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Zeolite HBEA catalyzes hydrogenation of aromatic hydrocarbons—methyl-substituted benzenes (benzene
and toluene), alkenyl-substituted benzenes (styrene), and polycyclics (naphthalene)—in presence of
excess Hy at high-temperatures (573-748 K) with rates that depend linearly on aromatic and H, pres-
sures. The observed kinetic behavior can be rationalized based on a sequence of elementary steps where
the first hydrogenation step of the adsorbed benzenic intermediate is rate-determining while subsequent
hydrogenation and desorption steps are quasi-equilibrated and H" is the most abundant surface species.
Styrene hydrogenation exhibits the highest rates among the aromatics considered and results exclusively
in ethylbenzene synthesis; in contrast, benzene/toluene and naphthalene hydrogenation results in for-
mation of their triply-hydrogenated five-membered ring and doubly-hydrogenated ring open analogs,
Ring reduction respectively. Based on independent studies involving co-reaction of cyclohexene and 1-methyl-1-
Ring opening cyclopentene with H,, we infer their facile interconversion and hydrogenation to methylcyclopentane
HBEA implying that conversion of benzene to methylcyclopentane likely occurs via intervening formation of
Methanol to hydrocarbons both five- and six-membered ring intermediates. Taken together, these studies demonstrate feasibility
of aromatics hydrogenation and propensity of benzenic rings in these hydrocarbons to undergo ring
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reduction or ring opening during their activation with H, on Brgnsted acid zeolites.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

The ability of Brensted acid zeolites to activate H, for direct
hydrogenation of olefins and monocyclic aromatics was initially
demonstrated in the 1980s by Sano and co-workers [1-3], Gadalla
etal. [4], and Kanai et al. [5]. Sano [6] implicated protons in HZSM-
5 to be the active sites for hydrogenation of olefins by observing
~25%C selectivity of C,-Cs; paraffins over a Fe/[HZSM-5 sample
(0.82 wt% Fe; Si/Al = 20) compared to ~1%C over a Fe/silicalite sam-
ple (2.2 wt% Fe) during CO hydrogenation (CO/H, ~1) at 673 K,
9.8 bar, 1000 h~'. Along the same lines, Sano [6] demonstrated
the role of protons in aromatics hydrogenation by showing that
conversion levels of benzene (H/C = 1) during its co-reaction with
excess H, (CgHg/H2 = 3/97) at 846 K, 39.3 bar, 5000 h~! over HZSM-
5 samples with fixed Si/Al (~35) but with varying amounts of Fe
(~0.009-0.7 wt%) did not vary significantly and H/C ratio of effluent
products was ~1.4 over the sample with 0.009 wt% Fe loading com-
pared to ~1.5 over samples with higher Fe contents. In their study,
benzene hydrogenation resulted in the formation of methane,
ethane, propane, toluene, and xylenes while direct hydrogenated
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analogs—cyclohexane and methylcyclopentane—were only
observed at a lower temperature (573 K).

Several experimental [7-9] and theoretical reports [10,11] since
have validated the ability of proton-form zeolites for catalyzing
olefins hydrogenation and it has been proposed that in the kinetic
regime where measured rates of alkane formation vary linearly
with olefin and H, pressures, this reaction occurs via a set of ele-
mentary steps that are the microscopic reverse of steps involved
in monomolecular dehydrogenation of paraffins [9]. Recent reports
by Arora et al. [12,13], Nieskens et al. [14], and Zhao et al. [15]
have demonstrated that the hydrogenation ability of acidic protons
can be exploited to significantly improve catalyst lifetime (at least
one order of magnitude enhancement in total turnover capacity)
during methanol-to-hydrocarbons (MTH) conversion over
Brensted acid zeolites with H, cofeeds. The formation of formalde-
hyde in transfer dehydrogenation events involving methanol, and
its involvement in electrophilic addition reactions with olefins
and methyl-substituted benzenes facilitating the formation of
polycyclics have been implicated as critical in catalyst deactivation
during MTH (Scheme 1) [16-22]. The observed improvements in
lifetime with H, cofeeds suggest that cofeeding H, intercepts
formaldehyde-mediated alkylation pathways via preferential
hydrogenation of unsaturated intermediates formed during
polycyclics production. In support of this proposal, Arora et al.
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Scheme 1. Schematic illustrating formation of formaldehyde (F) from transfer dehydrogenation of methanol (MeOH), and its involvement in Prins reactions with olefins (O)
and methyl-substituted benzenes (MB) resulting in synthesis of unsaturated intermediates—polyenes (PE) and alkenyl-substituted benzenes (AB)—that eventually transform
to polycyclics (P) during MTH over Brensted acid zeolites. Reaction scheme adapted from [19].

