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ABSTRACT: Formaldehyde (HCHO), formed in situ by transfer dehydrogenation
of methanol in methanol-to-hydrocarbon (MTH) conversion, reacts with other
organic species including olefins, dienes, and aromatics to cause deactivation. The
propensity of these formaldehyde-mediated pathways to cause deactivation during
MTH catalysis is evaluated using site-loss selectivity and yield as numerical assessors
of catalyst deactivation. The site-loss selectivity of HCHO with 0.2 kPa HCHO and
12 kPa CH3OH at 673 K decreases by 80% when co-feeding 1 kPa propylene,
increases by 2× when co-feeding toluene, and increases by 150× when co-feeding 1,3-
butadiene, suggesting that olefins react with HCHO in nondeactivating pathways, while aromatics and dienes react with HCHO in
pathways that lead to deactivation. Further, dienes have a much higher propensity than aromatics to cause deactivation via HCHO-
mediated reactions when compared on a molar basis, suggesting that dienes may be critical intermediates in HCHO-mediated
deactivation pathways. This is corroborated by evidence that the site-loss selectivity of HCHO increases with increasing HCHO co-
feed pressure, implying that prevalent deactivation pathways are higher order in HCHO than predominant competing
nondeactivation pathways. Plausibly this occurs because HCHO reacts with itself or with a HCHO-derived species en route to
deactivation, such as a diene or an aromatic, which are known products of HCHO-mediated pathways during MTH catalysis.
Therefore, dienes along with HCHO should be considered as critical intermediates in fomenting deactivation in MTH catalysis and
strategies to eliminate polyunsaturated species and/or intercept reaction sequences of these intermediates with HCHO will likely
enhance catalyst lifetime during MTH catalysis.
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1. INTRODUCTION

Formaldehyde (HCHO), formed in transfer dehydrogenation
of methanol, has been implicated in shifting product selectivity
toward unsaturated species, including polycyclic aromatic
species that cause deactivation of zeolite/zeotype materials
during methanol-to-hydrocarbon (MTH) catalysis.1−12 The
network of reaction pathways that describes HCHO-mediated
deactivation is, however, not yet well understood. Polycyclic
aromatics formation that results in deactivation of solid-acid
zeolite/zeotype catalysts during hydrocarbon/oxygenate chem-
istry at MTH-relevant reaction temperatures is categorized on
the basis of three general mechanisms (see Scheme 1): (i)
alkylaromatic mechanism, (ii) diphenylmethane mechanism,
and (iii) diene oligomerization mechanism.13 The precise
mechanism and relative importance of each of these
deactivation pathways depends on the specific chemistry and
relative rates of reactions, which vary with reaction conditions
and zeolite topology.13−18 In mechanism (i), a benzenium ion
undergoes alkyl-chain growth and eventual dehydrocyclization
to form polycyclic aromatic species.13 An analogous HCHO-
mediated alkylaromatic mechanism was proposed by Hwang
and Bhan for MTH on CHA zeolite/zeotype materials as a
potential HCHO-mediated deactivation pathway, where

dehydrative alkylation of aromatics with HCHO forms a
benzenium ion that can undergo secondary reactions to form
polycyclic aromatics species via mechanism (i) (see Scheme
2(i)).12 In the diphenylmethane (DPM) mechanism (mech-
anism (ii)), a benzyl cation undergoes electrophilic sub-
stitution with an aromatic to form DPM, which undergoes
dehydrogenative coupling to form polyaromatic species.13 This
mechanism was proposed as a potential HCHO-mediated
deactivation pathway during MTH catalysis by Martinez-Espin
et al.,19 who observed methyl−DPMs during MTH catalysis
with benzene co-feeds, and DPM has been demonstrated to be
the highest selectivity product of HCHO condensation with
benzene on HZSM-5 from 363 to 393 K.20 Martinez-Espin et
al.19 proposed that HCHO alkylation of aromatics forms an
aryl alcohol that can undergo dehydrative benzylation to form

