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ABSTRACT: The hydrogenation and dimerization of isoprene and 4-methylstyrene over | h
supported NiMoS catalysts have been studied under conditions relevant to the
hydrogenation of Canadian oil sands naphtha, during which the undesired dimerization
of conjugated olefins, present in naphtha, is known to occur. NiMoS was dispersed on
SiO,—Al,O; supports with varying Si/Al contents to determine the impact of the catalyst
acidity on the dimerization reactions. The reactions were carried out in a microscale trickle-
bed reactor operated at 200—250 °C, 3.4 MPa H,, and liquid hourly space velocity (
(LHSV) of 2—4 h™" for reaction periods of 3 days of continuous operation. The acidity of
the NiMoS/ALO; catalyst, measured by NH; temperature-programmed desorption and ** wp, sfo s s sk s,
. 7 . . . . NiMoS catalyst support
pyridine adsorption diffuse reflectance infrared Fourier transform spectroscopy, was lower - N
than that of the NiMoS/SiO,—Al,O; catalysts, which increased with increased SiO, | R \ J
content up to 20 wt % SiO,. The results showed that dimer formation correlated with the Dimers
acidity of the catalysts. The dimer yield on the sulfided supports without NiMoS was about h
40% of the yield observed on the NiMoS/SiO,—AlL,O; catalysts. The NiMoS catalysts
showed stable activity over 3 days of continuous operation, whereas the sulfided supports deactivated rapidly because of low
hydrogenation activity. Addition of 3 wt % NaOH to the NiMoS/S10 catalyst neutralized 60% of the acid sites, resulting in a 50%
drop in dimerization yield.
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B INTRODUCTION even though the hydrogenation is done at a mild temperature,

Canada has 167.7 billion barrels (2019) or ~10.5% of the catalyst deactivation and reactor fouling may still occur.’
world’s proven oil reserves." Production from the Canadian oil Several t.ypes of catalysts have been used for .hydrogenatlon
sands reached 2.29 million barrels/day in 201S and is expected pr%clesses, incl;dlnlig dmCetaIIsulﬁjeIs) (C(,:Siol\ﬁ]?’ I;/[l’ aréd V\c? Cand
to increase to 4 million barrels/day by 2024. The oil sands noble metals (Ru, Pd, Cu, Ir, and Pt). 1= V07> and o=
. . Mo—S are most commonly used for crude oil hydrogenation
occur as a natural mixture of 9—13% bitumen, 3—7% water, b ¢ their abili Y - onine b % S 8 iN
and 80—85% sand.” To obtain valuable products, bitumen is ecause of their ability to resist poisoning by S- an )

. . . containing heteroaromatics. The heteroaromatics must be
first extracted from the oil sands before primary upgrading, it q ltralow S fuels that satisfy the <10 S
either by carbon rejection or hydrogen addition, to increase the removed fo produce ultralow els that satisfy the <10 ppm

H/C ratio of the oil. Finally, heteroatoms (S, N, and metals) requirement of Directive 2009/30/EC of the Council of the

are removed by hydrotreating to obtain a synthetic sweet crude European Parham.ent. Numerous studlelso ?Za_vle ) reported on
oil product.’ olefin hydrogenation over MoS, catalysts, but most of

There are two different types of coker technology used in tbem were conducted at higb ‘Femperatures (>250 OC) and
upgrading oil sands: delayed cokers and fluid cokers. Both high H, pressure >34 MPa, amning at the rem.oval of either N
cokers yield light gas oil, naphtha, middle distillate, and heavy or § W.hlle pnumIzIng aromatic hydrogenation 12,?§_Bydr0-
gas oil products with different product yields. The products genqusm to maintain tbe fuel value of the feed, Few
contain significant quantities of heteroatoms (Table S1) that st1.1d1es of c?leﬁn anfl.dloleﬁn hy;lrogenatxon on MoS, under
must be removed in subsequent hydrotreating steps.” mild ope%t_lrll% conditions (<250Al C. and N3'145 MPa) have beeﬁ
However, naphtha (and light gas oil) contains high amounts reported. One study by Alzaid et al.” examined bot
of olefins (~20 wt %) and diolefins (~4.4 wt %),” which are

known to dimerize under hydrotreating reaction conditions, Received: March 12, 2021
producing gums that deposit on the catalyst, causing catalyst Revised: ~ May 18, 2021
deactivation, increased reactor fouling, and eventual reactor Published: June 8, 2021

shutdown.® Hence, prior to passing coker naphtha to a naphtha
hydrotreater, a mild hydrogenation (<250 °C), aimed at
saturating the olefins and diolefins, is performed. However,
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olefin/diolefin hydrogenation and dimerization reactions and
their kinetics over a commercial Ni—Mo—S/y-Al,O; catalyst
under industrial reaction conditions: < 250 °C, 3.4 MPa H,
pressure, 1—2 h™" liquid hourly space velocity (LHSV), and a
constant H,/feed ratio of 392 mL(STP)/mL using model
olefin/diolefin reactants in decalin. Alzaid et al.'® reported that
hydrogenation and dimerization occurred as simultaneous
reactions, and at conditions corresponding to low hydro-
genation activity, the dimerization yield increased significantly.
Dimerization correlated with oligomerization and gum
formation, which resulted in significant catalyst deactivation
and increased pressure drop across the catalytic fixed-bed. The
authors hypothesized that the catalyst Bronsted acidity was the
cause of dimerization, without identifying the source or
quantity of Bronsted acid sites.'®

