra decomposition is
presented in Figures S1 to S3. Wavenumbers of the sulfide phase sites are reported in Figure
4B. On NiMo/Alu, CO bands are observed at 2120-2124 cm™ (promoted sites — Ni centers),
2107 cm™ (unpromoted Mo sites), 2074-2079 cm™ and 2040-2044 cm™ (promoted sites — Mo
centers) [33-35]. Previous works show that CO adsorbed frequencies on the sulfide phase
strongly depend on support acidity [32,34,36,37]. On strong acidic zeolites such as Hp, Mo sites
are characterized by a band at 2131 cm™ [32]. Thus, on NiMo/HY (Si/Al=15), the band at 2120

cm™ is assigned to unpromoted Mo sites [38] in agreement with the lower acidic OH groups
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than Hp, although stronger acidic than alumina. Figure 4B shows that wavenumbers are always
greater for each type of sulfide phase site when it is deposited on zeolite than on alumina. Note
that the differences of wavenumbers raise (from 7 to 30 cm™) when the frequency decreases i.e.
when the extent of the backdonation from sulfide sites to CO molecule increases. Interestingly,
Figure 4B points out the closeness between the frequencies of sulfide sites of NiMo/Alu and
NiMo/Alu+HY. Besides, Ni-promoted site proportion is greater on NiMo/HY catalysts than on
alumina containing catalysts (Table S1). These behaviors evidence that on NiMo/Alu+HY, the
sulfide phase is mostly in interaction with alumina, in agreement with the textural observations.
This location should lead to a lower proximity between sulfide sites and BAS on

NiMo/Alu+HY than on NiMo/HY catalysts.

Figure 4C exhibits IR spectra of OH groups after sulfidation. HY presents 3 clear OH bands.
The first one, at 3740 cm™, is ascribed to silanol groups [39]. The second one, at 3633 cm™, is
assigned to high-frequency OH groups (perturbed and non-perturbed by extraframework Al
species), located in supercages [27,40,41] and the last one, at 3567 cm™, is associated with low-
frequency OH groups, located in sodalite cages (perturbed and non-perturbed by
extraframework Al species) and hexagonal prisms [35,41,42]. Nevertheless, the addition of Ni
and Mo makes more significant the IR absorbance of the samples and thus strongly decreases
the signal to noise ratio in the OH zone. Moreover, Ni and Mo can also interact with the support
OH groups. This makes the OH bands weaker on NiMo/HY and NiMo/Alu+HY or even

unobservable on NiMo/Alu.

11
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Figure 4. (A) IR Spectra of CO uptake (133 Pa, 100K) per gram of catalyst on the sulfide
catalysts. Wavenumbers in green: CO interactions with support. Wavenumbers in blue, red and
black: CO interactions with sulfide phase on NiMo/HY, NiMo/Alu+HY and NiMo/Alu,
respectively. (B) Wavenumbers of the CO bands of the different sulfide phase components. (C)

IR spectra of OH groups, normalized per gram of catalyst, after sulfidation.

3.3 Operando study

Operando infrared / gas chromatography (IR/GC) study simultaneously accounts for the surface
species of the sulfide catalyst as well as for its cyclohexene conversion and product selectivity
versus time-on-stream (TOS). After 10 minutes of reaction (Figure 5A), IR spectra present
different bands relative to coke formation at ~1591, 1378, and 1348 cm™. In addition, a band at
1497 cm™ observed on zeolite-containing catalysts and one at 1486 cm™ on NiMo/Alu are

assigned to unsaturated carbenium ions [9,10,43]. The band at about 1451 cm™ is referred to as a

12



combination of adsorbed intermediate species and coke [9,10]. NiMo/Alu also exhibits

additional bands at 1446 and 1455 cm™ in this region.
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Figure 5. (A) Operando IR spectra of the sulfide catalysts taken after 10 minutes of reaction. (B)
Spectral subtraction between the first spectra after and the last spectra before the first pyridine
injection. (C) Spectral subtraction between the first spectra after and the last spectra before the

second pyridine injection.