Received: December 5, 2020
Revised: February 16, 2021

Research Articlepubs.acs.org/acscatalysis

© XXXX American Chemical Society
3628

https://dx.doi.org/10.1021/acscatal.0c05335
ACS Catal. 2021, 11, 3628−3637

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

IN
N

ES
O

TA
 o

n 
M

ar
ch

 8
, 2

02
1 

at
 1

4:
46

:5
6 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brandon+L.+Foley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Blake+A.+Johnson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aditya+Bhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.0c05335&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05335?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05335?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05335?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05335?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05335?fig=abs1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c05335?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf


DPM, which can either form poly(DPM) by homologation or
undergo dehydrogenative coupling to form polycyclic aromatic
species (Scheme 2(ii)). In mechanism (iii), dienes, especially
cyclopentadienes, which have a propensity to form organic
deposits in zeolites and other solid-acid catalysts,13,21−24

oligomerize to form polycyclic aromatics. Polyenes have
recently been identified as critical intermediates for polycyclic
aromatics formation during MTH catalysis on CHA zeolite
catalysts using Kerr-gate Raman spectroscopy.25 Dienes,
including cyclopentadienes, are observed during MTH
catalysis and noncyclic dienes are products of Prins-
condensation between HCHO and olefins on solid acid
catalysts (Scheme 2(iiia)),10,26−28 and we further propose that
highly reactive cyclopentadiene species can be formed by
dehydrative reaction of HCHO with 1,3-butadiene via a 2,4-
diene-1-ol intermediate (Scheme 2(iiib)). Cyclopentadienes
have been shown to be active hydrocarbon pool chain
carriers,29−32 and a recent report by Wang et al.33 postulates
that reactions between cyclopentadienes and aromatics lead to
the formation of polycyclic aromatics in HSSZ-13 based on π-
bond interactions observed in solid-state two-dimensional
NMR spectroscopy. It has also been demonstrated previously
that acid-catalyzed reactions between aromatics and dienes
lead to the formation of alkenyl−aromatics and diarylalkanes,
which are intermediates in mechanism (i) and (ii) in Scheme
1, respectively.34,35 Close proximity between cyclopentadiene
and aromatics was not observed on HZSM-5 zeolite catalysts,

which Wang et al.33 suggest may be why HZSM-5 has a lower
susceptibility to form polycyclic aromatics than other MTH
catalysts. Likely many different pathways simultaneously
contribute to deactivation during MTH catalysis, but it is of
interest to identify and understand the prominent deactivation
pathways under MTH reaction conditions.14,36 We investigate
the propensity of each deactivation pathway on HZSM-5
during MTH catalysis by measuring the site-loss yield and
selectivity,37 which we defined previously as model agnostic
metrics of deactivation, utilizing reactant co-feeds.
The definitions for the metrics of yield, selectivity, and rate

of deactivation for catalytic processes are based on treating
active sites as species that are consumed stoichiometrically in
deactivation reactions.37 These metrics are termed the site-loss
yield, selectivity, and rate defined as eqs 1−337

t
site loss yield

d
d

mol sites lost
mol reactant fed

τ‐ = − [ = ]
(1)

X t
site loss selectivity

1 d
d

mol sites lost
mol reactant consumed

τ‐ = − [ = ]
(2)

t
site loss rate

1 d
d

mol sites lost
s mol sitesτ

τ‐ = − [ = ]
(3)

where X is the conversion, τ is the contact time, defined as the
number of sites divided by the molar reactant flow rate, and t is
time. These metrics are quantitative, do not invoke
assumptions regarding linear or exponential changes in rates

Scheme 1. Polycyclic Aromatic Formation Pathways on Solid Acid Catalystsa

aAdapted with permission from ref 13. Copyright (2001 Elsevier).