Past studies have also reported that the formation of gum/
coke initially involves the formation of precursors on
supported metal sulfide catalysts, for instance, by the
dimerization of olefins, diolefins, and aromatics on the acidic
sites of the catalyst.'”~"? The acid sites can donate a proton to
another olefin/diolefin, forming an intermediate carbenium ion
needed for the formation of dimers (and oligomers). Coke
formation can also result from the hydrocarbon pyrolysis or
dehydrogenation of heavy hydrocarbons, which leads to the
formation of carbon and occurs at elevated temperatures >500
°C. On the other hand, gum formation that results from
oligomerization reactions on acid sites §enerally does not occur
at temperatures exceeding 300 °C.”"”

Weissman and Edwards™ focused their studies on the
deactivation of hydrotreating NiMoS and CoMoS catalysts
supported on alumina. They simulated industrial reaction
conditions by operating at 280—390 °C, 5.5 MPa, LHSV =2
h™', and a H,/feed ratio of 360 cm*(STP)/cm? using naphtha
and gas oil as feeds. The authors reported that catalyst
deactivation was mostly because of the low-density carbon
deposition on the catalyst, which blocked the active sites. In
another study of catalyst deactivation by Alzaid et al,'® the
hydrogenation of the conjugated olefins a-methylstyrene and
4-methylstyrene (4-MS) was compared over a continuous
time-on-stream (TOS) reaction period of 30 days using a
commercial NiMoS/y-AL,O; catalyst. The authors reported
significant gum formation and increased pressure drop across
the reactor with an increased TOS when 4-MS was the
reactant, but neégligible pressure drop occurred when using a-
methylstyrene.'® The study illustrated the impact of molecular
structure on dimerization, with the vinyl group of a-
methylstyrene sterically hindered by the methyl group,
resulting in the low yield of dimers. The study also
demonstrated that olefin dimerization correlated with gum
formation and high gum yield correlated with high pressure
drop, catalyst deactivation, and reactor fouling.

Dimerization is a chemical process that links monomeric
compounds, and dimerization of olefins on acid catalysts is well
known.”*”*° Dimerization is also known to occur on MoS,
catalysts used in hydrotreating reactions.'”'*'*** Wambeke et
al."” studied the hydrogenation of isoprene over MoS,/7-Al, O,
and reported that the active sites for hydrogenation were the
three coordinately unsaturated sites (CUS) of Mo atoms on
the edge of the (1010) plane of the MoS, slab. These active
sites have three vacancies and one unsaturated S atom.
Jalowiecki et al."* confirmed the results obtained by Wambeke
et al.”® for isoprene hydrogenation over unsupported MoS,.
They also reported that the active sites for cis-1,3-pentadiene

isomerization were the two and four CUS atoms on the edge of
the (1010) plane of the MoS, slab. In relation to this study,
Okuhara et al.'® observed that the isomerization reaction
occurs via a carbocation mechanism on the S layer of the MoS,
crystal. An active proton on the S layer catalyzes the formation
of a tertiary carbocation intermediate from 2-methyl-1-butene
that is therefore converted to 2-methyl-2-butene. Yang and
Satterfield*® proposed that the dissociative adsorption of H,S
on Ni—Mo—S/y-AL,O; can form a Brensted acid site by
converting a S vacancy to a —SH group. The authors also
reported that another source of Bronsted acid sites could result
from the addition of a P,Og promoter that is commonly
present in Ni—Mo—S/y-Al,O; commercial catalysts. These
findings are the subject of interest for the current study as they
assume the existence of Brensted acid sites which have the
ability to protonate a diolefin that leads to the formation of an
allylic carbocation, the intermediate for dimer formation. Yang
and Satterfield* confirmed the presence of Bronsted acid sites,
but they could not distinguish between the acid sites generated
by H,S or P,O;s promoters.

Pérez-Martinez et al.”> investigated amorphous aluminosili-
cates (ASA) with different Si/(Si + Al) ratios as supports of
CoMoS catalysts in the hydrotreating of synthetic fluid
catalytic cracking naphtha. The feed (2 wt % of 2-
methlythiophene and a 20 wt % mixture of 2,4,4-trimethyl-1-
pentene and 2,4,4-trimethyl-2-penten in n-heptane) was
reacted at 17 MPa, 523 K, 20 mL/h liquid flow rate, and a
H,/liquid feed ratio of 500. They reported that the catalyst
acidity increased with an increase in the Si/(Si + Al) ratio and
showed a maximum at approximately 50% Si/(Si + Al). They
also noted that while the Si/(Si + Al) ratio increased, the
activity of the acid-catalyzed reactions increased (alkylation,
isomerization, and cracking) and hydrodesulfurization and
olefin hydrogenation (HYDO) decreased. According to the
literature, stronger Brensted acid sites are required for
alkylation and cracking while weaker Bronsted acid sites are
needed for isomerization reactions.”” The authors also
indicated that a small amount of oligomers was formed (1
wt % of the products) at the conditions tested.

