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ABSTRACT: A combined steady-state and transient kinetic study on the
mechanism of diphenylmethane (DPM) formation in HZSM-S from HCHO
and benzene revealed two kinetically relevant steps—the alkylation of benzene by
HCHO and the deprotonation of a diphenylmethane benzenium ion (DPM*) to
form DPM. The functional dependence of the rate of each of these reactions was
determined by observing the transient rate after a step-change in reactant partial
pressures, specifically whether the rate was discontinuous through a step-change in
partial pressure. Steady-state isotopic switching experiments revealed that a
persistent surface intermediate with two aromatic rings, likely DPMY, is formed

HCHO Alkylation of Aromatics in Zeolites
Transient and Steady-State Rates = Mechanism = Kinetic Model

and has a fractional coverage ranging from sparse (near-zero) to complete (near-

one) that varies with process conditions. Reaction orders obtained from steady-state rate measurements suggest that HCHO, C4Hg,
and H,O competitively adsorb on acid sites and that DPM" deprotonation is first-order in C4Hj, implying that deprotonation is
assisted by the presence of aromatics. Herein, we propose a complete mechanism for the condensation between HCHO and C4Hg to
form DPM, and from this mechanism, a six-parameter (three kinetic/thermodynamic parameters, three apparent activation/
thermodynamic energies) kinetic model is derived that quantitatively describes the transient and steady-state rates and steady-state

fractional coverages of DPM".

KEYWORDS: chemical transients, alkylation, SSITKA, formaldehyde, kinetic modeling, methanol-to-hydrocarbons conversion,

catalyst deactivation

1. INTRODUCTION

Formaldehyde, formed by hydrogen transfer from methanol, is
implicated as being potent in mediating the transformation of
active hydrocarbon pool species (olefins and aromatics) to
inactive polycyclic hydrocarbons during methanol-to-hydro-
carbons (MTH) catalysis on microporous solid acid zeolite/
zeotype catalysts.' " Formaldehyde reacts with unsaturated
hydrocarbons via sequential alkylation and dehydration
reactions C,H, + HCHO — C,, H, + H,O, resulting in the
addition of one degree of unsaturation to hydrocarbon pool
chain carriers, which shifts product selectivity and induces
catalyst deactivation in microporous zeolite/zeotype materi-
als."”® Formaldehyde can react with any unsaturated hydro-
carbon species during methanol-to-hydrocarbon catalysis,
including olefins, dienes, and aromatics. Investigation of the
mechanism and kinetics of each of these reactions is important
for determining the relative contribution of each pathway to
the consumption of HCHO and for elucidating deactivation
mechanisms during MTH catalysis. Herein, we investigate the
kinetics and mechanism of the reaction between HCHO and
benzene to form diphenylmethane (C,3H;,) on the MTH
catalyst HZSM-S.

Martinez-Espin et al.” proposed that diphenylmethane
(DPM) is a product of HCHO condensation with benzene
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(C¢Hy) during MTH catalysis on HZSM-S at temperatures in
the range of 523—623 K. During co-reaction of CsHy with
CH;O0H, a kinetic isotope effect for DPM formation was
observed when using CD;OH as the reactant, suggesting that
C—D bond cleavage was the rate-determining step for DPM
formation. These claims were corroborated by the authors by
noting that the molecular weight of the DPM product
increased by two atomic mass units when using CD;OH as
the reactant instead of CH3;OH and by density functional
theory (DFT) calculations, which showed that a viable DPM
formation pathway involves HCHO alkylation of benzene to
form a benzyl alcohol intermediate followed by condensation
with benzene to form DPM and water.” These observations led
the authors to propose the reaction mechanism depicted in
Scheme 1, where hydrogen abstraction from methanol to form
formaldehyde is the rate-limiting step, followed by reaction
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Scheme 1. Mechanism of DPM Formation Proposed by Martinez-Espin et al.,” Where the Rate-Limiting Step (RLS) Is CH;OH
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“Climent et al.” proposed a pathway from HCHO and C4Hj involving a phenylmethelium ion intermediate (dashed lines).

with two benzene molecules and dehydration to form water
and DPM. The work by Martinez-Espin et al.” determined that
the rate-determining step for DPM formation was methanol
dehydrogenation. We investigate instead the kinetics and
mechanism of DPM formation after the genesis of the HCHO
species. Prior reports that investigate HCHO-mediated
alkylation rates and pathways identify DPM as the highest
selectivity product in the reaction between HCHO and C¢Hg
on zeolite catalysts (HY and HZSM-S) during liquid-phase
batch reactions.”” Climent et al.” proposed a DPM formation
mechanism on HY that is similar to the mechanism proposed
by Martinez-Espin et al.” for HZSM-S, with the exception that
benzyl alcohol dehydrates to form a phenylmethelium ion
(C,H,") before reaction with C4Hy to form DPM"* (dotted
lines in Scheme 1). We report here the kinetics and mechanism
of DPM at low partial pressures of HCHO (<0.5 kPa) and
CgHg (<S kPa) during gas-phase reaction.

Specifically, we investigate the kinetics and mechanism of
DPM formation from HCHO and CiHg on self-pillared
pentasil (SPP) HZSM-$ catalysts, a material with ~1.5 unit cell
sheets of HZSM-5 chosen here to avoid complications due to
diffusive transport.'” We observe transients during reaction,
which were not reported in previous studies, and we
demonstrate that these transients are the result of the slowly
evolving fractional coverage of DPM" during reaction. Further,
we show that DPM" is a persistent species that is formed and
consumed by irreversible reactions in series, either of which
can be rate-controlling depending on the reaction conditions.
The deprotonation of DPM" is facilitated by aromatic species,
such that the proton transfer from DPM" back to the zeolite is
first-order in aromatics partial pressure.''

2. METHODS

2.1. Catalyst Synthesis. Self-pillared pentasil (SPP)
HZSM-S was chosen for this study because of its ~3 nm
diffusion length scales to reduce potential complications arising
from transport limitations.'”'> SPP-HZSM-$ was synthesized
following a procedure reported previously,'”'” with a Si/Al
ratio of 100 during synthesis. After synthesis, the zeolite was
dried at 343 K for 12 h, followed by oxidative thermal
treatment at 823 K for 12 h in air. The zeolite was then washed
with distilled water and thrice ion-exchanged with a 1.0 mol
L™! ammonia nitrate solution at 353 K for § h, washed with
water, dried at 343 K, and thermally treated in air at 823 K for
4 h to produce proton-form SPP-HZSM-5, assessed by amine
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titration and temperature-programmed desorption (TPD, see
Section 2.2).

2.2, Ammonia and 2,6-Di-tert-butylpyridine Temper-
ature-Programmed Desorption (TPD). A gas stream
containing 0.14 cm® s™' NH; (Praxair, 1% in He) diluted in
1.42 cm® s™! He and 0.167 cm® s~ Ar (internal standard) was
fed to a fixed bed of 0.093 g of SPP-HZSM-5 heated to 423 K
until 2 h after the NH; concentration in the reactor eftfluent
was the same as the reactor influent. Adsorbing NH; at 423 K
titrates only the Bronsted-acidic sites in the framework and will
not adsorb to Lewis-acidic aluminum in the zeolite
channels."”'* An online mass spectrometer (MKS Instru-
ments) was used to monitor the concentration of NH; (m/z =
16) and Ar (m/z = 40) in the reactor effluent. The reactor bed
was flushed at 423 K with 1.56 cm® s™ He and 0.167 cm® s™*
Ar for at least 4 h to remove any physisorbed NH; before
heating at 0.167 K s™' to 723 K. The temperature was held at
723 K until the NH; concentration in the effluent reached
zero. The amount of NH; that desorbed during the
temperature ramp is considered to be stoichiometric with the
number of Bronsted acid sites on the SPP-HZSM-5 catalyst.
All gas flow rates in this study are at 298 K and atmospheric
pressure.