[13] carried out independent kinetic studies of ethene, propene,
and 1,3-butadiene hydrogenation over various Bregnsted acid zeo-
lites (HSSZ-13, HSSZ-39, HFER, and HBEA) and noted that the mea-
sured hydrogenation rate constants of 1,3-butadiene were at least
one order of magnitude (~7x to ~320x) higher than the corre-
sponding values for ethene and propene over all zeolites consid-
ered. Further, Zhao et al. [15] showed that the composition of
entrained hydrocarbons shifted from large polycyclics to light aro-
matics upon treatment of a deactivated HSAPO-34 sample with H,.
Although this demonstration, in addition to those reported by Sano
and co-workers [2,3,6], evinces the ability of Brensted acid zeolites
to effect aromatics hydrogenation, no rates, mechanisms, or path-
ways of the involved reactions have been reported in the literature.

Herein, we present results from kinetic studies of benzene,
toluene, styrene, and naphthalene hydrogenation over HBEA—a
zeolite which exhibits a 3-dimensional system of mutually inter-
secting straight 12-membered ring channels with large pore open-
ings (6.4 x 7.6 A along [100] and 5.5 x 5.5 A along [001]) that allow
facile diffusion of aromatics [23]. The measured hydrogenation
turnover rates (per H") are observed to depend linearly on reactant
pressures in all cases and a sequence of elementary steps is pre-
sented to rationalize this behavior. Two distinct pathways are con-
sidered for hydrogenation of benzene to methylcyclopentane and a
quantitative kinetic model is reported to ascribe the mechanism of
ring reduction. The mechanistic origins of higher reactivity with H,
exhibited by styrene and naphthalene compared to benzene/-
toluene are also discussed and consequences of this reactivity
trend are considered in context of MTH with H, cofeeds over
Brensted acid zeolites.

2. Materials and methods
2.1. Catalyst characterization

Zeolite BEA was sourced from Zeolyst (CP814E) in its
ammonium-form and converted to proton-form by thermal treat-
ment in flowing dry air (1.67 cm® s~'; Zero Grade, Matheson) at
823 K (0.0167 K s~! ramp rate from RT) for 4 h. The framework
type was confirmed as BEA by its powder X-ray diffraction pattern
collected using a Bruker micro-diffractometer with Cu K, (1 =
1.54 A) as radiation source (Fig. S1a of SI). The t-plot micropore vol-
ume (0.16 cm® g~!) and Brunauer-Emmett-Teller (BET) surface
area (530 m? g ') of the sample were obtained from N, adsorption
measurements collected at 77 K using an ASAP 2020 instrument
(Micromeritics). Degassing was performed by evacuating the sam-

ple tube to < 10 pmHg at 363 K (0.083 K s~! ramp rate from RT)
followed by thermal treatment in vacuo at 723 K (0.083 K s~! ramp
rate from 363 K) for 4 h prior to N, adsorption; the observed iso-
therms are shown in Fig. S1b of SI. The average crystallite size of
the sample was ascertained as ~0.25 pm from Scanning Electron
Microscopy (SEM) images (Fig. S3 of SI). The bulk Si/Al atomic ratio
of ~12.5 as determined from Scanning Electron Microscopy with
Energy Dispersive X-ray Spectroscopy (SEM-EDS) measurements
matched closely with the near-surface Si/Al ratio of 17.6 obtained
from X-ray Photoelectron Spectroscopy (XPS) measurements indi-
cating that Al atoms are uniformly distributed in the lattice. The
SEM-EDS analysis also confirmed the absence of metallic impuri-
ties in the sample. The Brensted acid site density was obtained
from NH; temperature programmed desorption (0.33 mmol g ')
and pyridine IR (0.26 mmol g~ ') measurements [13]. All rate con-
stants presented herein are normalized by the site count obtained
from NH; TPD measurement to be consistent with the procedure
used in our recent report describing kinetics of aliphatics—ethene,
propene, and 1,3-butadiene—hydrogenation on Brgnsted acid zeo-
lites [13].