Among the aforementioned studies, the source of the acidity
that causes dimerization at industrially relevant conditions,
particularly at the relatively low temperature used for the
hydrogenation of Canadian oil sands naphtha, has not been
identified. Herein, we report on the effect of support acidity on
the yield of dimerization products over a series of NiMoS
catalysts and hence identify the main source of the acidity for
the dimerization (oligomerization) reactions at conditions
relevant to the hydrogenation of Canadian oil sands naphtha.

B EXPERIMENTAL SECTION

A series of commercial SiO,—AlL,O; supports, with varying Si/Al
ratios (Siral 10, 20, 30, 40, mesh no. 230—270, SASOL, Germany
GmbH, with 10, 20, 30, and 40 wt % SiO,, respectively), a silica gel
(silica gel, technical grade 40, 6—14 mesh, Sigma-Aldrich), and AL, O
(mesh no. 8—12, SASOL, Germany GmbH) were used as supports of
NiMoS. To limit the effects of internal and external mass transfer, the
catalyst particle size was maintained below 1.41 mm.*® In the case of
Siral powders, particles were formed by extrusion after adding
boehmite (AIOOH) (SASOL, Germany, GmbH) as a particle binder.
Approximately 70 wt % distilled water, 10 wt % HNOj; as peptizing
agent, 4 wt % boehmite, and 16 wt % of the Siral powder were mixed
together to form a paste for extrusion. The supports were calcined at
700 °C for 2 h in air before sieving to the appropriate particle size.
These supports are referenced herein as Al,O;, SiO,, S10, S20, S30,
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Table 1. Textural Properties and Acidities of the Different Supports and NiMoS Catalysts

acidity

sample SiO, content wt % BET area” m2/g pore volume cm3/g pore size nm total® mmol/ ¢ Lewis’ mmol/g Brensted” mmol/g  B:L
ALO; 0 225 0.55 10 0.643
AL,O;—S 0 257 0.58 8.9 1.024
NiMoS/AlL, O, 0 222 0.41 7.6 1.300 1.15 0.15 0.13
S10 10 330 0.63 8.0 0.774
S10-S 10 324 0.61 7.6 1.019
NiMoS/S10 10 244 0.42 7.0 1.417 1.25 0.17 0.14
S20 20 313 0.65 8.0 0.704
S20-S 20 285 0.61 8.6 1.041
NiMoS/S20 20 227 0.46 8.1 1.433 1.25 0.18 0.15
S30 30 412 0.8 8.0 0.633
S30-S 30 386 0.76 79 1.059
NiMoS/S30 30 245 0.53 8.6 1.340 1.23 0.11 0.09
S40 40 406 0.88 9.0 0.500
$40—-S 40 357 0.83 9.3 0.867
NiMoS/S40 40 265 0.65 9.8 1.129 1.08 0.05 0.04
SiO, 100 502 0.32 2.5 0.093
Si02-S 100 464 0.3 2.6 0.189
NiMoS/SiO, 100 376 0.27 2.9 0.375 0.38 0.38

“Measured by BET N, adsorption. *Measured by TPD of NH;. “Measured by Py-DRIFT.

and S40, where SXX identifies the original Siral support, with XX
denoting the wt % of SiO,.

Ni—Mo was subsequently added to the supports by incipient
wetness impregnation to obtain a Mo loading of ~8 wt % and a Ni
loading of ~2 wt %.'"° To overcome solubility issues, multiple
impregnations from a 0.4 g Mo/cm? aqueous solution of
(NH,)¢Mo0,0,,-4H,0 (Sigma-Aldrich, 81.0—-83.0% MoO; basis)
and a 0.2 g Ni/cm® solution of Ni(OCOCH,),-4H,0 (99.998%
trace metal basis, Sigma-Aldrich) were implemented as required. After
each impregnation, the sample was aged overnight and dried at 100
°C for 2 h, followed by calcination at 450 °C for 4 h.

Prior to the activity tests, both the supports and the supported
NiMoS catalysts were presulfided ex situ in a microscale trickle-bed
reactor (length S0 cm; hot zone 30 cm) with an internal diameter of
1.18 cm using 6 g catalyst, 391.5 g decalin, and 8.5 g CS, at 300 °C,
LHSV 2 h™!, H,/feed ratio of 392 mL (STP)/mL, and 3.4 MPa H,
for 8 h to yield the sulfided supports Al,0;—S, SiO,—S, S10-S, S20—
S, S30—S, S40—S and the sulfided catalysts NiMoS/Al,O;, NiMoS/
$i0,, NiMoS/S10, NiM0S/$20, NiMoS/S30, and NiMoS/$40. ICP-
OES was used to confirm that the NiMoS loading on Al,O; was 8.34
wt % Mo and 2.21 wt % Ni.