A similar protocol was followed for the 2,6-di-tert-
butylpyridine (DTBP) TPD experiments. A solution contain-
ing 0.048 g of DTBP (>97%, Sigma-Aldrich) was added to
13.2 g of C4Hy. The C¢Hg-DTBP solution was injected into a
1.12 cm® s' He and 0.073 cm® s™ Ar (internal standard)
stream via a syringe pump (KD Scientific) at a liquid flow rate
of 3.5 X 107 cm® s7'. The stream was fed to a fixed bed
reactor with 0.017 g SPP-HZSM-5 heated to 353 K for 1 h
after the concentration of DTBP in the effluent was the same
as the DTBP concentration in the influent. The reactor effluent
was monitored by injection into a gas chromatograph (GC)
equipped with a flame ionization detector (FID) and a thermal
conductivity detector (TCD). After adsorption, the reactor bed
was flushed at 353 K with He (1.12 cm® s7') and Ar (0.073
cm® s71) for 2 h. The reactor was then heated at 0.33 K s™* to
873 K in He (1.12 cm® s7') and Ar (0.073 cm® s7'), and the
reactor effluent was monitored by GC-FID/TCD at 1 min
intervals. The reactor temperature was held at 873 K until
DTBP was no longer observed in the reactor effluent. The total
moles of DTBP that desorbed during the temperature ramp
was considered to be stoichiometric with the number of
external Bronsted acid sites because the bulky tert-butyl groups
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impede the diffusion of DTBP into the microporous channels
of the SPP-HZSM-$ zeolite.'"”

2.3. Transient and Steady-State Diphenylmethane
Rate Measurements. A solution of HCHO and H,O was
prepared by adding H,O (Fisher Chemical, HPLC-grade
submicron-filtered) to a HCHO/H,O solution (Thermo
Scientific, 16% w/v HCHO in H,O, methanol-free) in ratios
dependent on the reaction conditions. The HCHO/H,O
solution, additional H,O feed, and C4Hj (Sigma-Aldrich, ACS
reagent, >99.0%) were injected via syringe pumps (KD
Scientific, Cole-Parmer) into a stream of 2.07 cm® s™' He
and 0.073 cm® s™' Ar (internal standard) via heated liquid
injection ports. The temperature of the injection ports varied
with the liquid flow rate and reactant to achieve stable flows. A
1000 cm® mixing volume located downstream of the liquid
injection ports was used to stabilize the concentrations of the
reactor feed. The reactant stream was carried to and from one
of two identical reactors via stainless steel lines heated to at
least 353 K. The packed bed reactor is an annulus (0.4 cm od;
0.16 cm id) with a thermowell containing a K-type
thermocouple that measures the temperature at the radial
and axial centers of the packed bed. The outer wall of the
annulus is borosilicate glass-lined stainless steel (SGE
Analytical Science) and the inner wall is stainless steel. The
reactor bed is heated externally by a resistive heating element
(ARi Industries Inc.) controlled by a Watlow temperature
controller. Reactant stream pressures are monitored by a
pressure-transducer upstream of the reactor. Gas flows are
controlled by mass-flow controllers (Brooks).

The SPP-HZSM-S samples were crushed using a mortar and
pestle and pressed to a pressure of 4000 psi, crushed again, and
sieved between mesh 40 and 80 to obtain catalyst pellets of
size 180—420 pm. SPP-HZSM-S catalyst particles (0.0109—
0.0122 g) were physically mixed with quartz sand (~0.1 g,
acid-washed with 2 M HNO;, rinsed with deionized water, and
heated to 1273 K in flowing air for 12 h) and loaded into a
reactor. Quartz wool was loaded before and after the reactor
bed to keep it in place. Diphenylmethane formation rates were
measured from 353 to 393 K at differential conversion (<3.4%
conversion HCHO, <1% CHy) conditions. A discussion on
heat and mass transport limitations can be found in Section S1
of the Supporting Information.

Diphenylmethane was the major product (typically >99 mol
% selectivity, at minimum 82 mol % selectivity) under all
reaction conditions studied. The reactor effluent was
monitored by an online Agilent 7890 A gas chromatograph
(GC) equipped with a flame ionization detector (FID) and a
thermal conductivity detector (TCD). Hydrocarbon species
(HCHO, C4Hy, DPM, etc.) were separated on an Agilent HP-
1 column (50 m X 0.320 mm) and quantified in the FID.
Nonhydrocarbon species (H,O, Ar) were separated in an HP-
Plot-Q (60 m X 0.320 mm) column and quantified in the
TCD. The signal peaks in the FID and TCD chromatograms
of the reactor effluent were assigned by comparison to
chromatograms of known compounds injected into the GC,
in addition to taking 10 cm® gaseous samples from the reactor
effluent via a gas-tight syringe and injecting this sample into a
gas chromatograph—mass spectrometer (GC-MS) to obtain
the mass spectra of the various products.

The catalyst bed was regenerated between successive
experiments by oxidative thermal treatments by flowing 1.67
cm® s7! zero-grade air through the catalyst bed beginning at
the reaction temperature and heating at 0.0167 K s™' to 823 K
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and holding for 6 h. The rate per mass of SPP-HZSM-S
degrades over repeated regenerations. This loss of activity is
attributed to dealumination and collapse of the framework
during thermal treatment, leading to the degradation of the
catalyst and loss of active sites. To account for this loss of sites,
a reference condition (0.010 kPa HCHO, 4 kPa H,O, 0.44 kPa
C¢Hg, 393 K) was repeated regularly to determine the
fractional activity remaining. The decrease in rate per mass
catalyst was assumed to degrade linearly between reference
tests. The change in rate per mass catalyst over time for each
reactor bed is shown in Figure S3 of Section S2 in the
Supporting Information. Typically, only one steady-state rate
per reactor bed was measured per day. Sometimes, more than
one steady-state rate was obtained per experiment by changing
the reactant pressures after acquiring a previous steady-state
data point. During these experiments, the first reaction
condition was repeated at the end of the day to ensure the
catalyst deactivated by less than 15% between the first and last
steady-state rate measurements.

2.4, Steady-State Isotopic Transient Kinetic Analysis
(SSITKA). SSITKA was used to determine the identity and
fractional coverage of surface intermediates during steady-state
reaction. During reaction, '*C4Hy and “CgHg (>99% '°C,
Sigma-Aldrich) were fed in parallel via syringe pumps into
heated He carrier streams to opposite inlets of a Valco four-
way valve (located downstream of mixing volumes varying in
size from 100 to 1000 cm®) that selected which among the
2C- or C-labeled stream was fed to the reactor. After the
four-way valve, the C4Hg stream sent to the reactor was
combined with the stream carrying HCHO, H, 0, 2.07 cm®s7!
He, and 0.073 cm® s™" Ar and this mixed gas stream was fed to
the reactor. Initially, '*C4Hg is fed to the reactor with HCHO
and H,0O until the DPM formation rate was invariant in time
for ~45 min (three consecutive GC injections), ie., steady
state, as monitored by GC (Agilent 7890 A) equipped with an
HP-1 column connected to an Agilent 5975c¢ mass
spectrometer (MS). After the reaction was at steady state,
the four-way valve was flipped to feed *C4Hy to the reactor
and vent '*C4H. The isotopologue distribution and effluent
composition were monitored by GC-MS until the product
isotopologue distribution reached steady state. SSITKA was
performed at two reaction conditions: 393 K, 0.02 kPa HCHO,
4 kPa H,O, 0.4 kPa C4Hy and 393 K, 0.2 kPa HCHO, 2 kPa
H,0, 0.4 kPa C4Hq.