2.2. Catalytic testing

All experiments were performed in a borosilicate glass-lined
stainless steel reactor tube (6.35 mm outer diameter and 4 mm
inner diameter; Scientific Glass Engineering). The proton-form
sample was subject to pelletization, crushing, and sieving to retain
180-250 pm (60-80 mesh) aggregates which were physically
mixed with aggregates of sand (Acros Organics; subjected prior
to an overnight wash in 2 M HNOs solution followed by deionized
water rinse until pH ~7, and a final thermal treatment in flowing
dry air (1.67 cm® s~ '; UHP Grade, Matheson) at 1273 K
(0.083 K s~! ramp rate from RT) for 16 h; 10 < Wtgjiuent/Wtear <
15) and packed in the middle of the reactor tube between quartz
wool (Technical Glass Products) plugs. The tubular reactor was
placed inside a resistively heated furnace (Model 3210, Applied
Test Systems) regulated with an electronic controller (Series 96,
Watlow). The reaction temperature was measured using a K-type
thermocouple (TJ36-CAXL-020U-12, Omega) wrapped around the
reactor periphery with tip placed near the axial-center. The free
volume above and below the catalyst bed was filled by quartz rods
(3 mm 0.D.; Technical Glass Products) to prevent vertical displace-
ment of the catalyst bed. Prior to catalytic measurements, the cat-
alyst bed was pretreated in flowing dry air (1.67 cm® s~!) at 823 K
(0.0167 K s~! ramp rate from RT) for 4 h before being allowed to
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cool to reaction temperature and being subject to a He (1.67 cm>-
s~1: 99.997%, Matheson) purge at reaction temperature for >2 h.
All gas flows including H, (99.9999%, Matheson), He, and Ar
(99.9995%, Matheson) were metered using mass flow controllers
(Model 5850E, Brooks). Liquid reagents including benzene
(=99.0%, ACS Reagent, Sigma-Aldrich), cyclohexene (>99.0%,
Sigma-Aldrich), 1-methyl-1-cyclopentene (>98.0%, Sigma-
Aldrich), toluene (>99.9%, HPLC Plus, Sigma-Aldrich), styrene
(=99.0% with 4-tert-butylcatechol as stabilizer which was
removed prior to use with an alumina-based inhibitor remover
(product #306320, Sigma-Aldrich), ReagentPlus®, Sigma-Aldrich),
ethylbenzene (99.8%, anhydrous, Sigma-Aldrich), and p-xylene
(=99.0%, puriss. p.a., Sigma-Aldrich) were delivered using a syr-
inge pump (Legato 100, KD Scientific), vaporized in heat traced
lines (~358 K), and swept by the flowing gas stream. Since naph-
thalene (99%, Sigma-Aldrich) is a solid at room temperature, it
was dissolved and fed as a mixture with benzene (naphthalene/
benzene ~ 35). Cyclohexene, 1-methyl-1-cyclopentene, and styrene
were also fed as a dilute mixture with toluene (R/toluene ~ 370-
525) in order to obtain low inlet partial pressures (0.04-0.30 x 10
~5 bar) which were necessary to eliminate any secondary reactions
and to obtain high selectivity of primary products resulting from
hydrogenation. Control experiments were performed with He
cofeeds instead of H, in order to verify that observed products
resulted from direct hydrogen transfer from H, and not from inter-
molecular hydrogen transfer between hydrocarbons. The total gas-
phase pressure was measured using a pressure transducer (0-
6890 kPag; PX32B1-1KGV, Omega) placed upstream of the reactor,
and controlled using a back-pressure regulator (0-3440 kPag; 44—
2300 series, Tescom) placed downstream of the reactor. The com-
position of effluent stream was characterized and quantified using
a gas chromatograph (Model 7890A, Agilent) equipped with a
dimethylpolysiloxane HP-1 column (50 m x 320 pm x 0.52 pm)
connected in parallel to a flame ionization detector and a mass
spectrometer (Model 5975C, Agilent) for detection of hydrocar-
bons, and a GS-GasPro column (60 m x 320 pum) connected to a
thermal conductivity detector for detection of permanent gases
(Hy and Ar).

3. Results
3.1. Hydrogenation of methyl-substituted benzenes on HBEA
Benzene and toluene were chosen as representative unsubsti-

tuted and methyl-substituted benzenes in this study. Reactions
of benzene and toluene with excess H, (H/R > 1500) at 673 K on

SRS

HBEA under differential conditions (<0.1% conversion) resulted
in the exclusive formation of methylcyclopentane in case of ben-
zene, and a combination of dimethylcyclopentanes, ethylcyclopen-
tane and methylcyclohexane in case of toluene as shown in
Scheme 2 along with the measured selectivites. The measured
hydrogenation rates in both cases were stable with time on stream
demonstrating absence of catalyst deactivation (Fig. S2a-b of SI)
and using the Weisz-Prater criterion [24] (Table S1 of SI), it was
verified that measured rates were not corrupted by internal diffu-
sion limitations. Further, measured hydrogenation rates in both
cases varied insignificantly with space velocity of the aromatic
(Fig. S4a-b of SI) evidencing no effects of secondary reactions or
inhibition by products on measured rates. Fig. 1 shows that mea-
sured rates of benzene and toluene hydrogenation normalized by
total Brensted acid sites (H*) in the catalyst bed depend linearly
on partial pressure of the aromatic (pg) and H, (py,), and can be
described quantitatively by the rate expression shown in Eq. (1).