The total Brunauer—Emmett—Teller (BET) surface area, average
pore width, and pore volume of the prepared catalysts were
determined from N, adsorption—desorption isotherms measured at
77 K using a Micrometrics accelerated surface area and porosimetry
(ASAP 2020) analyzer. Prior to the analysis, the samples were
degassed at 200 °C for 4 h under a vacuum pressure of 40 Pa to
eliminate the adsorbed moisture. Repeat analyses showed an average
error of 5% in the BET area.

A Micromeritics Autochem IT 2920 analyzer was used to determine
the total acidity by NH; temperature-programmed desorption (NH,
TPD). The samples (~150 mg) were first dried in He at 200 °C for 2
h before cooling under He flow to 70 °C. NH; adsorption followed,
flowing a 15% NHj, in He mixture over the samples at 40 mL(STP)/
min and 70 °C. After flushing the sample in He, the NH; desorption
was then monitored using a thermal conductivity detector as the
sample temperature was increased from 120 to 550 °C at 10 °C/min.
The sample was held at the final temperature until no further NH;
was detected in the effluent. Repeat analyses indicated an average
error of +5% in the total acidity measured for each sample.

Pyridine adsorption diffuse reflectance infrared Fourier transform
(Py-DRIFT) spectroscopy was performed using a Thermo Nicolet
4700 FT-IR spectrometer equipped with a mercury cadmium telluride

detector and an in situ DRIFT cell (Thermo Fisher Scientific, model
no. 0030-102, serial no. 0904-004) to distinguish Lewis and Bronsted
acid sites. The powdered sample was placed in the DRIFT cell and
purged with N, at room temperature for 30 min, followed by heating
to 400 °C for 2 h. After cooling to 200 °C, a background spectrum
was collected. Pyridine vapor was then introduced to the sample for
10 min at 100 °C, followed by purging the cell for 30 min in N, flow
as the cell temperature was increased to 200 °C, before recording the
spectra of adsorbed pyridine.

Catalyst morphology was determined by HRTEM analysis (200 kV
FEI Tecnai Osiris at a resolution limit of 0.14 nm). The catalysts were
crushed and dispersed in isopropanol by sonication for 3—5 min. A
drop of the prepared suspension was placed on a 300-mesh lacey
carbon film with a Cu grid. From several representative micrographs,
the length (L;) and number of layers (N;) of at least 200 MoS,
crystallites were determined. The length of the crystallites (L;) was
used to estimate the number of edge-site Mo atoms (n;) of a single
layer, using the equation L; = 3.2(2n; — 1) A, assuming that the MoS,
layers formed a perfect hexagon.”” The MoS, dispersion, fyy, was
then estimated using the following equation®*~>*

2i:l X 6ni - 6
Zi:l,..,x 3ni2 -3+ 1

fMo =

where x is the total number of crystallites observed in the
micrographs.

The hydrogenation reactions were conducted in a microscale,
trickle-bed reactor (length, SO cm; hot zone, 30 cm) with an internal
diameter of 1.18 cm. The catalyst bed was prepared as described
previously to ensure a uniform liquid flow through the bed.' Initially,
some experiments were conducted using 2.4 wt % isoprene in decalin
at 250 °C, 3.4 MPa H,, LHSV 2 h™', H,/feed ratio of 392 mL(STP)/
mL, and a TOS period of 3 days. Another set of experiments was
conducted using 8.4 wt % 4-MS in decalin at 200 °C, 3.4 MPa H,,
LHSV of 4 h™, and a H,/feed ratio of 392 mL(STP)/mL for a TOS
period of 3 days. The liquid product was collected every 24 h from a
condenser placed after the reactor and held at room temperature. The
gas flowed from the condenser to a scrubber containing NaOH (1 M)
to remove H,S prior to being vented. In order to quantify and identify
the chemical components, the liquid product was analyzed using a
Shimadzu QP-2010S gas chromatography—mass spectrometry (GC—
MS) analyzer and a Shimadzu RXI-SMS column (internal diameter,
0.25 mm; length, 30 m; and film thickness, 0.25 ym). The reactant
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conversion (X), product selectivity (S), and yield (Y) were
determined from the GC analysis as follows

A—=B+C
X =1 Cwia) Cw) + Cw(o)
=1— -
Cwiay  Cwy T Cwe) + Cwio

g - Cw

S R—

Cwi) + Cw(o

Y Cwe)

B =
Cwia) + Cwi) + Cwio

where A represents the reactants, B represents the hydrogenation
products, and C represents the dimerization products. Cyy; is the
concentration of component j in the liquid product (wt %) and Cyy(o)
is the concentration of component j in the liquid feed (wt %). A
balance placed under the feed flask was used to measure the mass of
liquid delivered to the reactor and hence determine the overall mass
balance using the following equation

recovered product mass

X 100
feed mass (4-MS + decalin)

overall mass balance % =

For all the experimental results reported herein, the overall mass
balance closure was >92%. Excluding the solvent decalin, the mass
balance was >85%. In addition, the overall experimental error
estimated from a series of repeat experiments showed the absolute
error in the product yields was +1% (absolute percentage points).
Calculation of the Mears criterion and the Weisz—Prater criterion
confirmed that the yield data reported herein were free of external and
internal mass transfer effects.”®