3. RESULTS AND DISCUSSION

3.1. Amine Titration of Acid Sites. The density of
internal and external acid sites on the SPP-HZSM-S catalyst
was assessed by NH; and 2,6-di-tert-butylpyridine (DTBP)
temperature-programmed desorption (TPD). Ammonia ad-
sorbs onto both internal and external Bronsted acid sites, while
the bulky tert-butyl groups on DTBP prevent the diffusion of
DTBP into the micropores of the zeolite channels and thus
only titrate the external Bronsted acid sites.'”'> The amount of
adsorbed titrant for each amine is reported in Table 1. The
amine desorption profiles are shown in Figure S3 in Section S3

Table 1. Moles of Amine Titrant Adsorbed on SPP-HZSM-5

moles adsorbed (umol g™*)

141.2
56.6

amine titrant

NH,
DTBP
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Figure 1. Transients observed starting from fresh catalyst (¢ = 0) and after step-changes in the partial pressure of a reactant (dashed line). The solid
lines are the predicted rates based on a model with two irreversible reactions in series using parameters estimated from steady-state rate
measurements. (a) Step-change in the HCHO pressure from 0.010 to 0.028 kPa with T = 393 K, 0.41 kPa C4Hy, 3.7 kPa H,0; (b) step-change in
the H,O pressure from 3.8 to 5.8 kPa with T = 393 K, 0.41 kPa C4H,, 0.019 kPa HCHO; and (c) step-change in the C¢H, pressure from 0.41 to

1.3 kPa with T = 393 K, 0.010 kPa HCHO, and 3.7 kPa H,O.

of the Supporting Information. The small effective crystallite
size of SPP-HZSM-5 results in a greater fraction of acid sites
on the external surface of the catalyst compared to typical
HZSM-5 catalysts.'’ For the material used in this study, ~40%
of acid sites are on the external surface, in line with previous
reports.'’ The DPM rate per acid site was slightly higher for
internal + external acid sites than internal sites only, suggesting
that external acid sites are more active than internal sites for
DPM formation, as reported in Figure S4 in Section S4 of the
Supporting Information. This effect may be a result of lower
deprotonation energies or lower effective dielectric constants at
the external surface compared to internal sites or other
electrostatic interactions that arise as a result of confining
voids.' "’

3.2. Transient Step-Change Measurements. Transients
in the rate of diphenylmethane formation lasting several hours
are observed during the reaction between HCHO and C¢Hg on
HZSM-5 when starting the reaction with a fresh catalyst or
when a reaction condition is changed. The transients observed
when starting from fresh catalyst (at time t = 0) and after step-
changing the pressure of HCHO, H,0, and C¢Hy are depicted
in Figure 1. When the partial pressure of HCHO or H,O is
step-changed (Figure la,b), the rate appears to change
monotonically and continuously to a new steady-state value.
In contrast, the rate appears to change discontinuously when
the partial pressure of C4Hy is step-changed (Figure 1c). In
these experiments, the rate is not measured continuously and
thus it is not possible to definitively determine whether the rate
is continuous or discontinuous when each reactant pressure is
step-changed; however, it is clear that there are two important
time scales for the transient observed when step-changing
C¢Hg partial pressure—the time scale for partial pressure
changes (within one GC injection, <12 min) and the time scale
for reaching steady state (1—3 h). Comparison of the
transients strongly suggests that the rate is nearly discontin-
uous when changing the partial pressure of CsHy. The validity
of this hypothesis is evaluated in Section 3.4.

Transients are ubiquitous in catalysis and provide essential
information about the underlying reaction mechanism. These
disparate time scales in the transients observed during step-
changes in partial pressures can be leveraged to elucidate the
partial pressure dependencies of various steps in the DPM
reaction mechanism as we discuss below. The observed rate of
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DPM formation is a sum of the rates of all elementary step
reactions multiplied by the stoichiometric coeflicient of DPM

(eq 1)

ropm(t) /L = Z Y, pem”i(t)

= Z Y, pemk; I I (0.1))%" I I (B(t))"%
i j* j
(1)

where L is the number of active sites, v;ppy is the
stoichiometric coefficient for DPM in reaction i, Hj* is the
fractional coverage of surface intermediate j*, P; are the partial
pressures for reactants j, and «;jx and a;; are the reaction orders
of surface intermediates j* and reactants j for reaction i,
respectively. In eq 1, it is assumed that the number of active
sites, rate constants, stoichiometric coefficients, and reaction
orders are invariant in time. The partial pressures only change
at the start of the reaction and at the time of step-changes in
partial pressures. In eq 1, the partial pressures change on time
scales on the order of minutes, while the fractional coverages of
surface species change in time with time scales that are dictated
by the reaction kinetics and can be on the order of seconds to
days. From eq 1, if there is a transient in the formation rate of a
product over several hours, this necessarily requires that the
fractional coverages of surface species are changing in time. It
is assumed that the number of active sites is constant, but this
quantity can change if (i) active sites are lost to deactivation or
(ii) the structure of the catalyst is evolving. The transients
observed in this system often involve rate increasing in time
(Figure 1), which would require a concomitant increase in the
number of active sites with time on stream. Unmodified, well-
defined proton-form zeolite catalysts do not form additional
sites with time on stream except during oxidative thermal
treatment to remove deposited carbon, and thus, for this
system, slowly evolving surface coverages with time on stream
offer the most likely explanation for the transients observed.
The observed transients in rate are ~1—3 h, suggesting that
there is at least one kinetically relevant surface intermediate
that requires several hours to reach a steady-state fractional
coverage. This occurs when the rates of the reactions that form
and consume the reaction intermediate are “slow” (relative to
other important time scales in the reaction and to the data-

https://dx.doi.org/10.1021/acscatal.0c02991
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sampling rate). Knowing that the formation and consumption
rates of at least one reaction intermediate are slow compared to
those of other reactions in the overall reaction network, we
propose a mechanistic description where the overall reaction
network can be separated into two subreaction networks
depicted in Scheme 2. In this mechanism, the network of

Scheme 2. Proposed Reaction Mechanism Based on
Transients in DPM Rate with Step-Changes in Reactant
Partial Pressures, as Shown in Figure 17

. Reaction
= ' Network2 —>* *DPPM

Reaction
> Network 1

ry/L= B-fl(kir Kj, Pycro, Prjo Pcf,Ha) r2/L = Bl'fl(kl' Kj, PCsHa)

“Reactions in reaction network 1 and reaction network 2 are assumed
to be at pseudo-steady-state conditions at much shorter time scales
than the pseudo-steady-state assumption is valid for the reaction
intermediate I*.