3.3.1. Cyclohexene conversion and coke formation

Figure 6A reports the coke evolution measured by the band at 1591 cm™ (area per gram of
zeolite on zeolite-containing materials and area per gram of alumina on NiMo/Alu) and
cyclohexene conversion versus TOS for the various catalysts. All the zeolitic materials present

intense deactivation as well as strong coke formation in the first 0.5 hour on stream (TOS).
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Activity, as well as coke formation, further stabilize up to the first pyridine injection. By
contrast, NiMo/Alu that presents the lowest activity does not exhibit any deactivation in

agreement with its very low coke formation, which remains constant.
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Figure 6. Operando IR/GC study of the various catalysts (A): Cyclohexene conversion (filled
symbols, left axis) and coke formation (open symbols, right axis) and (B):
isomerization/(isomerization + hydrogenation) ratio. Continuous lines: no pyridine addition;
dashed lines: after first pyridine addition; dotted lines: after second pyridine addition. (There are

small variations between the time of injection of the pyridine dose for the different catalysts).

The variation of coke band shown in Figure 6A evidences a start of stabilization of coking
process after approximately 0.5 h of reaction. HY presents the highest coke deposition, while
NiMo/HY and NiMo/Alu+HY show a similar amount. This means that the presence of the
sulfide phase reduces coke formation. Nevertheless, the similar magnitudes of coke evolution
exhibited by NiMo/HY and NiMo/Alu+HY during the tests suggest that the sulfide phase
location does not affect coking process. However, it was expected that the catalyst with close

proximity between zeolite and sulfide phase (NiMo/HY) presented less coke deposition than

14



NiMo/Alu+HY. Figure 6B points out the ISO/(ISO+HYD), calculated as the ratio between the
yields of isomerization (1-methyl-1-cyclopentene and metylcyclopentane) and isomerization +
hydrogenation (cyclohexane and methylcyclopentane) products. During the first hour of time-
on-stream (TOS), NiMo/Alu+HY exhibits a lower value of this ratio than NiMo/HY i.e. higher
hydrogenation activity. Thus, the reduced formation of coke on NiMo/Alu+HY could be
associated with its increased hydrogenation activity despite the less proximity between both
sites, resulting in coke deposition comparable to the catalyst with close proximity between both

functions i.e. NiMo/HY.

3.3.2. Acid sites poisoning by pyridine pulse

The effects of acidic sites poisoning on the catalytic performances were studied. After about 1 h
of reaction, a small dose of pyridine was injected on catalysts. Spectral subtraction between the
first point after and the last point before such addition, displayed in Figure 5B (Spectra used for
such subtractions are shown in Figures S4-S7), show the appearance of pyridine bands
interacting with LAS at 1450 and 1618 cm™ and BAS at 1542 and 1634 cm™ [35], indicating a
poisoning of acidic sites after pyridine addition. Figures 7 to 9 show that pyridine adsorption
immediately impacted cyclohexene conversion and product yields and their variations with
TOS, while coke amount on the catalysts presented a tiny decrease. The variation of BAS and
LAS poisoned by pyridine versus TOS is reported in Figures 7B to 9B on zeolite-containing
catalysts and Figure 10 on NiMo/Alu. Pyridine poisons both BAS and LAS on the zeolite-
containing catalysts, but their variation with TOS is different. While the amount of BAS
poisoned by pyridine slightly increases with TOS, the amount of poisoned LAS is maximum
just after pyridine injection and then decreases up to a plateau. On NiMo/Alu, where no BAS is
detected, the poisoned LAS variation with TOS follows a similar trend than on zeolite-
containing catalysts, and recovery of cyclohexene conversion is noted in parallel to values close

to those measured before the addition of pyridine. These changes indicate that LAS of different
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strengths are present on the catalysts, whereas only the stronger ones remain poisoned for longer

TOS. Indeed, alumina support and extra-framework phase of the zeolite possess Al®*

coordinatively unsaturated sites (CUS) with strong acidity, whereas sulfide phase presents CUS

with weak acidity [44]. These results show that NiMoS sites are gradually released from

pyridine poisoning, while AI** CUS sites are still poisoned. Progressive increase of BAS

poisoning with TOS likely indicates that the pyridine released by weak LAS is re-adsorbed on

BAS.
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Figure 8. Operando IR/GC study of sulfide NiMo/HY catalyst. (A): Cyclohexene conversion,

product yields, and coke deposition; (B): Poisoned BAS and LAS and amplified scale of

catalytic data shown in (A) for better visualization.
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Figure 10. Operando IR/GC study of sulfide NiMo/Alu catalyst (cyclohexene conversion,

products yield, coke deposition and poisoned LAS).