B RESULTS AND DISCUSSION

Table 1 reports the textural properties of the Si/Al supports,
the same supports after ex situ sulfidation (designated as SXX—
S), and the sulfided NiMoS/SiO,—ALO; catalysts. The
supports were all mesoporous, although the SiO, support
had a much smaller average pore diameter (2.5 nm). After Ni +
Mo addition to Al,O; and following sulfidation, the surface
area of the resulting NiMoS/AlL,O; catalyst was almost
unchanged from that of AlL,O;. In contrast, the surface area
of the SiO, support decreased by 25% after the metal addition.
The smaller pores of SiO, (2.5 nm), compared to that of Al,0,
(10 nm), likely resulted in some pore blocking after metal
addition by impregnation. The properties of the Siral supports
varied according to the relative amounts of SiO, in the support
material, with the surface area of the NiMoS/SiO,—AlL O,
catalysts decreasing as the SiO, content increased.

The catalyst acidities (NH; TPD profiles provided in
Figures S1 and S2, Supporting Information) were also
dependent on the SiO, content, as shown in Table 1. The
sulfided supports had similar acidities except for S40—S and
SiO,—S, which showed significantly lower acidities. In the case
of the supported catalysts, NiMoS/SiO, also had the lowest
acidity among all the catalysts. Daniell et al.”” reported that
among the Siral supports calcined at 550 °C for 3 h, Siral 40
was the most acidic. The data of Table 1 indicate that Siral 10
and Siral 20 are the most acidic of the supports of the present
study, but note that these samples were mixed with boehmite
prior to calcination at 700 °C for 2 h. Lenarda et al.>* have
shown that the acidity of silica—aluminates decreases with
increased calcination temperature and is dependent upon their
composition.

The type of acidity of the catalysts was also dependent on
the SiO, content, as shown in Table 1 and Figure S3
(Supporting Information). Brensted acidity was maximum for
the NiMoS/S20 catalyst, whereas it was not detectable on the
NiMoS/SiO, catalyst. Lewis acidity did not show a clear trend
among the catalysts, but NiMoS/SiO, had the lowest Lewis
acidity.

High-resolution transmission electron microscopy
(HRTEM, Figure S4 of Supporting Information) was used to
estimate MoS, dispersion of the sulfided catalysts. As shown in
Table 2, the MoS, dispersion was relatively constant for the

Table 2. HRTEM Results for NiMoS Catalysts on Different
Supports

catalysts
NiMoS/ALO; NiMoS/S10  NiMoS/SiO,

average number of MoS, 2.5 + 1.3 26 + 1.3 33+12

layers, N
average length, L (nm) 3.5+ 14 37+ 15 40+ 23
average number of Mo edge 5.9 6.2 6.8

sites
dispersion, fy, 0.28 + 0.02 0.27 + 0.03 0.25 + 0.06

Al O; and SiO,—AlL,O; supports but decreased marginally on
the SiO, support. However, the change in dispersion was low
compared to the corresponding change in catalyst acidities, as
reported in Table 1. Consequently, the changes in conversion
and product selectivity that are reported with the variation in
the SiO, content of the support can mostly be attributed to the
catalyst acidities rather than the NiMoS dispersion.

Figure 1 reports the catalyst acidity and the yield of dimers
as a function of the catalyst support of the sulfided catalysts,
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Figure 1. Cy, yield related to the acidity of NiMoS catalysts on
different supports measured at 250 °C, 3.4 MPa H,, LHSV = 2 h™,
H,/feed = 392 mL(STP)/mL with 2.9 wt % isoprene in decalin, and
TOS period of 3 days (dotted line to guide the eye).

when reacting 2.4 wt % isoprene in decalin at 250 °C, 3.4 MPa
H,, LHSV 2 h™!, and H,/feed ratio of 392 mL (STP)/mL,
after a TOS period of 3 days. The NiMoS/SiO, catalyst had a
significantly lower yield of C;, dimers and a lower acidity
compared to the Siral-supported catalysts. Among these latter
catalysts, no clear trend in dimerization yield was observed.
However, isoprene was very reactive over all the catalysts with
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~100% conversion, even at less severe operating conditions.”®
Consequently, further studies focused on 4-MS as the reactant.