;
(H']

= k§, DrPh, - (1)

The term 1<§2 in Eq. (1) represents the effective second-order rate

constant and can be enumerated as the slope of the linear fit to
measured rates as a function of aromatic or H, pressure. The values
thus obtained for benzene (k;£™) and toluene (ki7™) are (0.0012 £ 0.
0002) and (0.0033 + 0.0004), respectively, with corresponding units
asmol (molH*)"'s~!(barR)"! (bar H,) '. The temperature depen-
dence of measured rate constants for both cases is shown in Fig. S5
of SI'and can be described quantitatively by the Arrhenius equation
shown in Eq. S1 of SI. This description combined with transition
state theory also allows enumeration of apparent enthalpic and
entropic barriers for their hydrogenation (see Section S4 of SI for
details), and the corresponding values are tabulated in Table S2 of
SI alongside their 95% confidence intervals. Benzene hydrogenation
was also performed on a different HBEA sample (Zeolyst CP814C
with bulk Si/Al ~19.8 as determined by SEM-EDS measurements
which also confirmed absence of metallic impurities, and Brensted
acid site density of 0.16 mmol g~! enumerated using NH; TPD mea-
surements) as a control (see Section S5 of SI for details), and as
shown in Fig. S7a, the observed hydrogenation rates are again
observed to depend linearly on both benzene and H, pressures.
The apparent enthalpic and entropic barriers for benzene hydro-
genation calculated as (93 + 12 k] mol™!) and
(=207 = 18 ] mol~! K1), respectively, from temperature depen-
dence of measured rate constants shown in Fig. S7b are similar to

Benzene Methylcyclopentane
—
Toluene Dimethylcyclopentanes  Ethylcyclopentane Methylcyclohexane
(55%) (13%) (32%)

Scheme 2. Typical product distribution observed during benzene and toluene hydrogenation over HBEA at 673 K. The conversion level in case of toluene hydrogenation was
~0.06% during its feed at 0.0016 bar with 3.0 bar H; at 24.9 molc,us (moly.-ks)~! and 3.07 bar total pressure (including 0.068 bar Ar).
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Fig. 1. Dependence of turnover rates (per H*) of (a) benzene and (b) toluene hydrogenation on partial pressure of the aromatic (bottom-left axes) and H, (top-right axes) at
673 K and (a) 18.7-49.8 molcue (moly--ks)~'; (b) 19.9-53.0 molc,ug (moly--ks)~! over HBEA. The solid lines represent a linear fit to experimental data and quantities listed
along these lines indicate partial pressure of the aromatic or H, held constant while varying partial pressure of the other reagent. The vertical bars on each data point reflect
standard-error associated with each measurement. The total gas-phase pressure of influent stream varied between 2.07-8.07 bar (including 0.068 bar Ar).

the values of (89 = 11 k] mol™') and (—196 # 17 ] mol™' K1)
obtained on the HBEA sample employed in this study.

The linear dependence of measured turnover rates (per H*) of
benzene and toluene hydrogenation on reactant pressures (Eq.
(1)) can be rationalized by the set of elementary steps shown in
Scheme 3 with the following assumptions: (i) the fourth step
involving the first hydrogenation reaction between the proton-
bound aromatic intermediate (RH*) and intrazeolite H, species
(Hy (2)) is rate-determining; (ii) all subsequent hydrogenation
reactions and steps involving adsorption/desorption of reactants
and products are quasi-equilibrated; and (iii) H" are the most
abundant surface species.