reactions that form (reaction network 1) and consume
(reaction network 2) the reaction intermediate, I*, reaches a
pseudo-steady state at much shorter time scales than the time
scale required for the pseudo-steady-state assumption to be
valid on the intermediate I*. Hence, we can treat the rate
functions of the subreaction networks as pseudo-steady-state
rate functions (r, for the formation of I* and r, for the
consumption of I1*), even during the transient when the
pseudo-steady-state approximation on I* is invalid, such that
eq 2 describes the fractional coverage of I* in time

OO

dt L L ()

The reaction rate for the consumption of I* is then equal to
the rate of DPM formation (r,) and can be written as eq 3

r(t)/L = 61:(t)f, (k;, Ky Pacrio(t), Pega, (), Pu,o(t))

()
where r, is the rate of DPM formation, L is the number of
active sites, k; and K; are the elementary step rate and
equilibrium constants, respectively, 6y« is the fractional surface
coverage of the reaction intermediate, I*, and f, is a function
that describes the dependencies of the elementary step rate on
k, K, and the reactant partial pressures, P, Equation 3 is
written with only one surface species in the elementary step
because zeolites do not typically catalyze reactions involving
two sites, especially in high Si/Al materials like the catalyst
used in this study. From eq 3, the pressure dependencies of the
rate function for the consumption of I* can be probed by
studying the transient rate during step-changes in the partial
pressure of each reactant, as is demonstrated herein.

The continuity or discontinuity in the transient rate when
step-changing the partial pressure of each reactant provides
insights about the pressure dependencies of the steps
comprising the composite reaction network. During the
transient rate measurements shown in Figure 1, the reactant
partial pressures only change at the start of the experiment ( =
0) and at the time of the step-change (indicated by dashed
lines) and reach stable values within minutes. At the time of

the step-change, the partial pressure of a species changes nearly
discontinuously (e.g., benzene pressure changes from 0.41 to
1.3 kPa at the dashed line for the data shown in Figure 1c). If
the function f, in eq 3 depends on these partial pressures, its
value will also change discontinuously, which in turn will result
in a discontinuity in the rate of DPM formation, r,, because the
rate is changing on the time scale that the partial pressures are
changing. In this way, by monitoring whether the reaction rate
undergoes a near-discontinuous change when reactant partial
pressures are step-changed, the functional dependence of f,
can be ascertained. From Figure 1, the rate changes
discontinuously only when the partial pressure of C¢Hy is
step-changed, and thus we conclude (eq 4)

fz =f2(kj) KI‘J PC6H6(t)) (4)

such that the formation of the final DPM product, which is the
net rate of reaction network 2 in Scheme 2, is a function only
of the fractional coverage of I* and the partial pressure of CsHg
and does not depend on the partial pressures of H,O or
HCHO.

The steady-state DPM rate changes as a function of HCHO
and H,O partial pressures, as shown in Figure lab. Because
the rate r, does not depend on HCHO and H,O partial
pressures, the rate function for the formation of I*, r;, must
depend on the partial pressures of these reactants. During a
step-change in the CgHy partial pressure, a discontinuity is
observed if the rate function r, is a function of the benzene
partial pressure, regardless of whether the rate function r, is a
function of the C¢Hy partial pressure. Thus, from the transient
data shown in Figure 1, it is not possible to determine with
certainty whether the rate of formation of the surface
intermediate, I*, depends on the partial pressure of CsHg;
therefore, the formation rate of the surface intermediate (r,) is
assumed to be of the form given in eq S to include the
possibility of rates depending on the C4Hy partial pressure

n/L = 9*(1‘)1:1 (kjl I<jr Pycuo(t), PHzo(t)» PcéHé(t)) (5)

The dependency of this rate on the partial pressure of C4Hj is
assessed by steady-state rate measurements by varying the
Ce¢Hg pressure at conditions where the formation of I* is
known to be rate-controlling for DPM formation (see Section
3.3).

We recently extended the concept of rate-controlling steps
to non(pseudo)steady-state rates; the method developed
therein enables analytical relationships between features of
the transient rate (e.g,, discontinuities and extrema) during
step-changes in the reactant pressure and the pressure
dependencies of the elementary step reactions.'® At the time
of a step-change, only steps that consume or form the final
product are rate-controlling because the fractional coverages
depend solely on the initial condition at this time and are not
functions of the rate constants,'® such that the DPM rate is
given by a function of the form (eq 6)

Vz(t = t0+)

- = f, (k;, K;, P )0 0

(6)
where t,* is the time immediately after the step-change and 0y«
is the fractional coverage of I* at the time of the step-change.
For the transients observed in Figure 1, we see that the rate at
the time of the step-change depends on the partial pressure of
C¢Hg but not on the partial pressures of HCHO or H,O
because a discontinuous change in the rate is observed only
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when step-changing the partial pressure of C4Hg. Further, the
step that is rate-controlling at the time of the step-change is
likely not rate-controlling at steady state at these reaction
conditions since the steady-state rate is a function of HCHO
and H,O pressures (Figure 1). Thus, at the reaction conditions
in Figure 1, we conclude that the rate-controlling step is
changing as a function of time, where (i) at the start of the
transient, the consumption of I* to form DPM is rate-
controlling and is a function only of the C4Hy partial pressure
and (ii) at steady state, the formation of I* is rate-controlling
and is a function of HCHO and H,O partial pressures. Thus,
the partial pressure dependencies of the initial (at time t = ¢,
immediately after the step-change) and steady-state rates and
the observed transients during step-changes in the partial
pressure are rationalized by degrees of rate control at
non(pseudo)steady-state conditions. Discussion on how the
degrees of rate control for DPM formation evolve during each
of the transients in Figure 1 can be found in Section S5 of the
Supporting Information.

From transient step-change experiments, we identified that
there are two rate functions that describe the rate of DPM
formation—one function for the formation of a surface
intermediate, I¥, and another function for the consumption
of the surface intermediate to form the final product, DPM.
The surface intermediate, I*, does not rapidly reach a steady-
state fractional coverage, but instead changes slowly in time
with each change in the reaction condition, resulting in a
transient in the DPM formation rate. In the next section, we
report and discuss observations from measured steady-state
reaction rates to obtain a detailed mechanistic description for
reaction networks 1 and 2 in Scheme 2 and identify potential
rate-controlling transition states for DPM formation.

3.3. Steady-State Rate Measurements. The reaction
temperature and partial pressures of HCHO, H,O, and C¢Hg
were systematically varied to investigate the steady-state
kinetics of DPM formation. The rate measurements were
obtained under differential conversion conditions (<3.4%
HCHO, <1% C¢Hy). In total, 153 independent steady-state
rate measurements were obtained. These data are tabulated in
Table S1 in Section S6 of the Supporting Information, and a
subset of these data are reported in Figures 2 and 3.

In Figure 2a, at low HCHO pressures, the DPM formation
rate is first-order in HCHO. From the transient step-change
experiments, we determined that the rate of formation of the
surface intermediate, I*, was a function of the partial pressure
of HCHO, but the rate of consumption of this intermediate
depends only on the C4Hg partial pressure. The rate of I*
formation is likely at most first-order in HCHO because only
one HCHO molecule appears in the overall reaction, and
because the overall rate at low HCHO pressure is first-order in
HCHO, the formation of the surface intermediate is likely the
rate-controlling step at this condition. The unfilled data points
indicated by the star in Figure 2a,c are at the same reaction
condition, where the reaction is first-order in HCHO and also
nonzero-order in benzene. Thus, the rate of I* formation is a
function of benzene pressure and the functional dependence of
fi includes dependence on benzene partial pressure, as
reported above in eq S.