Table S2 presents the conversion and product yields for the
NiMoS/S10 catalyst used to hydrogenate 8.4 wt % 4-MS in
decalin at 200 °C, 3.4 MPa H,, LHSV = 4 h™}, and H,/feed
ratio of 392 mL(STP)/mL, over a TOS period of 3 days. The
data show that 4-MS was mostly hydrogenated to 1-ethyl-4-
methyl-benzene (yield >84 wt %) and C;3 dimers. The
hydrogenated product yield decreased slightly over the 3 day
period from 88.7 to 84.1 wt %. The C,g dimer with the highest
yield (9.7 wt %) was 1,3-di-(4"-methylphenyl) butane, and the
total yield of all C 3 dimers was 10.4 wt % after the 3 days TOS
period. Similar data over each of the 3 day operating periods
for the other catalysts show the same trend (Tables S3—S7,
Supporting Information). As there was some deactivation of
the catalyst during the 3 day period, all comparisons have been
made after a TOS period of 3 days. These data comparisons
follow the same approach reported by Alzaid et al. for a
commercial NiMoS/y-Al,O; catalyst.'® The products of the
reaction, indicative of both hydrogenation and dimerization
reactions, were similar to those reported by Alzaid et al,'®
except for the ~10 wt % yield of 1-ethyl-4-methyl cyclohexane,
at a higher reaction temperature (250 °C), which was absent
from the products of this study obtained at 200 °C.

Figure 2 compares the total acidity among the various
catalysts (from Table 1) and the corresponding C,4 dimer yield

1.6 T T T T T T T T T T T 12
14 AT - 11
= 1 & Q
s SN SN o~
= 1.2 i y -~ <
s ] L a 10 g
// N \\ he]
E 104 o S
2 1 / 5 R >
T 08 |/ N )
%] SUERN -8 g
© 1 NN 'E
T 0.6 RN )
° ] L7 O
[
0.4 3y
| -6
0.2
| L5
oo T T T T T T
ALO, s10 $20 $30 S40 Sio,

NiMoS catalyst support

Figure 2. C; yield and total acidity of NiMoS$ catalysts on different
supports. Dimer yield measured at 200 °C, 3.4 MPa H,, LHSV = 4
h™!, H,/feed = 392 mL(STP)/mL, with 8.4 wt % 4-MS in decalin,
and TOS of 3 days (dotted line to guide the eye).

measured at 200 °C, 3.4 MPa H,, and LHSV = 4 h™! with 8.4
wt % 4-MS in decalin after the 3 days TOS period. Clearly, the
dimer yield is related to the total acidity of the catalyst. The
NiMoS/S10 and NiMoS/S20 catalysts, with the highest
acidity, had the highest C;; dimer yield, whereas, NiMoS/
SiO, had the lowest acidity and a correspondingly lower C,q
dimer yield. To distinguish which type of acidity is responsible
for the dimer yield, the C;g dimer yield was also plotted as a
function of the Lewis and Brensted acidities, respectively (see
Figure SS, Supporting Information). Although the plots show
similar correlations, the dominance of Lewis acidity on these
catalysts means that it is not possible to distinguish between
the significance of Lewis versus Bronsted acidity. Hence, we
conclude that the correlations between the dimer yield, total

acidity, Lewis acidity, and Brensted acidity are very similar,
with a maximum C,g dimer yield reported for the NiMoS/S20
catalyst, corresponding to the highest total acidity (and highest
Lewis and Bronsted acidities). Note that the dimerization of 4-
MS can occur on both Brensted and Lewis acid sites. The yield
data of Figure 2 corresponding to the NiMoS/SiO, catalyst
may also be influenced by the relatively small pore diameter of
this catalyst (2.9 nm). However, potential internal diffusion
effects were minimized by the use of a small catalyst particle
size (1.41 mm).”® Furthermore, the kinetic diameters of 4-MS
(~0.6 nm) and the product dimer are much less than the
NiMoS/SiO, catalyst pore diameter, suggesting that the yield
data would not be significantly influenced by internal diffusion
effects.”®

Table S8 compares the product yields after the 3 days TOS
period for the catalysts, showing that as the SiO, content of the
SiO,—AlL 05 support increased, corresponding to a decrease in
acidity, the yield of 1-ethyl-4-methyl-benzene and 1,3-di(4'-
methylphenyl)butane decreased. The catalyst with the lowest
acidity (NiMoS/SiO,) had the lowest yield of both 1-ethyl-4-
methyl-benzene and dimers at the chosen operating con-
ditions. The intermediate dimer 1,3-di-(4'methylphenyl)
butene had a low yield (~0.5 wt %) among all the catalysts
as it was readily hydrogenated to yield 1, 3-di(4'-
methylphenyl) butane. Finally, the ring-opening dimer (1,1-
dimethyl decyl)-benzene was detected with a yield of ~0.4 wt
% on all the catalysts.

The data reported herein were obtained at a high conversion
of 4-MS, as required in industrial operations. However, in a
previous work, Alzaid®® showed that the dimer yield increased
at lower conversions of 4-MS (i.e., increased LHSV). In
addition, Alzaid et al.'® reported that at a lower reaction
temperature, a faster decrease in conversion with TOS was
detected, accompanied by a higher yield of dimers. These
trends were attributed to higher concentrations of 4-MS that
enhanced the dimerization reaction rate more than the
hydrogenation rate. In the present study, 4-MS conversion
was significantly lower on the NiMoS/SiO, catalyst compared
to the NiMoS/SiO,—ALO; catalysts (Tables S2—S7). At
higher conversions, the dimer yield on the NiMoS/SiO,
catalyst would be expected to decrease. Hence, comparing
the catalysts at the same 4-MS conversion would tend to
magnify the correlation reported in Figure 2 that shows
increased dimer yield with increased acidity.