The selective formation of five-membered cycloalkanes during
benzene and toluene hydrogenation (Scheme 5) is unlike what is
observed over metallic catalysts that primarily form cyclohexane
and methylcyclohexane, respectively [25,26]. This observation is,
however, consistent with (i) higher thermodynamic stability of
five-membered cycloalkanes compared to their six-membered ring
analogs s (calculated AGY (623 K) = —338.2 k] mol ! for methylcy-
clopentane compared to —329.9 k] mol~! for cyclohexane; detailed
calculations presented in Section S6 of SI), and (ii) the ability of
zeolitic protons to promote formation of carbenium ions that
evolve through alkyl and hydride rearrangements towards thermo-
dynamically stable forms [27-29]. The observed linear dependence
of measured hydrogenation rates on reactant pressures and the
inference that the first hydrogenation step is rate-determining
implies it is kinetically infeasible to ascertain when ring reduction
takes place since the intermediates generated will react rapidly to
form the final products observed in the effluent. Scheme 4 illus-
trates two different pathways that can be involved in the conver-
sion of benzene to methylcyclopentane. The top pathway
involving intermediate formation of cyclohexadiene and cyclohex-
ene is referred as the ‘C6 pathway’ while the bottom pathway
involving intermediate formation of methylcyclopentadiene and
methylcyclopentenes is referred as the ‘C5 pathway’. The afore-
mentioned conclusion regarding rapid disappearance of intermedi-
ates in case of benzene hydrogenation can then be mathematically

stated as k5% and k5¥ > k5%, where k5*“ and k$® represent

hydrogenation rate constants of intermediates involved in the sec-

ond and third hydrogenation steps, respectively, and kfs/ S repre-
sents the rate constant of the rate-determining first
hydrogenation step of benzene. We carried out independent stud-
ies involving hydrogenation of cyclohexene and 1-methyl-1-
cyclopentene over HBEA to enumerate k$° and kS for comparison
with k%S (= kfszG) reported earlier to verify the stated mathemat-
ical relation and ascertain if either pathway is preferred during
benzene hydrogenation.

Co-feeding cyclohexene and 1-methyl-1-cyclopentene (both
diluted with toluene) independently with excess H, (H,/R >
33,000) resulted in methylcyclopentane formation; however, in
both cases facile interconversion between cyclohexene and
methylcyclopentenes was also observed independent of the cofeed
identity among H; or He (Scheme 5 shows the effluent product dis-
tribution observed while independently feeding cyclohexene and
1-methyl-1-cyclopentene with H, under identical reaction condi-
tions). In an effort to enumerate hydrogenation rate constants of

cyclohexene and methylcyclopentene (k5° and kS°, respectively)
while considering their disposition to interconvert, we considered
an integral packed bed model with plug-flow hydrodynamics with
the corresponding differential material balance equations shown in
Egs. (2)-(4).

o St ). 2
j
<R_‘(T> % = ZriJ(l<j=pj/po) X Wo, (3)
° j
(R:‘) d(péii/p(’) = Zri-.i(kjvpj/po) X Wo, (4)
i

where n represents molar flow rate of species i measured at ambi-
ent conditions (295 K and 1 atm), w represents number of H* in the
catalyst bed, >~.ri;(k;, p;) represents net rate of formation of species i
from j reactions as a function of k; and p;, k; represents unknown
rate constant of reaction j, p; and p; represent instantaneous partial
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represents total number of H* in the catalyst bed. The boundary

k
R (9) —— R (2) K, condition for this model can be stated as p;/p, =1 for reactants
ko and O for products at inlet (y = 0).
ko _ To simplify the model, the two methylcyclopentene isomers
Hs (9) A ) H (2) Ko shown in Scheme 5 were lumped as one species, and rates of inter-
X conversion between cyclohexene and methycyclopentenes were
R(z) + HT s RH™T K; considered to depend linearly on cyclic olefin pressure while rates
k-3 of their hydrogenation were considered to depend linearly on cyc-
+ ka + lic olefin and H, pressures. Under these assumptions, the differen-
RH™ + H; (2) RH; ka tial material balance equations for (1) cyclohexene, (2)
. methylcyclopentenes, and (3) methylcyclopentane can be written
RH;' + H, (2) ;k@)i RH;™ K as Eqgs. (5)-(7), respectively.
5
ke v\ d(p,/p
RH;" +Hy(z) === RHs(z) +H" Ko (@%[kii (2/Po) = K5 (P1/Po) = K5° (P1/Po) Py, ) % Wo (5)
—6
k7 v\d
RH; (2) —=  RHq(g) Kz (ﬁ) S IPO) 52 1 /o)~ K5 (P2/Po) S (P2 ) i ] X e (6)
7
Fii R V\dps/p
R(g) +3H;  —5 RHs(g) ki, (m) SPIPe) 1S (py pe)pi, +16 Pa/po P, * o )
We used ‘ode45’ function in MATLAB to solve this set of coupled dif-
T = ky [RH'][Hy(2)] ferential equations in order to obtain partial pressure profiles of all
species along the catalyst bed (y = 0:1) and simultaneously used
r . , . : L
— = kuKsKy Ky prpm, Isqcurvefit tocisccesrtaég best eiglmates of the four unknown kinetic
[H'] — parameters (k. kS, k$°, and kS°) with the objective of minimizing
ki, the difference between values of p;/p, at y =1 obtained from