Inhibition by H,O is more significant at low benzene
pressures (Figure 3), where the reaction is first-order in
benzene (Figure 2c), than at high benzene pressures, where the
reaction order of benzene is zero. This simultaneous change in
reaction orders suggests that both H,O and C4Hg compete for
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Figure 2. Steady-state rates at varying reaction conditions. (a) Rate as
a function of the HCHO pressure with T = 393 K, 0.37—0.43 kPa
CgHy, with varying H,O pressures (1.9, 3.9, and 7.5 kPa). (b) Rate as
a function of the H,O pressure with T = 393 K, 0.41—-0.42 kPa C4Hj,
and varying HCHO pressures (0.010, 0.019, and 0.19 kPa). (c) Rate
as a function of the C4H, pressure at T = 393 K, at varying conditions:
squares, 0.18 kPa HCHO, 4.1 kPa H,0; diamonds, 0.012 kPa
HCHO, 4.0 kPa H,0; and triangles, 0.012 kPa HCHO, 7.4 kPa H,O.
(d) Rate as a function of the C4Hy pressure at varying temperatures
(T = 363, 378, and 393 K) with 0.009—0.012 kPa HCHO, 1.9-2.4
kPa H,0. The lines are the model fits to the experimental data (see
Section 3.5). Stars (*) pointing to the unfilled symbols in (a) and (c)
indicate the same experimental conditions.
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Figure 3. Plot of rate versus H,O pressure at (square) low and
(diamond) high Py; o/Pc g, ratios at 393 K, 0.009—0.012 kPa HCHO
and (square) 1.39—1.48 kPa C4Hy, (diamond) 0.27—0.31 kPa C Hg.
The lines are the power-law fits, where the power is the apparent
reaction order of Py .

the same site and, depending on their respective pressures,
either H,O* or C¢Hg* surface species dominate. A plausible
mechanism that agrees with these steady-state and transient
rate data is shown in Scheme 3, where the adsorbed HCHO,
which is in competition with the adsorption of C¢Hy and H,O,
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Scheme 3. Proposed Reaction Network for the Formation of DPM
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reacts with benzene to form the surface intermediate, I*, which
further reacts with C;Hg (see eq 4) to form DPM. In addition
to being inhibited by the adsorption of H,O on acid sites, the
reaction is also inhibited by HCHO hydration by H,O to form
methane diol (CH,0,), as reported by Bollini et al,”? giving a
minimum reaction order of —2 in water.

Methane diol was not observed; however, the decom-
position of CH,O, to H,O and HCHO occurs in the gas
phase”®™** and may occur in the stainless steel lines (heated up
to 473 K) or in the GC inlet (heated to 473 K), both
maintained at elevated temperatures where HCHO becomes
more thermodynamically favorable than methane diol.'” An
alternative explanation for the observed reaction orders in H,O
and C¢Hy is the formation of H,0—H,O and C(H,—H,O
dimers instead of the formation of methane diol (Scheme 3),
but these mechanistic hypotheses are kinetically indistinguish-
able. In Scheme 3, the equilibrium between HCHO and
CH,0, is described by eq 7

Pen,o,

Py, 0Prcro (7)
where Kyyq is the pressure equilibrium constant for HCHO
hydration and P; are the equilibrium partial pressures of
CH,0,, H,0, and HCHO. By mole balance under differential

conversion conditions, the partial pressures of HCHO and
CH,O, sum to the partial pressure of the inlet HCHO, Pycpo,

(eq 8)

Pucro + Pen,o, = Pucro,o

I<hyd =

(8)

Combining eqs 7 and 8, the partial pressure of HCHO during
reaction, Pycyo, is related to the HCHO pressure fed to the
reactor, Pycpoo by eq 9

PHCHO,O

Pucpo = —H00
T 4 KyyaPao

)

where HCHO pressures reported in this work are Pycyo . The
rate function for the formation of I* from the reaction network
shown in Scheme 3 (see Section S7 in the Supporting
Information for derivation) is thus given by eq 10

kiKycnoPucho,oPcn,/ 1+ Kiyab) HZO)

KiscroPcro o *
———— = + K-y P, K
T+ Ky B + KeaPeg, + KioPu,0

n/L
1+

(10)

where 6. = 6« + QHCHO* + HCGHG* + 9H20* =1 - 91* is the
fractional coverage of all species that are equilibrated with
vacant proton sites. The rate of I* consumption to form DPM
in Scheme 3 is an elementary step with the rate given by eq 11

n/L = kZPC6H601* (11)
Combining eqs 10 and 11 and noting that at steady state r; = r,
and at all times 0« = 1 — 6, the rate function for DPM

formation for the composite reaction shown in Scheme 3 is (eq
12)

klkZI<HCHOPHCHO,OPC6H6/ (1 + KhydPHZO)

ropm/ L =
DPM kKycnob HCHO,0

1+ KiyaPryo

I*

+k, +
E3

where each term in the denominator corresponds to the
fractional coverage of a surface species, indicated by the
brackets. Equation 12 shows the full rate function for the
reaction in Scheme 3. Many terms in the denominator of eq 12
are negligible because the corresponding species have low

fractional coverages, and thus multiple kinetic/thermodynamic

k3 KicroPucro,o
1+ KypyaPry0

+ kKenPen, + kaKu,oPu,o
CH,* H,0*

HCHO*

(12)

parameters are not estimable from the kinetic data, which
requires us to simplify eq 12 to only include relevant quantities.

At high HCHO pressures, the rate becomes zero-order in
HCHO (Figure 2a). This can occur because (i) the HCHO
coverage approaches unity and the formation of I* is rate-
controlling or (ii) the coverage of I* approaches unity and the
consumption of I* becomes rate-controlling at high HCHO

10442 https://dx.doi.org/10.1021/acscatal.0c02991
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pressures, whose rate function depends on only the benzene
partial pressure (eq 11). If (i) is true, then the third term in the
denominator of eq 12 becomes much larger than all other
denominator terms, and eq 12 simplifies to rppy/L = kiPc g,

which is order zero in water, order zero in HCHO, and order
one in benzene. If (ii) is true, then the first term in the
denominator of eq 12 becomes much larger than all other
denominator terms, and eq 12 simplifies to rppy/L = kyPc g,

which is order zero in H,O, order zero in HCHO, and order
one in benzene. These cases are indistinguishable from steady-
state rate measurements.

From steady-state rate measurements, we identified that the
formation of a reaction intermediate, I*, is rate-controlling at
least at low HCHO pressures and that the rate function for the
formation of I* depends on HCHO, H,0, and C4Hy partial
pressures. A plausible reaction network for the formation and
consumption of I* was proposed (Scheme 3). Steady-state rate
measurements were not able to ascertain whether the
formation or consumption of I* is rate-controlling at high
HCHO pressures, where the reaction order of HCHO
approaches zero. In the following section, we use isotopic
switching experiments to assess the steady-state fractional
coverage and identity of I* to determine the rate-controlling
steps of DPM formation.