Scheme 2. Proposed HCHO-Mediated Deactivation Pathways during MTH Catalysisa

aScheme (i) is adapted with permission from ref 12. Copyright (2017 Elsevier).
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with time or conversion, and enable the study of deactivation
reactions with minimal assumptions regarding the precise
deactivation and product-forming mechanisms. These metrics
are assessed instantaneously, i.e., at a specified conversion or
contact time, in reaction systems that exhibit nonselective
deactivation, which is when conversion changes as a function
of time exclusively because the contact time is decreasing with
time on stream as active sites are consumed by deactivation
reactions. For reaction systems that deactivate nonselectively,
the conversion is written as eq 437−39

X X t( ( ))τ= (4)

By taking the derivative of both sides of eq 4 and rearranging,
we derive an equation for the site-loss yield (eq 5)37,39

t
X
t

Xd
d

d
d

d
d

1τ
τ

− = −
−i

k
jjj

y
{
zzz (5)

The site-loss yield, −dτ/dt, cannot be directly measured but is
related to two measurable quantities, the change in conversion
with time on stream, dX/dt, and the change in conversion (in
the absence of deactivation) with contact time, dX/dτ, by eq 5.
Herein, we probe the mechanisms of deactivation by

measuring the site-loss yield and selectivity while co-feeding
formaldehyde, ethylene, propylene, 1,3-butadiene, and toluene
under MTH reaction conditions on HZSM-5. The validity of
eqs 4 and 5 and the methods for assessing deactivation during
MTH catalysis on HZSM-5 are discussed in our previous
work.37 Using these methods, we assess the functional
dependence of deactivation reaction rates on the partial
pressure of HCHO with and without toluene co-feeds to
elucidate MTH deactivation pathways and determine the
propensity of olefins, aromatics, and dienes to participate in
these HCHO-mediated deactivation pathways.

2. METHODS
2.1. Experimental Methods for Assessing Conversion

Versus Contact Time and Conversion Versus Time on
Stream. Formaldehyde trimers (1,3,5-trioxane, ≥99%, Sigma-
Aldrich) were dissolved in methanol (Chromosolv, ≥99%
purity, Sigma-Aldrich) and fed via a syringe pump (Cole
Parmer 78-0100C) into a heated stream of helium carrier gas
(≥99.997%, Matheson). Toluene (≥99.9, Sigma-Aldrich) was
fed via a separate syringe pump into the same helium carrier
gas stream. Ethylene (≥99.999%, Praxair), propylene
(≥99.83%, Sigma-Aldrich), 1,3-butadiene (≥99%, Sigma-
Aldrich), and helium flow rates were regulated by mass flow
controllers (Brooks SLA5850). Reactant flow rates were
adjusted to achieve desired contact times and reactant partial
pressures for each experiment. The reactant stream was fed to
a quartz tube reactor (0.4−1 cm i.d.) containing HZSM-5
(Zeolyst, CBV8014, 0.012 g) zeolite catalysts (powder,
pressed, crushed, and sieved into 177−400 μm aggregates)
diluted with quartz sand (∼0.1 g, 2 M HNO3 washed, rinsed
with deionized water, heated to 1273 K in flowing air for 12 h).
Physical and chemical characterization of the HZSM-5 catalyst
used in this study to assess porosity, crystal structure, and acid
site density can be found in prior reports.37,40,41 The quartz
tube reactors were heated to reaction temperature (673 K) by
a resistively heated furnace (National Element FA120)
equipped with a PID controller (Watlow 96). A K-type
thermocouple (Omega) monitored the temperature at the axial
center of the reactor bed on the outside of the quartz tube

reactor. Before each reaction, the catalyst was regenerated by
oxidative thermal treatment in air (Matheson, Ultra Zero
Certified, 1.67 cm3 s−1) at 823 K for 6 h. The fractional
conversion of methanol (XMeOH) is defined such that methanol
and dimethyl ether (DME) are both reactants and is based on
the total carbon molar flow rate minus the molar flow rate of
nonmethanol co-feeds (HCHO, ethylene, propylene, toluene,
1,3-butadiene), as shown in eq 6, where nC,i and n i,out (n i,in) are
the carbon number and the molar effluent (influent) flow rates
of species i, respectively.