After about 2 h of reaction, the second dose of pyridine was injected on the zeolite-containing
catalysts. Spectral subtractions between the first point after and the last point before such dose is
shown in Figure 5C (Spectra used for such subtractions are shown in Figures S8 to S10), and
similar behavior to the one of the first addition is observed, indicating an additional poisoning
of acidic sites. Comparing the first point after and the last point before the first pyridine addition
on all zeolite-containing samples in Figure 6A, NiMo/HY showed the lowest decrease of
conversion after such dose, which suggests that the close proximity between acidic and sulfide
sites exhibited by this catalyst promotes a higher resistance to nitrogen species. As observed
after the first dose, a release of some weak LAS from sulfide phase initially poisoned is noted

on NiMo/HY and NiMo/Alu+HY catalyst (Figures 8B and 9B).

3.3.3. Product yield and selectivity changes with TOS

The initial deactivation period observed on all the zeolite-containing catalysts markedly impacts
the various product yields (Figures 7 to 9). A notable decrease in methylcyclopentane formation
is observed. In parallel, an increase in 1-methyl-1-cyclopentene occurs. Then, after reaching a
maximum of 1-methyl-1-cyclopentene formation, a lower deactivation rate was observed for all
the reaction products, combined with a lower coke increase. On all the zeolite-containing
catalysts, 1-methyl-1-cyclopentene and methylcyclopentane are the main reaction products.
However, cyclohexane and cracking products are strongly affected by deactivation, and their
yields become very small after a strong deactivation stage (0.5 h of TOS). NiMo/Alu catalyst
did not present any remarkable initial deactivation, and cyclohexane is the main reaction

product, which remains stable with TOS.
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The initial deactivation has a remarkable effect on 1ISO/(1ISO+HYD) ratio, ealeulated-as-theratio

Figure 6B. During the first 0.5 h on stream, this ratio continuously increases in all zeolitic
catalysts due to the increase of 1-methyl-1-cyclopentene and decrease of the other products.
Then, a stabilization of the ratio occurs in all catalysts with the decrease of the 1-methyl-1-
cyclopentene yield. After 1 h of TOS, HY presented the highest ratio, followed by NiMo/HY
and NiMo/Alu+HY. The NiMo/Alu catalyst presents a very low ISO/(ISO+HYD) ratio
compared to the zeolitic ones, and this ratio remains constant with TOS. Analyzing the period
before pyridine addition in Figure 10, the very low ratio is associated with the main formation
of cyclohexane on NiMo/Alu. In addition, there is no variation on conversion and product
formation with TOS, which means that no deactivation is observed for any reaction and,

consequently, unchanged ISO/(ISO+HYD) ratio for this catalyst.

Figure 6A shows that pyridine injection for all the catalysts strongly decreases the cyclohexene
conversion while the coke amount remains stable or slightly decreased. On the NiMo zeolitic
catalysts, pyridine strongly decreases the 1-methyl-1-cyclopentene as well as
methylcyclopentane yield, although cyclohexane yield is only slightly affected (Figures 8 and
9). Consequently, pyridine addition on NiMo catalyst leads to a decrease of the
ISO/(ISO+HYD) ratio (Figure 6B). In contrast, HY presents a stabilization of 1SO/(ISO+HYD)
ratio after pyridine poisoning. After second pyridine poisoning, there is another decrease in
cyclohexene conversion, and similar behavior to the one of the first pyridine addition regarding
coke formation and product formation is noted in all catalysts. ISO/(ISO+HYD) ratio presents a
substantial decrease in all catalysts, and the final value on NiMo/Alu+HY is rather close to that

observed on NiMo/Alu catalyst.
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3.3.4. Role of sulfide and acidic sites on reaction steps

On NiMo/Alu, cyclohexane is the main product; its yield decreases after pyridine introduction
but increases again up to a value rather close to that measured before pyridine pulse after about
one hour of TOS (Figure 10). In parallel, a fraction of the LAS poisoned by pyridine is
recovered. This indicates that, on NiMo/Alu, LAS are involved in the hydrogenation reaction. A
close inspection of the Figures 8B and 9B shows that, on NiMo/HY and NiMo/Alu+HY,
cyclohexane yield decreases after pyridine introduction but afterward reaches a value close to
that measured before pyridine pulse. Similarly, for these two catalysts, a recovering of a fraction
of the poisoned LAS is observed with TOS. As already mentioned in the previous section,
pyridine is removed from the weakest sites with TOS. This also shows that when pyridine is
released from the weaker LAS of the NiMo catalysts, hydrogenation activity is recovered. The
relationship between the release of weak CUS and the improved hydrogenation activity in
NiMo/HY, NiMo/Alu+HY, and NiMo/Alu points out the participation of the sulfide sites in the

formation of hydrogenation products.