3.4. Steady-State Isotopic Transient Kinetic Analysis
(SSITKA). During SSITKA, the reactant feed was switched
from *C¢Hy to “CgHg at steady state. After the isotopic
switch, the surface intermediate formed prior to the switch will
have '?C-labeled six-membered rings. The isotopic content of
the first DPM product formed immediately after the isotopic
switch depends on the number of six-membered rings in the
surface intermediate, I*, and the number of six-membered
rings added to I* from the gas phase to form DPM. The
number of '*C-labeled aromatic rings in the first DPM product
after the isotopic switch is equal to the number of six-
membered rings in I*.

The results of the isotopic switching experiments at two
different reaction conditions are shown in Figure 4. At both
reaction conditions, the first DPM product formed immedi-
ately after the switch has an m/z = 168, corresponding to
entirely '’C-labeled DPM. Only trace amounts of DPM
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Figure 4. SSITKA experiments where '>C4Hy is switched to *CHj at
the dashed line. The shaded area under the curve is proportional to
the fractional coverage of I* at steady state. (a) 393 K, 0.02 kPa
HCHO, 4 kPa H,0, 0.4 kPa C¢H,. The net rate of DPM is order ~1
in HCHO. (b) 393 K, 0.2 kPa HCHO, 2 kPa H,0, 0.4 kPa C¢H,. The
net rate of DPM is order <1 in HCHO.

product with one labeled aromatic ring (m/z = 174) were
observed. These data suggest that the reaction intermediate, I*,
has two six-membered rings. This is consistent with a
protonated diphenylmethane benzenium ion (Ci3H;3") as I*.
Stable methylated DPM benzenium ions are important
intermediates in alkylaromatic transalkylation pathways in
zeolite catalysts,”* ™" including HZSM-5."**” Computational
calculations suggest deprotonation activation energies of
methylated DPM* in TON’® and FAU* zeolite catalysts of
70 and 7S kJ mol ™!, respectively.

As the reaction progresses, all '*C-labeled I* is consumed
and replaced with '*C-labeled I*, and an increase in DPM
product with two *C-labeled aromatic rings (m/z = 180) is
observed. The total amount of the '*C-labeled DPM product
formed after the isotopic switch corresponds to the steady-
state fractional coverage of I*. Figure 4a shows the SSITKA
results for a steady-state reaction condition where the rate of
DPM formation is order ~1 in HCHO (low HCHO pressure),
and Figure 4b shows the SSITKA results where the steady-
state rate is order <1 in HCHO (high HCHO pressure). The
corresponding steady-state fractional coverages of I* (DPM*)
for reaction order ~1 and <1 are 0.18 and 0.68, respectively.
This suggests that the reaction order of HCHO changes not
because the fractional coverage of HCHO® is approaching
unity but because the fractional coverage of DPM' is
approaching unity. For the irreversible formation (r;) and
consumption (r,) of DPM', the steady-state fractional
coverage of DPM" is related to the kinetic degrees of rate
control by (eq 13)*

Zi stppmtUppm+ < 01 s

2 2 Stnellns <01 s+ sy

HDPM* =

=5= XRC,Z

(13)

where eq 13 was simplified because Y.s; = s; + s, = 1 and
related to Xpc, by noting Xpc, = 5,(1 — Z,) = s, since the
consumption of DPM" is assumed irreversible (Z, = 0).*>**
Equation 13 shows that the measured fractional coverage of
DPM" is equal to the kinetic degree of rate control of reaction
2, the consumption of DPM*. Thus, we conclude that the
reaction order in HCHO is changing because the rate-
controlling step is changing from the formation of DPM" at
low HCHO pressures to the consumption of DPM" at high
HCHO pressures.

The SSITKA results suggest that the reaction intermediate is
DPM" and that, at high HCHO pressures, the consumption of
the reaction intermediate to form the final product, DPM, is
the rate-controlling step. However, transient rate measure-
ments (Figure 1c) suggest that the rate of consumption of the
reaction intermediate is a function of the benzene partial
pressure. This is corroborated by steady-state rate measure-
ments that show that at high HCHO pressures, the reaction
order is ~1 in benzene (Figure 2c). These data suggest that the
rate of proton transfer from DPM' back to the zeolite
framework is facilitated by benzene.

To determine whether deprotonation of DPM is assisted by
the presence of aromatics, HCHO and benzene were reacted
on HZSM-5 at 353 K until reaching steady-state reaction
conditions to form DPM" inside the zeolite catalyst (phase I in
Figure 5a). The reactor was then flushed with 2.07 cm® s™' He
for 6 h at 353 K to remove any residual reactants and products.
At the end of the He flush, no DPM was observed in the
reactor effluent. After the He flush, a stream containing 0.4 kPa
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Figure 5. GC-MS data for DPM (m/z = 168), methyl-DPM (m/z =
182), and dimethyl-DPM (m/z = 196) normalized within each figure.
(a) During phase I (0—12 ks time on stream), 0.4 kPa C¢Hy, 0.2 kPa
HCHO, and 2.0 kPa H,O are fed to the reactor heated to 353 K to
build up a surface coverage of DPM" species. During phase II (12—32
ks time on stream), the reactor was flushed with helium at 353 K. No
DPM was observed at the end of the helium flush. During Phase III,
0.4 kPa toluene in helium was introduced to the reactor at 353 K. (b)
At time on stream = 0 ks, the reaction is at steady state with T = 393
K, 0.4 kPa CiHg, 0.012 kPa HCHO, and 4.0 kPa H,0O. At ~3 ks
(dashed line), the feed was switched to a stream containing 0.4 kPa
total aromatics with 2 toluene:1 benzene.

toluene was fed to the reactor. Immediately after introducing
toluene to the reactor, unmethylated DPM was observed in the
reactor effluent, demonstrating that DPM* deprotonation is
positive order in aromatics. The deprotonation of DPM* forms
DPM, and thus, the rate is indeed discontinuous through the
step-change in the partial pressure of C¢H4 (Figure 1c). The
rate of DPM decreased with time on stream after introducing
toluene as the fractional coverage of DPM" decayed to zero. In
repeat experiments, toluene was replaced with cyclohexane
after the He flush, but no DPM products were observed,
suggesting that aromatics are necessary to facilitate the proton
transfer from DPM" to the zeolite framework. Lower proton-
transfer energy barriers between aromatic molecules compared
to nonaromatic molecules have been reported previously.”* If
this is the prevalent mechanism for aromatic-assisted proton
transfer from DPM® to the zeolite, once the proton is
transferred from DPM* to CgHy, the proton transfer to the
zeolite framework must be spontaneous, as these benzenium
ions are unstable in HZSM-5.>°° We hypothesize that a
C¢H," carbenium ion is not formed but instead forms a
transition state comparable to that of H/D exchange of C¢Hg
on zeolites, where the proton transfer to benzene from DPM*
and from benzene to the zeolite is concerted.”” During
reaction, C¢Hg may act as a proton shuttle between DPM* and
the zeolite framework as an organic cocatalyst for the
deprotonation of DPM' in HZSM-S. Alternatively, the z-
system of aromatics may interact with the positively charged
aromatic system in DPM" species, lowering the energy barrier
for deportation. The DPM' surface species is persistent
through a 6 h He flush, suggesting that its formation is
irreversible, in agreement with the mechanism proposed in
Scheme 3. This is in contrast to what Clark et al.’' proposed
for DPM-mediated transalkylation mechanisms of m-xylene on
FAU catalysts, where they suggested based on DEFT
calculations that the formation of a DPM* species is reversible
and will likely re-form the adsorbed alkylaromatic alkoxy
species and gas-phase m-xylene many times before transferring

the proton from DPM* to the zeolite. If this occurred during
the present study, some DPM product with one "*C-labeled
aromatic ring would have been observed after the isotopic
switch in the SSITKA experiment (Figure 4), and in Figure Sa,
a significant amount of methyl-DPM would be expected when
feeding toluene after the 6 h helium flush. Thus, we conclude
that at the reaction conditions in this study, DPM* formation is
not reversible.