To distinguish between the dimerization from acid sites
located on the support versus those associated with NiMoS,
the sulfided supports alone (without NiMoS) were also used as
catalysts and operated at the same reaction conditions as with
the supported NiMoS catalysts. As shown in Table S9 for the
S10—S sulfided support, 4-MS was also converted to the
hydrogenation product 1-ethyl-4-methyl-benzene and Cg
dimers. However, the hydrogenated product yield decreased
significantly over the 3 day period from 76.1 to 6.1 wt %, likely
because of the lack of NiMoS hydrogenation sites on the
catalyst. The main C,g dimer over the support was 1,3-di-(4'-
methylphenyl) butane, the same as that for the NiMoS
catalysts on the same support (Table S8), with a ~3.5 wt %
yield and a total Cg product yield of ~3.8 wt % after the 3
days TOS period. Similar data over each of the 3 days for the
other supports showed the same trend (Tables S9—S14,
Supporting Information).

The relationship between the total acidity of the sulfided
support and the C,g dimer yield is reported in Figure 3. The
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Figure 3. C,; yield related to the acidity of different sulfided supports
(no NiMoS$) at 200 °C, 3.4 MPa H,, LHSV = 4 h™, and H,/feed =
392 mL(STP)/mL, after 3 days of TOS period.

C,s dimer yield on the sulfided supports was about 40% of the
value reported for the corresponding NiMoS-supported
catalysts of Figure 2, and the yield data also correlated with
the sulfided support acidity, as shown in Figure 3.

The total acidity data of Table 1 show that about 70% of the
supported NiMoS catalyst acidity arises from the support.
However, the data of Figures 2 and 3 indicate that the sulfided
supports contribute about 40% of the total C,g dimerization
yield obtained over the supported NiMoS catalysts. Hence, it is
apparent that there is some synergistic effect on the
dimerization reaction between the support and NiMoS, with
the supported NiMoS catalysts having a higher yield of C
dimers than that would be expected based only on the acidity
of the catalyst.

An important difference in the stability of the supported
NiMoS catalysts and the sulfided supports over the 3 day TOS
period is captured in Figure 4. At the same aforementioned
reaction conditions (8.4 wt % 4-MS reacted at 200 °C, 3.4
MPa H,, LHSV = 4 h™!, and H,/feed = 392 mL(STP)/mL),
the NiMoS/SiO,—ALO; catalysts were relatively stable over
the 3 day TOS period as the 4-MS conversion remained high
(>90%). The NiMoS/SiO, catalyst was less stable with the 4-
MS conversion decreasing from 68 to 42% over the 3 day

period. However, all the sulfided supports (no NiMoS)
deactivated significantly over the 3 day TOS period, as
shown in Figure 4B. Although S10-S, S20-S, S30-S, and
S40—S showed very high 4-MS conversion on the first day, the
conversions declined rapidly by the third day.

The yields of 1-ethyl-4-methyl-benzene and C,g products
were also stable over the 3 day period on the NiMoS catalysts,
as shown in Figure SA,B. The hydrogenation of 4-MS over the
different NiMoS catalysts followed the same stability trend as
4-MS conversion, shown in Figure 4A, as the hydrogenation of
4-MS was the major reaction at all conditions investigated.
Figure 5CD also shows that the yield of 1-ethyl-4-methyl-
benzene and C;g products on the sulfided supports declined
with TOS, with the decline in the hydrogenation product yield
significantly faster than the decline in the dimer yield. Clearly,
the presence of NiMoS resulted in an improved catalyst
stability due to the ability to hydrogenate more of the olefins
and reduce the dimerization and ultimately gum formation that
blocks the catalyst active sites.

The hydrogenation reactions on the sulfided support occur
via a hydride transfer reaction mechanism involving the solvent
decalin, as has been reported previously.”” ™" As shown in
Figure S6, if 4-MS binds on an acid site and is protonated to
form the corresponding carbocation of 4-MS, a free decalin
molecule can transfer a hydride ion to the protonated 4-MS,
resulting in 1-ethyl-4-methyl-benzene (note that Figure S6
assumes protonation on a Bronsted acid site, but an equivalent
sequence can be written for the Lewis site as well). Finally, the
protonated decalin donates a proton (proton cycle) and forms
1,2,3,4,4a,5,8,8a-octahydronaphthalene. The hydride transfer
process is presumably much slower than the dimerization of
the protonated 4-MS, resulting in a rapid deactivation of the
catalysts as 4-MS dimerizes faster. Similar deactivation trends
were observed for Al,O;—S and SiO,—S. The 4-MS conversion
on SiO,—S was low, consistent with the low acidity of this
support. However, a similar low conversion on Al,0;—S,
despite a high acidity, indicates that the Lewis acid sites
present on the sulfided SiO,—Al,O; supports are different to
those on Al,O;—S.