It should be mentioned that this hydrogenation product can be formed by another route since
pure HY zeolite also leads to the cyclohexane formation. In a previous paper, we have shown
the involvement of the strongest acid OH group of HY zeolite in cyclohexane formation,
although in a lower extent, through a hydrogen transfer mechanism [45]. Hence on the
bifunctional sulfide catalysts, both strongly acidic zeolitic OH groups and sulfide CUS
contribute to the formation of hydrogen transfer and hydrogenation steps, respectively. Note
that strongly acidic zeolitic OH groups are rapidly poisoned by coke formed at the beginning of

the reaction. Thus, only sulfide CUS are active for hydrogenation at longer TOS.

On pure HY zeolite, our previous paper shows [45] that medium acidic OH (OH groups at
hexagonal prism and in sodalite cage) and weak acidic OH (SiOH) are responsible for the
isomerization steps of cyclohexene reaction. The results obtained on zeolite-containing NiMo

catalysts confirm this conclusion. Indeed, their product yield profiles with TOS are close to
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those obtained on the parent zeolite. When rapid coke is formed at the first stage of TOS, 1-
methyl-1-cyclopentene yield increases while methylcyclopentane and cyclohexane vyields
decrease due to the specific poisoning by rapid coking of the most acidic zeolitic OH groups
and decreasing the contribution of hydrogen transfer reaction. At greater TOS, the yield of 1-
methyl-1-cyclopentene starts to be affected. The further injection of pyridine that poisoned a
significant fraction of available BAS, markedly decreases the 1-methyl-1-cyclopentene yield.
All these results agree with the involvement of medium acidic zeolitic OH groups in the

isomerization activity.

3.3.5 Turnover frequency (TOF) calculations

In the literature, only a few papers present turnover frequency (TOF) values for hydrogenation
and isomerization of cyclic compounds. Moreover, the presented values are often questionable
since activity per site, is in most of the cases, calculated considering the whole amount of active
component present in the catalyst and not only the accessible species [46,47]. Besides, if
dispersion is considered, it is generally the exposed sites of the freshly activated catalysts that
are taken into consideration, and site coking or sintering during the reaction are generally not
considered in the calculations. In contrast, the operando setup can allow interesting monitoring
of the active sites and activity variations throughout the TOS [26,45,46]. Thus, as previously
described, the introduction of pyridine pulse in the operando IR/GC set up allows to accounting
simultaneously for the surface site poisoning and the catalyst performance changes. The
previous results showed that the pyridine pulse modifies the BAS and LAS availability and
impacts isomerization and hydrogenation activities. However, the question that arises is: do all
the acidic sites poisons, or only a fraction of them are active for the considered route? In this
way, very interesting are the changes that occur further with TOS after the pyridine pulse.
Indeed, a fraction of LAS is reclaimed with TOS, giving rise to a recovery of hydrogenation

activity. Moreover, it is observed that supplementary BAS are poisoned with TOS that leads to a
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decrease in isomerization activity. Hence, from the parallel between the decrease in the amount
of BAS and increase in LAS available, and the changes in the rate of formation of 1-methyl-1-
cyclopentene and cyclohexane after the first pyridine dose, TOF can be calculated for
isomerization and hydrogenation routes. Methylcyclopentane was not considered because its
formation depends on 1-methyl-1-cyclopentene yield, and it is formed in very low concentration
compared to parent olefin yield. Firstly, the rates were calculated considering pseudo-first-order
reactions as described in the supplementary material (section D). Then, the variation of
isomerization and hydrogenation reaction rates were calculated as shown in Equation (1), where
Ar is the variation of the reaction rate (isomerization or hydrogenation), r; is the reaction rate at

a specific time, and rs is the rate at reference time.
Ar =1, — Tyef 1)

Variation of poisoned BAS and LAS were calculated according to Equation (2), where S; is the
concentration of poisoned sites (BAS or LAS) at a specific time and S, is the concentration of

poisoned sites (BAS or LAS) at the reference time.
AS = S; = Syer 2

TOF was calculated, as shown in Equation (3), where 1SO and HYD refer to isomerization and

hydrogenation reactions, respectively.