Svelle et al.”” observed DPMs (methyl- and dimethyl-DPM)
upon dissolution of HZSM-$ after the reaction of toluene at
423 K for 16 h, demonstrating the importance of methylated
DPM" intermediates in toluene disproportionation reactions.
They examined the stability of the methylated DPM*
intermediates by flushing several batches of prereacted
catalysts at 473 K in N, for S min to 2 h and dissolved each
batch to liberate the entrained species. They observed a
monotonic decrease in entrained DPMs and an initial increase
in entrained xylenes with increasing flushing time, suggesting
that dimethyl-DPM* decomposed to toluene and formed an
adsorbed xylene alkoxy species. They did not report whether
dimethyl-DPM was observed in the reactor effluent during the
N, flush, so the rate of DPM* deprotonation relative to the rate
of decomposition at these conditions is unknown. Regardless,
methylated DPM" likely decomposes to single-ringed alkoxy
aromatic species at temperatures elevated relative to those in
the present study.

To ensure that no significant transport limitations impact
the results of these transient experiments, we measured the rate
of DPM products during a steady-state switch from a feed
containing 0.4 kPa benzene to a feed containing 0.4 kPa
aromatics with 2 toluene/1 benzene, while keeping the HCHO
and H,O pressures constant. After the feed was switched, the
rate of DPM formation increased in the injection immediately
after the switch (~12 min after switch), demonstrating that (i)
toluene is more reactive than benzene for catalyzing the proton
transfer from DPM" to the framework and (ii) the rate senses
the change in feed composition on much shorter time scales
(<12 min) than the time scale for transients in the observed
rates (~1—3 h), suggesting that the reactant concentration in
the catalyst particle matches that of the reactant feed at short
times on stream. Thus, we conclude that the transient kinetic
measurements are not transport-limited (see Section S8 of the
Supporting Information for a detailed explanation on transport
effects during transients). After the reaction reaches steady
state with the toluene—benzene feed, methylated DPM
products are observed. This confirms that during the reaction
between toluene and DPM" after a He flush (Figure Sa),
toluene is not incorporated into the final product, but instead
only facilitates proton transfer from DPM*.

Through steady-state isotopic switching experiments, we
determined that the reaction intermediate has two six-
membered rings and is likely a diphenylmethane benzenium
ion. The fractional coverage of this benzenium ion during
steady-state catalysis varies with the reaction condition and the
HCHO reaction order varies with the fractional coverage of
DPM*. At sparse DPM* coverages, the rate-controlling step is
the formation of DPM" and the reaction is first-order in
HCHO. At high coverages of DPM", the rate-controlling step
becomes the deprotonation of DPM* to form DPM, and the
net rate of DPM formation approaches zero-order in HCHO.
Combining all of this information, we propose a reaction
mechanism and kinetic model for DPM formation that
quantitatively describes the transient and steady-state reaction
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Scheme 4. Reaction Mechanism for Diphenylmethane Formation
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rates with reactant partial pressures ranging from 0.005 to 0.35
kPa HCHO, 0.14 to 4.1 kPa CsHy, and 0.11 to 12.5 kPa H,O
and the temperature varying from 363 to 393 K.

3.5. Reaction Mechanism and Kinetic Model. The
DPM formation mechanism presented in Scheme 4 arises from
the combination of transient, steady state, and isotopic data to
complete the mechanistic description shown in Scheme 3. In
Scheme 4, the adsorbed HCHO reacts with benzene to form
benzyl alcohol, as was proposed by Martinez-Espin et al.” and
Climent et al.” However, benzyl alcohol was not observed in
either of these studies. During reaction between 0.036 kPa
benzyl alcohol (C,H,0OH) and 7.2 kPa C¢H, on SPP-HZSM-$S
at 353 K, we did not observe any DPM product, despite
nonzero rates of DPM formation during reaction between
HCHO and C¢Hg at 353 K (see Figure S4 in the Supporting
Information). This suggests that there may be an alternative
route to DPM formation that bypasses a benzyl alcohol
intermediate or that cofeeding of benzyl alcohol at pressures
much higher than those present during the HCHO reaction
with C4Hg may significantly alter the reaction pathways such
that no DPM product is formed. At reaction temperatures of
373 K and 393 K, DPM product was observed with 0.025 kPa
C,H,OH and 4.0 kPa C¢Hy at similar residence times as
HCHO reactions with C4Hg. At all temperatures, complete
conversion of benzyl alcohol is observed. When feeding only
benzyl alcohol, the only products observed are benzaldehyde
and toluene, which are known products of benzyl alcohol
disproportionation on zeolite catalysts.”® At very few reaction
conditions during the HCHO reaction with C4Hy, specifically
when the coverage of DPM* is high (i.e., high HCHO
pressures), a quantifiable amount of benzaldehyde (<20 mol %
of carbon-containing products) is observed, suggesting that
benzyl alcohol, which is not observed at any reaction
conditions, is formed during these reactions (see Section S9
of the Supporting Information for benzaldehyde rates as a
function of the HCHO pressure). Benzyl alcohol is present in
low enough pressures that it is not observed during reaction,
suggesting that it is a reactive intermediate that is rapidly
consumed by forward or reverse reaction. Decomposition of
benzyl alcohol to benzene and HCHO was not observed when
reacting only benzyl alcohol on SPP-HZSM-5, suggesting that
benzyl alcohol must be consumed rapidly by forward reactions
to form DPM" or benzaldehyde byproducts. From these data,
we conclude that the rate-controlling step of DPM" formation
is the C—C bond formation between HCHO and CiHy, in
agreement with the steady-state kinetics being at most first-
order in C4Hy when DPM* formation is rate-controlling and in
agreement with conclusions from previous studies.” Whether
benzyl alcohol undergoes a concerted dehydration during the
C—C bond formation as proposed by Martinez-Espin et al.” or
dehydration to form a phenylmethelium cation surface species
followed by C—C bond formation to form DPM, as proposed
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by Climent et al.,” cannot be ascertained from the experimental
data presented here because these steps are kinetically
irrelevant.