The data of Figures 4 and $ indicate that hydrogenation of
the conjugated olefin 4-MS occurs on active sites associated
with the NiMoS phase, in agreement with previous studies that
have shown that hydrogenation reactions occur on the edge
sites of the NiMoS slabs present on the catalyst. On the other
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Figure S. Product selectivity with TOS during 4-MS hydrogenation on NiMoS/SiO,—ALO; catalysts (A,B) and the sulfided SiO,—ALO; supports
(CD) using 8.4 wt % 4-MS at 200 °C, 3.4 MPa H,, LHSV = 4 h™, and H,/feed = 392 mL(STP)/mL.

hand, the acid sites result in relatively constant dimerization
yields, and we provide evidence that the acidity of the support
and the NiMoS phase can contribute to the dimerization. We
also report that in the presence of NiMoS, the dimerization
yield increased, indicating that the presence of NiMoS
enhanced acidity and reduced the loss in active sites caused
by the deposition of gum precursors.

Finally, we examined the impact of neutralizing some of the
catalyst acidity by preparing a NiMoS/S10 catalyst doped with
a NaOH base. The catalyst was prepared by incipient wetness
impregnation, sequentially doping the S10 support with 8 wt %
Mo, 2 wt % Ni, and 3 wt % Na (from a 50% NaOH solution,
Sigma-Aldrich). The catalyst was presulfided, following the
same procedure as before. The acidity of neutralized NiMoS/
S10 (3 wt % Na), measured by NH,;TPD, decreased by about
60% compared to NiMoS/S10, as shown in Table 3.

As about 70% of the NiMoS/S10 acidity was contributed by
the support (Table 1), NaOH must have neutralized a
substantial portion of the support acid sites. However, Figure
6A shows that despite the drop in acidity caused by the NaOH
neutralization, the conversion of 4-MS was unchanged,
suggesting that the NaOH dopant did not negatively impact

Table 3. NH; TPD Measurement for NiMoS/S10 Versus
NiMoS/S10 (3 wt % Na)

catalysts acidity (mmol/g)
NiMoS/S10 1.42
NiMoS/S10 Na (3 wt %) 0.60
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Figure 6. 4-MS conversion (A) and yield of the main hydrogenated
product and C,5 dimers (B) with NiMo0S/S10 and NiMoS/S10 (3 wt
% Na) catalysts and 8.4 wt % 4-MS reacted at 200 °C, 3.4 MPa H,,
LHSV = 4 h™}, and H,/feed = 392 mL(STP).

the hydrogenation active sites of the catalyst, which are
assumed to be associated with the NiMoS phase. Figure 6B
shows a 50—60% decrease in the dimer yield (with a
corresponding increase in the hydrogenation product yield)
following NaOH treatment, suggesting that NaOH was most
effective in neutralizing the acid sites associated with the
support, while maintaining the conversion to the hydrogenated
products. These results suggest that the catalyst life span could
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be prolonged by neutralizing the acid sites of the support as the
dimerization yield is significantly reduced.

B CONCLUSIONS

The hydrogenation and dimerization of isoprene and 4-MS
over NiMoS/SiO,—Al,O; catalysts have been studied under
conditions relevant to the low-temperature hydrogenation of
Canadian oil sands naphtha. The acidity of the catalysts played
a significant role in the production of dimers that lead to
reactor fouling. The yield of C,4 dimers produced during 4-MS
hydrogenation at 200 °C, 3.4 MPa H,, LHSV =4 h™!, and H,/
feed = 392 mL(STP)/mL correlated with the total acidity of
the catalysts. The NiMoS catalysts had high yields of
hydrogenation products (>80%), whereas the sulfided supports
deactivated rapidly. The higher yield of dimers in the presence
of the NiMoS/SiO,—Al,O; catalyst compared to the support
alone can only be partly attributed to the higher acidity of the
NiMoS/SiO,—ALO; catalysts. Higher-than-expected dimer
yields are thought to arise because of the synergistic effects
between the hydrogenation sites and acid sites of the catalyst,
which decrease the deactivation of acid sites by gum
deposition. Neutralizing the catalysts with NaOH showed a
promising result with ~50% reduction in dimerization yield.
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B ABBREVIATION

ASA = amorphous aluminosilicates

BET = Brunauer—Emmett—Teller

CUS = coordinatively unsaturated sites

EDX = energy-dispersive X-ray

fzo = MoS, dispersion

GC—MS = gas chromatography—mass spectrometry

HDS = hydrodesulfurization

HRTEM = high-resolution transmission electron micros-

copy

HYDO = hydrogenation

HAADF = high-angle annular dark field

L; = the length of the layers of MoS, crystallites

LHSV = liquid hourly space velocity

MCT = mercury cadmium telluride

4-MS = 4-methylstyrene

n; = number of edge-site Mo atoms of a single layer

N; = the number of layers of each crystallite

NH,;TPD = ammonia temperature-programmed desorption
Py-DRIFT = pyridine-adsorbed diffuse reflectance infrared
Fourier transform

TOS = time on stream

x = total number of crystallites observed in the micrographs
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