Ariso

TOFiso = ABAS

— | _4rhya
and  TOFpyq = |ABAS+ALAS| 3)

The value obtained by Equation (3) refers to the variation of reaction rate (isomerization or
hydrogenation) with the variation of acidic sites amount after the first pyridine addition. At this
stage, coke amount is constant in all catalysts, and the variation of poisoned sites can only be

ascribed to pyridine adsorption.

As discussed in section 3.3.2 and shown in Figures 7 to 9 after pyridine pulse, poisoned BAS

increases continuously with TOS in all catalysts, while 1-methyl-1-cyclopentene yield decreases
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after the first pyridine addition. Thus, the first point after pyridine pulse was used as reference
for applying Equations (1) and (2) and used for TOF calculations of the isomerization step. The
values reported in Table 2 correspond to the average of TOF obtained by Equation (3) for the

various TOS, and the uncertainties of the measures are shown in parenthesis.

In contrast, poisoned LAS achieve a maximum value on the first or second point measured after
the pyridine pulse. Then, a strong decrease of poisoned sites is noted, which was associated in
section 3.3.2 with the release of sulfide sites. In parallel, a decrease in cyclohexane formation is
observed on the first sampling after pyridine pulse, and then its yield increases at the subsequent
TOS (Figures 8 to 10). As previously, the first point (or second) after pyridine pulse was used as
reference for applying Equations (1) and (2) and used for TOF determination of hydrogenation
step by Equation (3) for the various TOS, whose average values and uncertainties (in

parenthesis) are shown in Table 2.

The intrinsic activity for isomerization and hydrogenation are reported in Table 2. For all the
catalysts, the TOF values for isomerization (1.2-1.9 10" s™) is greater by approximately one
order of magnitude than the TOF values for hydrogenation (1.8-3.2 102s™). This indicated that
the poisoning effect of one pyridine molecule will be 10 times stronger on isomerization than on
hydrogenation, evidencing the more toxic pyridine impact on isomerization activity. Table 3
summarizes TOF values reported in the literature, whose objective is to obtain an approximate
comparison between the order of magnitude of the values calculated in this work and the ones
reported by other works despite the differences of TOF determination. For hydrogenation
reactions, it is highlighted that the values are greater of one order of magnitude than those
calculated in the present work. Indeed, this is true for cyclohexene hydrogenation on
CoMo/MgAl,O; [48] and Pt/(Al,O3) [49], and the same occurs when comparing the values
found for NiMo/HY and NiMo/Alu+HY and other zeolite-containing catalysts for tetralin
hydrogenation such as NiW/USY [50] and Pt/HY [51]. Such differences are obviously ascribed

to the fact that the exposed sites of the freshly activated catalysts are considered active, which
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results in an underestimated TOF, but also to the more severe conditions of reaction that make

the catalysts more active.

Regarding cyclohexene isomerization, to our knowledge, no TOF calculations are presented in
the literature for this molecule or other cyclic compounds (such as tetralin and decalin).
Nevertheless, a value for tetralin hydrocracking activity (which required medium-acidic BAS as
isomerization) is reported by Sato et al. for NiW/USY [50], which is close to the ones found in

this work.

Table 2. TOF calculated for isomerization route (1-methyl-1-cyclopentene) and hydrogenation
route (cyclohexane) of cyclohexene hydroconversion reaction performed at 523 K and

atmospheric pressure for the different catalysts.

TOF (s
Catalyst
Isomerization Hydrogenation
HY 1.2 (#0.1) x 10™
NiMo/HY 1.5 (£0.1) x 10™ 5.2 (x0.3) x 107
NiMo/Alu+HY 1.9 (#0.7) x 10" 1.9 (20.1) x 107
NiMo/Alu 1.8 (x0.1) x 10”

Table 3. TOF values reported in the literature for reactions performed on sulfide/metallic sites
(hydrogenation) and acidic sites (hydrocracking) as well as the experimental conditions used in

the experiments.