The second kinetically relevant step in this reaction
sequence is the benzene-catalyzed proton transfer from
DPM" to the zeolite framework to desorb the final product,
DPM. From isotopic switching experiments, we determined
that the reaction order in HCHO decreased because the
fractional coverage of DPM" approached unity, not because
the fractional coverage of HCHO approached unity. This
suggests that the denominator term in eq 12 KycpoPucuoo/ (1
+ KhydPHZO), which corresponds to the fractional coverage of

HCHO, is negligible at the reaction conditions examined in
this work. Parameter estimation results suggest that Ky 4Py,0
> 1 and KcyPcp, + Kuy,oPyo > 1, such that the rate

function for the formation of I* (eq 10) is rewritten to
eliminate all negligible terms as (eq 14)

leHCHO P ()P
N KKy HCHOOGH, _ @Pyco,ofc g
T T K. * T 2 K
L ZCells 2 PoyPyo+ P
., OP ca 0 T Pr,o PPegPao + Piro
2
=f (PHCHO,O’ Py PHZO)H*’ (14)

where o and f are the lumped kinetic/thermodynamic
parameters and 6 is the fraction of sites without the adsorbed
DPM". The rate of consumption of DPM" is the rate of
benzene-assisted proton transfer to the zeolite framework and
is given by (eq 15)

/L = kzpcﬁHﬁeDPM" = f2 (PC6H6)6DPM+ (15)
The steady-state rate is found by assuming dfppy/dt =0 = f,0s
— f10ppu, knowing that the fractional coverages sum to unity

(6 + Opppr = 1). From eqs 14 and 15, the steady-state rate of
DPM formation is (eq 16)

oem WL ak,Prcro,ofe
- - 2
L fi+h  @Pacuoo + PkaPep Puo + kP
(16)
The kinetic parameters o, f, and k, were estimated using
Athena Visual Studio. The temperature dependence for each

parameter was assumed to be of the Arrhenius form (eqgs
17-19)

a = qe [—Ea’a(l - L)]
~ROPITRAT T 3e3K (17)
_ _Ea:ﬂ[i _ ;)

p= ﬂ"eXP[ R\T 363K (18)
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P Ea,kz( 1 1 )
— X —_— P —
2T TR AT T sesk (19)

where a, f, and k,  are the values of the kinetic parameters at
363 K. The results of the parameter estimation fits are
summarized in Table 2. The fits to steady-state rates using the

Table 2. Parameters Estimated by Fitting the Model Rate
Function (eq 16) to Steady-State Data

parameters estimated values +95% marginal HPD intervals
logio(ao/s™") —247 + 017
logio(o) 033 +0.32
logio(kyo/s™" kPa™) —3.41 % 0.16
Eq (K mol™) 79 + 17
E,p (KJ mol™") 5132
E,, (I mol™") 31415

parameters presented in Table 2 are shown in Figure 2 as solid
curves for a subset of the data, and a parity plot on linear and
log scales are given in Figure 6 for all of the experimental data.
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Figure 6. Measured versus predicted rate for all 153 rate
measurements from 363 to 393 K, 0.005 to 0.35 kPa HCHO, 0.14
to 4.14 kPa C4Hg, and 0.11 to 12.5 kPa H,O on (a) a linear scale and
(b) a log scale to better visualize low rate data.

All experimental conditions, measured rates, and predicted
rates are tabulated in Table S1 of Section S6 of the Supporting
Information. The six-parameter kinetic model (eq 16) derived
based on the proposed reaction mechanism presented in
Schemes 3 and 4 quantitatively captures the trends in the DPM
formation rate with temperature and reactant partial pressures.

The model parameters in Table 2 were fit only to steady-
state rate data, but also predicts the transients observed when
starting the reaction from fresh catalyst or after step-changing
the partial pressure of a reactant. The transient surface
coverage of DPM* is found by solving the differential equation
given in eq 20

d6 ot

at = fl (PHCHO,Or PC6H67 PHzo)(1 — Oppnr+)

- f2 (PcﬁHﬁ)gDpM+ (20)

The transient rate is solved piecewise from the start of one
change in the reaction condition to the start of the next change
in the reaction condition. Each time the reaction condition is
changed, it is assumed that fppy an infinitesimal time before
the change is equal to Oppyr an infinitesimal time after the

change. The solution to eq 15 with the initial condition Gy (¢
= to) = QDPM*,O is (eq 21)

A A

eXP(_(fI +f2)(t — o)) V telty, t] (21)

where f; and f, are the functions that appear in eqs 14 and 15,
t, is the time at the start of the current reaction condition, and
t, is the starting time for the next reaction condition. The
transient rate is simply given by multiplying eq 21 by f, (see eq
15), as shown by eq 22

ropm(t) _ 15 + | oo - 1A
I Y 5, Uppmto f o+

eXP(_(fI +f2)(t_to)) Vv telty, t] (22)

Notice that the transient rate function (eq 22) requires only
two additional parameters: the time since the previous change
in reaction condition (t — ;) and the DPM* coverage at the
time of the change in reaction condition, Oppy - The quantity
Oppnp is zero if starting from fresh catalyst or the value of
Oppyr immediately before the step-change, found by evaluating
eq 21 at t = t; using the temperature and partial pressures from
the previous condition. Thus, the transient can be modeled
using the steady-state estimated parameters presented in Table
2. The model prediction for the transient rate (eq 22) when
starting from a fresh catalyst and during the step-change in the
partial pressure of each reactant is shown as solid curves in
Figure 1. The model captures the time scales required to reach
steady state and the behavior through the step-change in
reactant partial pressures. The kinetic parameter derived from
steady-state rate measurements accurately predicts the
transient rates, exemplifying the connection between these
phenomena and affirming the validity of the proposed reaction
mechanism for DPM formation.

The model predicts the transient and steady-state reaction
rates, and from eq 21, it can also predict the steady-state and
transient fractional coverages of DPM'. The steady-state
fractional coverage of DPM* was assessed at two reaction
conditions using SSITKA (Figure 4). From eq 21, the steady-
state fractional coverage of DPM" is Oppy(t = o0) = fi/(f; +
f>)- The predicted values for the steady-state coverages are in
good agreement with the measured coverages, as shown in
Table 3. Thus, the kinetic model quantitatively predicts

Oppp(t) =

Table 3. Measured and Predicted Steady-State Fractional
Coverages of DPM*

T Pycuop Pep, Py, measured predicted
(K) (kPa) (kPa) (kPa) Qopm Qopm*
393 0.020 0.40 4.0 0.18 0.14
393 0.20 0.40 2.0 0.68 0.82

transient rates, steady-state rates, and fractional coverages at a
wide range of reaction conditions using only three fitted
kinetic/thermodynamic parameters and three activation/
thermodynamic energies.

4. CONCLUSIONS
In this study, the mechanism of diphenylmethane (DPM)
formation from HCHO and C¢Hg on SPP-HZSM-S zeolite
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catalysts in the presence of H,O cofeeds is determined by
combining transient and steady-state rate measurements and
isotopic switching experiments. Transients lasting several hours
were observed during experiments starting from freshly
regenerated catalysts and for each change in the reaction
condition. These were determined to result from the slowly
evolving fractional coverage of a surface intermediate with time
on stream. The isotopologue distribution of DPM products
after a switch from 'C- to *C-labeled C4Hy feed indicated
that the surface intermediate has two six-membered rings and
is likely a diphenylmethane benzenium ion (DPM*). The
steady-state coverage of DPM' was determined to vary
significantly with reaction conditions, with increasing coverage
corresponding to a shift in rate-controlling step from formation
to the consumption of DPM*. Consumption of DPM" involves
proton transfer from DPM"' to the zeolite framework. This
proton transfer is mediated by the presence of aromatic species
as evidenced by (i) the rate being discontinuous in time when
the partial pressure of C4Hg is step-changed, (ii) the steady-
state rate of DPM formation being first-order in C¢Hy at high
fractional coverages of DPM*, and (iii) DPM" surface species
persisting on the zeolite during a He flush until the
introduction of toluene. A mechanism consistent with the
observed trends in transient and steady-state reaction rates and
the isotopic switching experiments was developed and a kinetic
model based on this mechanism quantitatively captures all
observations using three kinetic/thermodynamic parameters,
each with an apparent activation energy to describe the
temperature dependence.
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