. MATLAB simulations and those measured during experiments; the

Scheme 3. Elementary steps proposed for hydrogenation of benzene and toluene .. . . .
over HBEA. The step highlighted in bold is considered as rate-determining. The code used is included in Section S7 of SI. In total, 44 different data
notations g and z in the parenthesis denote gas phase and intrazeolite phase, sets including variations in inlet partial pressures of
respectively. cyclohexene/1-methyl-1-cyclopentene (0.09-0.21 x 107> bar) and
H, (0.075-0.375 bar) while keeping total pressure fixed at
. 1.52 bar (balanced by a combination of toluene, argon, and helium),
pressures of species i and j along the catalyst bed, V represents total  and variations in inlet space velocities of cyclohexene/1-methyl-1-
volumetric flow rate of inlet feed measured at ambient conditions, cyclopentene (0.09-0.53 molcyp  (moly-ks)™!) were fitted

p, represents inlet partial pressure of the reactant, and W,  together to estimate the unknown kinetic parameters. The values

C6 pathway
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c
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% &
N | (N
+ H2
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Scheme 4. Schematic showing sequential hydrogenation steps during co-reaction of benzene and H, over HBEA leading to methylcyclopentane synthesis. The top sequence
involving intermediate formation of cyclohexadiene and cyclohexene is referred as the ‘C6 pathway’ while the bottom sequence involving intermediate formation of
methylcyclopentadiene and methylcyclopentene is referred as the ‘C5 pathway’.
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Scheme 5. Effluent product distribution observed during co-reaction of 0.11 x 107> bar cyclohexene and 1-methyl-1-cyclopentene with 0.15 bar H, over HBEA at 623 K and
0.15 molcuio (moly-ks)~'. The conversion levels in case of cyclohexene and 1-methyl-1-cyclopentene feed were 88% and 26%, respectively. The overall composition of the
influent stream was 0.11 x 10~° bar cyclohexene/1-methyl-1-cyclopentene, 59 x 10> bar toluene, 0.15 bar H,, 1.35 bar He and 0.026 bar Ar, and total pressure was 1.52 bar.

thus obtained along with their 95% confidence intervals are listed in
Table 1 ; Fig. 2 shows parity between simulated (p;,,) and experi-
mentally measured (p,,,) exit partial pressures of all species.
From Table 1 and Fig. S5 of SI, we note the following two obser-
vations: (i) hydrogenation rate constants of cyclohexene and

methylcyclopentenes (k$° = 207.0 and k5® = 45.17 mol (mol H*)™
s~1 (bar CgHq0)~! (bar H,)™!, respectively at 623 K) are six orders
of magnitude larger than the measured rate constant of benzene
hydrogenation (k5 = 0.00029 mol (mol H*)™" s~ (bar CgHg)™
(bar H,)~! at 623 K) which corroborates our conclusion that inter-
mediates generated after the rate-determining first hydrogenation
step react rapidly to the final product during benzene hydrogena-
tion; and (ii) although the rate constant of cyclohexene hydrogena-
tion is larger (~4.6x) than the corresponding value for
methylcyclopentenes hydrogenation, the rate constant of its con-
version to methylcyclopentenes is also higher (~10x) than the cor-
responding value for methylcyclopentenes conversion to
cyclohexene which implicates the likelihood of ‘C6’ and ‘C5’ path-
ways occurring concurrently during benzene hydrogenation to
methylcyclopentane.

3.2. Hydrogenation of alkenyl-substituted benzenes and polycyclics on
HBEA

Styrene and naphthalene were chosen as representative
alkenyl-substituted benzenes and polycyclics in this study. Reac-
tions of styrene (diluted with toluene) and naphthalene (diluted
with benzene) with excess H, (H,/R > 28,000) at 673 K on HBEA
under differential conditions (<11%C conversion) resulted in the

Table 1

Estimates of kinetic parameters (along with their 95% confidence intervals) dictating
interconversion between cyclohexene and methylcyclopentenes, and their hydro-
genation to methylcyclopentane at 623 K over HBEA obtained using MATLAB
simulations. Scheme 5 illustrates the specific reactions dictated by these parameters.