( )
X

n n n n n n

n n n n

2i i i i i i

i i i i i i
MeOH

C, ,out DME,out CH OH,out co feeds C, ,in

C, ,out co feeds C, ,in

3=
∑ ̇ − ̇ + ̇ + ∑ ̇

∑ ̇ − ∑ ̇
= −

= −

(6)

Conversion versus contact time (dX/dτ) data were obtained
by measuring the conversion at 180 s time on stream for each
reactant composition at two or three different initial contact
times that spanned methanol conversions ranging from ∼20 to
∼80%. The 180 s time on stream was chosen because it was
after the initiation of the hydrocarbon pool but before
substantial deactivation reduced the number of active sites in
the reactor bed. In each of these experiments, the conversion
was also monitored with time on stream to obtain dX/dt for
each reaction condition. The reactor effluent composition was
determined by a gas chromatograph (Agilent 7890) equipped
with an HP-Plot/Q column (30 m × 0.530 mm × 40 μm) in
series with a CP-Molsieve 5 Å column (25 m × 0.530 mm ×
40 μm). The column outlets were connected to a thermal
conductivity detector (TCD) preceding an oxidation−
methanation reactor (Polyarc, Activated Research Company)
in series with a flame ionization detector (FID). The reactor
effluent streams were stored in 250 μL heated (373 K)
stainless steel sample loops using a multiposition valve and
analyzed shortly after the reaction or injected directly into the
GC. The site-loss yield of methanol was calculated using eq 5.
The site-loss selectivity of HCHO was calculated from the site-
loss yield of methanol as shown in eq 7

X t

n
X n n

n
t

n
X n t

site loss selectivity of HCHO
1 d

d

1 d
d

d
d
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HCHO HCHO MeOH

MeOH

HCHO HCHO

MeOH

τ

τ

‐ = −

=
̇

̇
−

̇
*

=
̇

̇
−

i
k
jjjjj

y
{
zzzzz

i
k
jjj

y
{
zzz

(7)

where −dτMeOH/dt is the site-loss yield of methanol. The molar
flow rates of methanol and formaldehyde (n MeOH, n HCHO) are
known and the formaldehyde conversion (XHCHO) was 100%
at all conditions of interest in this study.

3. RESULTS AND DISCUSSION
Under typical MTH conditions, HCHO is formed in situ and
reacts with other organic species formed during MTH catalysis
to form polycyclic aromatic species. We probe HCHO-
mediated deactivation mechanisms during MTH catalysis on
HZSM-5 by co-feeding species that are representative of the
MTH hydrocarbon pool: ethylene and propylene for olefins,
toluene for aromatics, and 1,3-butadiene for polyunsaturated
nonaromatic species. Toluene was chosen to represent
aromatics because it has been demonstrated previously that
co-feeding toluene during MTH catalysis on HZSM-5 alters
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the product selectivity, demonstrating that it is not unduly
diffusion limited under MTH conditions.40 By co-feeding
hydrocarbon pool species with HCHO during MTH catalysis,
we enhance the relative consumption of HCHO via that
pathway. The comparison of site-loss yields with varying co-
feeds enables us to quantitatively determine the propensity of
various HCHO-mediated pathways to cause deactivation. A
more detailed mathematical description of the implication of
changes in site-loss yields and selectivities with varying co-
feeds in integral (nondifferential) packed-bed reactors is
presented in Section S1 of the Supporting Information.
The site-loss yields for each reaction condition were assessed

by measuring independently the slopes of the deactivation-free
conversion versus contact time curves (dX/dτ) and the
conversion versus time curves (dX/dt) during MTH catalysis
with formaldehyde, olefinic, dienic, and aromatic co-feeds as
reported in Table 1 (see Section S2 of the Supporting
Information for conversion versus contact time and conversion
versus time on stream data). The slopes for conversion versus
contact time data with 1,3-butadiene co-feeds were not
measured because deactivation was too rapid to identify a
deactivation-free conversion for each reaction condition.
Instead, dX/dτ during MTH with 1,3-butadiene co-feeds are
taken as the average of the dX/dτ for all other co-feed
conditions shown in Table 1 (no co-feed, propylene, ethylene,
toluene, HCHO, and combinations thereof), which are
relatively invariant with co-feed.
By comparison of the site-loss yields with and without

HCHO co-feeds from the data reported in Table 1, we observe
that co-feeding 0.2 kPa HCHO increases the site-loss yield by
38 μmol Hlost