Hydrogenation of cyclic compounds

Catalyst TOF (s Reactant P(bar)  T(K)  Active phase Ref.
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measurement

CoMo/MgAlL,O; 1.6x 10"  Cyclohexene 20 573 COIR [48]
H;

Pt/AlLO4 102 Cyclohexene 1 323 chemisorption [49]

NIW/USY — 41x10%  Tetralin 60 573 NO [50]
chemisorption

PUHY 3x10"  Tetralin 60 623 H [51]
chemisorption
Hydrocracking of tetralin to monocyclic compounds

NiW/USY 1.2x10* Tetralin 60 573 NH; TPD [50]

3.3.6. Effects of sulfide location on hydrogenation products

Hydrogenated products from cyclohexene can be formed by two routes on bifunctional
catalysts, as shown in Figure 1. The first one is the direct cyclohexene hydrogenation to
cyclohexane. In the second route, cyclohexene is firstly isomerized to 1-methyl-1-cyclopentene

and then hydrogenated to methylcyclopentane.

Firstly, to study the effect of sulfide phase location on the hydrogenation activity, the impact of
coke on hydrogenation was studied, and only cyclohexane production was considered. Figure
11 reports the variation of coke/cyclohexane ratios with TOS. This ratio is very low for
NiMo/Alu in agreement with the limited amount of coke formed, whereas it is high for pure HY
since in the absence of sulfide phase, the hydrogenation activity of the catalyst is low. More
interesting are the different coke/cyclohexane ratios for NiMo/Alu+HY than for NiMo/HY,
whereas the coke formation is equivalent to these two catalysts (Figure 6A). The lower
coke/cyclohexane ratio on NiMo/Alu+HY evidences that coke is less toxic toward
hydrogenation activity when NiMo phase is located on alumina than on zeolite. This indicates

that, on NiMo/HY, the coke deposed on zeolite phase may block the accessibility to some
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sulfide sites due to their close proximity, which decreases hydrogenation activity. On the other
hand, such poisoning does not occur (or it exists in lower extension) on NiMo/Alu+HY, as the
sulfide site is on alumina phase, which has low coke deposition and resulting in higher

hydrogenation activity.
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Figure 11. Coke/cyclohexane ratio measured at the period before the first pyridine addition.

Further was studied the impact of sulfide phase on the formation of the two hydrogenation
products. Table 4 reports the cyclohexane and methylcyclopentane yields in three different
periods on stream (before pyridine addition, after first, and after second pyridine doses). In the
absence of pyridine, NiMo/Alu+HY exhibits higher yields of both products than NiMo/HY. As
discussed previously, such behavior may be associated with lower coke toxicity when there is
less proximity between sulfide and zeolitic sites. Regarding cyclohexane yield, it is expected an

equivalent formation on NiMo/Alu+HY and NiMo/Alu catalysts, as the NiMo phase is on
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alumina on both catalysts and coke deposition mainly occurs on zeolite phase. However, the
first one exhibits lower formation of this product than the catalyst supported on pure alumina.
Such behavior suggests a competition between zeolitic acid sites and sulfide phase for the
reactant on NiMo/Alu+HY, which affects the reactant’s distribution on the sites and
consequently on product yield. Besides, NiMo/Alu catalyst presents only one hydrogenation
product (cyclohexane), while NiMo/Alu+HY exhibits two hydrogenation products
(methylcyclopentane and cyclohexane), resulting in a competition between the two

hydrogenation routes for sulfide sites.

After first pyridine poisoning, the ISO/(ISO+HYD) ratio decrease is more intense for
NiMo/Alu+HY than NiMo/HY (Figure 6B). First, this is related to a greater amount of BAS
poisoned on NiMo/Alu+HY (45 pmol.g™) than on NiMo/HY (25 pmol.g™), which results in
lower isomerization (ISO) activity by the first one. Second, this is related to the overall
hydrogenation (HYD) activity higher on NiMo/Alu+HY than on NiMo/HY, mainly associated
with the higher cyclohexane yield on NiMo/Alu+HY after the first pyridine dose (Table 4). This
result shows that the direct hydrogenation activity is less affected by pyridine poisoning on
NiMo/Alu+HY after first pyridine poisoning. As sulfide and acid sites are in separated domains,
pyridine species are preferentially adsorbed on zeolite, and the sulfide sites on alumina would
be more preserved. On NiMo/HY, pyridine is also preferentially adsorbed on zeolite, but such

poisoning affects both sites, either because they are in close domains or by other mechanisms.