Kinetic Estimated Units
parameter value
KSe 4816 +11.2  mol (mol H)'s! (barR)™'
K 4802 +3.97  mol (mol H*) ' s (bar R)"!
kS8 207.0+21.2  mol (mol H) 's~! (barR)! (bar H,)™"
KS? 4517 £+7.08  mol (mol H*) ' s~! (bar R)™!

(bar Hy)™!

exclusive formation of ethylbenzene in case of styrene, and a com-
bination of 1,4-dihydronaphthalene, tetralin, 1-methyl-1-
propenyl-benzene, 1-ethenyl-4-ethyl-benzene, and 1-propenyl-
benzene (likely resulting from protolytic cracking of 1-methyl-1-
propenyl-benzene with the corresponding methyl group reacting
with benzene and naphthalene in the feed to form toluene and
methylnaphthalene, respectively, both of which were observed in
the effluent) in case of naphthalene as shown in Scheme 6 along
with the measured selectivities. Fig. 3 shows that turnover rates
(per H") of both styrene and naphthalene hydrogenation vary lin-
early with partial pressure of the aromatic and H,, as was the case
during benzene and toluene hydrogenation (Fig. 1). This again stip-
ulates that the observed kinetic behavior can be quantitatively
described by the rate expression shown in Eq. (1) and rationalized
by the sequence of elementary steps shown in Scheme 3 where the
first hydrogenation step is rate-determining regardless of the num-
ber of moles of H, incorporated in the final products observed in
the effluent. The effective second-order rate constants are enumer-
ated as (38.2 = 5.7) for styrene hydrogenation at 623 K and (0.71
+ 0.24) for naphthalene hydrogenation at 673 K with the corre-
sponding units being mol (mol H")™! s7! (bar R)™! (bar H,)™.
The temperature dependence of measured hydrogenation rate con-
stants of both styrene and naphthalene is shown in Fig. S5 of SI,
and apparent enthalpic and entropic barriers thus obtained are
tabulated in Table S2 of SI. For comparison with other hydrogena-
tion rate constants reported at 673 K, the corresponding value for
styrene is 68.1 mol (mol H*)™! s™' (bar CgHg)™! (bar H,)™! as
obtained from Fig. S5 of SI.

4. Discussion

We note that while benzene and toluene hydrogenation result
primarily in formation of their triply-hydrogenated five-
membered ring analogs, hydrogenation of styrene results only in
ethylbenzene formation via hydrogenation of the ethenyl-
substituent group while leaving the benzene ring intact (Schemes
2 and 6). Co-reacting ethylbenzene with excess H, (Hy/CgHig
~10%) at 673 K in independent studies also did not yield any hydro-
genated analogs of ethylbenzene and instead, ethylbenzene under-
went cracking to form benzene and ethene. Similarly, co-reacting
p-xylene with excess H, (H,/CgHqo ~107) at 673 K also did not
result in formation of its hydrogenated analogs and instead, p-
xylene underwent isomerization to m-xylene, and disproportiona-
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Fig. 2. Parity plot between simulated (pg;,) and experimentally (p,) measured exit partial pressures (normalized by inlet partial pressures of the reactant (p,)) of
cyclohexene ((}), methylcyclopentenes (A), and methylcyclopentane (O) during independent experiments involving co-reactions of cyclohexene or 1-methyl-1-
cyclopentene (0.09-0.21 x 10> bar) with H, (0.075-0.375 bar) at 623 K and 0.09-0.53 molc 1o (moly.-ks) ! over HBEA. The overall composition of the influent stream was
0.09-0.21 x 107> bar cyclohexene or 1-methyl-1-cyclopentene, 47.3-110.3 x 10~ bar toluene, 0.075-0.375 bar H,, 1.20-1.40 bar He and 0.026 bar Ar, and total pressure

was 1.52 bar.

O s

Styrene Ethylbenzene
—
Naphthalene Tetralin 1-Methyl-1-propenyl- 1-Ethenyl-4-ethyl- 1-Propenyl-benzene
(7%) benzene benzene (63%)
(11%) (13%)

Scheme 6. Typical product distribution observed during styrene and naphthalene hydrogenation over HBEA at 673 K. For naphthalene hydrogenation, the balance 6%
selectivity belongs to the singly-hydrogenated analog of naphthalene—1,4-dihydro-naphthalene—and the overall conversion level was ~4% during its feed at 8.7 x 10~ bar
with 3.02 bar H, and 4.7 molc, s (moly.-ks)~!; the overall composition of the influent stream was 8.7 x 10> bar naphthalene, 304.5 x 10> bar benzene, 3.02 bar H,, and

0.068 bar Ar, and total pressure was 3.09 bar.

tion to toluene and trimethylbenzenes. These observations suggest
that presence of an alkyl-substituent or more than one methyl-
substituent on the benzene ring introduces secondary reaction
pathways which prevent its activation by H; over zeolitic protons.
The mechanistic origins of this observation are still not yet fully
understood.