For example, acid sites may promote the hydrogenation activity of sulfides inside zeolite cages,
and the poisoning of such sites reduces the promoting effect. Nevertheless, an interesting point
to note in Table 4 is that methylcyclopentane yield is higher on NiMo/HY than NiMo/Alu+HY.
This product is formed by sequential reactions, first isomerization (1-methyl-1-cyclopentene)
and then hydrogenation, and the higher formation of methylcyclopentane is mainly associated

with the higher yield of isomerization product on the first catalyst (Figures 8A and 9A).
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After the second pyridine dose, the decrease of ISO/(ISO+HYD) ratio, as well as
methylcyclopentane and cyclohexane formation, follow a similar trend than the previous dose
on both catalysts. However, the whole amount of poisoned BAS is not so different from the
previous dose (63 pmol.g™ for NiMo/Alu+HY and 53 umol.g™ for NiMo/HY), which allows a
better comparison between pyridine poisoning and catalytic behavior. The 1ISO/(ISO+HYD)
ratio of NiMo/Alu+HY is close to NiMo/Alu at the end of the test (Figure 6B) i.e. very low
isomerization activity and main formation of cyclohexane. On the other hand, NiMo/HY
presents a higher formation of methylcyclopentane. Such results reveal that despite of the lower
hydrogenation activity after pyridine doses, the higher resistance toward pyridine poisoning
(regarding overall activity) promoted by the close proximity between acid and sulfide sites
allows higher hydrogenation of the isomerized product formed on acid sites. Previous works
[1,6] reported that methylcyclopentenes are intermediates for ring-opening reactions, and the
fast hydrogenation (by sulfide sites) of the ring-opened product (on acid sites) is essential to
minimize undesirable cracking products. As mentioned before, the results show that the close
proximity between acid and sulfide sites allows a higher degree of hydrogenation of the
isomerization product formed on acid sites, suggesting that the higher proximity has a beneficial

effect for such route on bifunctional catalysts.

Table 4. Hydrogenation product yield exhibited by NiMo/HY and NiMo/Alu+HY catalysts at

the end of first and second pyridine doses.

Before pyridine addition | 1% pyridine dose 2" pyridine dose
NiMo/ NiMo/ NiMo/ NiMo/ NiMo/ NiMo/
Catalyst
HY Alu+HY HY Alu+HY HY Alu+HY
TOS (h) 11 1.1 2.1 2.0 2.8 2.8
Methylcyclopentane |5 4 2.78 065 020 | 027 0.05
(mol %)
Cyclohexane (mol 1.25 2.09 1.13 1.92 0.88 1.52
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%)

Methylcyclopentane/c

yclohexane ratio 1.92 133 0.57 0.10 0.31 0.03

4. Conclusions

The effects of the sulfide phase location in bifunctional catalysts on cyclohexene conversion
were investigated. CO/IR spectra evidences the different locations of sulfide sites on NiMo/HY
and NiMo/Alu+HY catalysts. Operando results of cyclohexene conversion reveal that pure
zeolite presents higher coke formation than NiMo/HY and NiMo/Alu+HY, and the sulfide
phase location in zeolite-containing catalysts is indifferent regarding coking process. However,
the coke formed on NiMo/Alu+HY is mainly deposed over zeolite phase. Pyridine pulse
injection during operando tests allowed controlled site poisoning. They point out the implication
of sulfide sites on the hydrogenation route, whereas zeolitic OH groups are involved on the
isomerization one. TOF calculations reveal a ten-time greater intrinsic activity for isomerization
than for hydrogenation. Consequently, this leads to a more significant effect of N-molecules
poisoning on isomerization activity than on hydrogenation activity. Regarding the effect of
sulfide phase location, the catalyst with closer proximity between acid and sulfide sites, i.e.
NiMo/HY, shows greater residual cyclohexene conversion after pyridine poisoning than the one
with lower proximity, i.e., NiMo/Alu+HY. This evidences an increase in pyridine resistance
when dual sites are closer. On the other hand, the closer proximity between both sites results in
higher blockage of sulfide phase by coke, exhibiting lower activity for all hydrogenation
products than the catalyst with lower dual-site proximity. In the presence of pyridine,
hydrogenation activity performed by NiMo/Alu+HY is close to NiMo/Alu catalyst, where the
hydrogenation product is mostly cyclohexane. In contrast, the closer proximity between sites
results in higher hydrogenation of the isomerized product, formed on acid sites, which is

beneficial to minimize cracking in more severe conditions. Hence, the IR/GC operando study of
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bifunctional sulfide catalysts provided valuable information on the effect of the nature, strength,

and location of catalyst sites in the different cyclohexene decomposition routes.
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