As deduced by differences in measured rate constants at 673 K,
both styrene and naphthalene are observed to exhibit significantly
higher (>20,300x and >210x, respectively) propensity for hydro-
genation compared to benzene/toluene. The higher reactivity of
styrene compared to benzene/toluene can be attributed to (i)
retention of aromaticity in ethylbenzene observed during styrene
hydrogenation compared to the triply-hydrogenated analogs
observed during benzene/toluene hydrogenation, and (ii) the pres-
ence of m-electron delocalization in the benzyl carbenium ion
(CeHs — CH* — CH3) that is likely formed upon interaction of the
ethenyl-substitutent group in styrene with H* compared to are-
nium ions (C¢H7 and CgH{ — CH3) that are likely formed upon
interaction of benzene and toluene with H in step 3 of Scheme 3

[30]. The higher reactivity of naphthalene compared to benzene
is consistent with similar reactivity trends observed over metal
sulfide catalysts [31] and is likely related to lower resonance
energy per ring in naphthalene (~117 kJ/mol) compared to benzene
(~167 KJ/mol) even though the overall resonance stabilization is
higher in naphthalene (~314 kJ/mol) [32,26].

In their study on aliphatics hydrogenation, Arora et al. [13]
reported effective second-order hydrogenation rate constants of
ethene, propene, and 1,3-butadiene over this HBEA sample as
0.020, 0.33, and 2.3 mol (mol H")™' s=' (bar R)™' (bar Hy)',
respectively at 673 K. Comparing these values with those mea-
sured for benzene and toluene, we infer that both olefins and
polyenes are more reactive (>6x larger rate constants) with H;
than benzene/toluene. This behavior can likely be ascribed to res-
onance stabilization present in the latter. Further, akin to the
observation of higher reactivity of alkenyl-substituted benzenes
(styrene) compared to methyl-substituted benzenes (benzene
and toluene), polyenes (1,3-butadiene) are observed to be more
reactive (>7x larger rate constant) than olefins (ethene and pro-
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and total pressure was 3.08-6.08 bar.

pene). Based on these observations, we conclude that both unsatu-
rated intermediates (polyenes and alkenyl-substituted benzenes)
and polycyclics formed in formaldehyde-mediated alkylation path-
ways during methanol conversion (Scheme 1) are more prone to
reaction with H,, which underlies the effectiveness of high-
pressure H, cofeeds in prolonging catalyst lifetimes during MTH
over Brgnsted acid zeolites [12-15,13].

5. Conclusions

Hydrogenation of benzene, toluene, styrene,and naphthalene with
excess H, on HBEA under differential conditions occurs with rates that
vary linearly with aromatic and H, pressures implicating the first
hydrogenation step to be rate-determining. Benzene and toluene
hydrogenation results primarily in formation of five-membered
cycloalkanes in contrast to metal-based catalysts which typically pro-
duce six-membered ring species. Independent studies involving reac-
tions of cyclohexene and methylcyclopentenes with H, reveal that
rate constants of their interconversion and hydrogenation to methyl-
cyclopentane are significantly larger than the measured rate constant
of benzene hydrogenation to methylcyclopentane, demonstrating
plausibility of both methylcyclopentadiene/methylcyclopentene
and cyclohexadiene/cyclohexene formation during benzene conver-
sion. Hydrogenation of styrene occurs with the highest rate among
the aromatics considered and exclusively produces ethylbenzene
keeping the benzene ring intact. Co-reacting ethylbenzene or p-
xylene with excess H, does not result in hydrogenation of the benzene
ring, but instead these reactants undergo secondary reactions includ-
ing cracking, isomerization, and disproportionation to form benzene
and toluene which subsequently can be activated by H,. Hydrogena-
tion of naphthalene results primarily in ring open products at rates
that are also higher than those measured for benzene/toluene and
canlikely berelated tolowerresonance energy perringinnaphthalene
compared to benzene. These studies demonstrate feasibility of aro-
matics hydrogenation on zeolitic protons, and the higher reactivity
of alkenyl-substituted benzenes and polycyclics compared to

methyl-substituted benzenes provides a mechanistic basis for the
reported enhancements in MTH lifetime with H, cofeeds.
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