+ mol MeOHfed
−1 relative to no co-feed, suggesting

that HCHO induces deactivation during MTH catalysis, as is
expected because HCHO has been implicated as a key
chemical intermediate for causing deactivation during MTH
catalysis.5−12 However, this does not provide information on
which HCHO-mediated deactivation pathways are prominent
during MTH catalysis. Pre-treating the catalyst in 0.2 kPa
HCHO prior to MTH reaction with no co-feed did not alter
the initial conversion, conversion versus time, or product
selectivity, suggesting that HCHO does not deactivate the
catalyst by itself, but instead must react with methanol-derived
hydrocarbons to cause deactivation (see Section S3 of the
Supporting Information for conversion and selectivity data).
Once formed, formaldehyde can react with any species

produced during MTH catalysis, including olefins, aromatics,
and dienes, and which species HCHO reacts with significantly
impacts whether HCHO renders sites inactive.
The alkylaromatic and diphenylmethane deactivation

mechanisms for MTH catalysis (Scheme 2(i,ii)) both require
the alkylation of aromatics by formaldehyde in formaldehyde-
consuming steps. To investigate the propensity of these
pathways to cause deactivation during MTH catalysis, we
measure the site-loss yield with both 0.2 kPa HCHO and 1.0
kPa toluene (C7H8) co-feeds and compare the site-loss yield at
this reaction condition to the site-loss yields when co-feeding
only 0.2 kPa HCHO or only 1.0 kPa C7H8 during MTH
catalysis. If reaction between HCHO and aromatics is a
selectivity-determining step that determines whether co-fed
formaldehyde leads to the loss of active sites during MTH
catalysis, then the total site-loss yield when co-feeding HCHO
and C7H8 simultaneously will be greater than the sum of the
site-loss yields when co-feeding only HCHO or only C7H8.
Comparing site-loss yields of methanol with multiple co-feeds
to the sum of the site-loss yields with one co-feed is necessary
because HCHO and C7H8 may each lead to deactivation
through independent pathways. Thus, if there are no reactions
between these two species, then the site-loss yield when co-
feeding these species together should equal to the sum of the
site-loss yields when co-feeding them separately. However, if
there are additional reactions between HCHO and C7H8 that
lead to the loss of active sites, then the site-loss yield when co-
feeding these species together will be greater than the sum of
the site-loss yields when these species are co-fed with methanol
independently in separate experiments. From Table 1, the site-
loss yield for MTH catalysis with 0.2 kPa HCHO and 1.0 kPa
toluene co-feeds (81 μmol Hlost

+ mol MeOH−1) is 30 μmol Hlost
+

mol MeOH−1 larger than the sum of the independent site-loss
yields for 0.2 kPa HCHO (39 μmol Hlost

+ mol MeOH−1) and
1.0 kPa toluene (12 μmol Hlost

+ mol MeOH−1) co-feeds. This
suggests that reactions between HCHO and C7H8 are
consequent in deactivation during MTH catalysis, potentially
via reactions similar to those in the alkylaromatic and
diphenylmethane deactivation pathways (Scheme 2(i,ii)).
In the diene-based deactivation pathway during MTH

catalysis, HCHO-derived aliphatic- and cyclodienes undergo
further reactions to cause deactivation (Scheme 2(iii,iv)). To
investigate the propensity of dienes to cause deactivation
during MTH catalysis, we co-fed 1.0 kPa 1,3-butadiene with 12

Table 1. Slope of Conversion Versus Contact Time, Conversion Versus Time Curves, and Site-Loss Yield with Various Co-
Feeds with 12 kPa Methanol at 673 K and ∼50% Conversion in Methanol

dX/dτ −dX/dt site-loss yield (−dτ/dt)
co-feedsa mol MeOH (mol H+)−1 s−1 10−6 s−1 μmol Hlost

+ mol MeOH−1

no co-feed 1.16 1.0 0.9
propylene 1.25 5.7 4.6
toluene 1.19 15 12
HCHO 1.31 51 39
1,3-butadiene 1.23b 770 630
propylene + HCHO 1.67 8.8 5.3
propylene + toluene 1.15 12 10
ethylene + HCHO 1.28 36 29
toluene + HCHO 1.27 100 81
1,3-butadiene + HCHO 1.23b 7200 5900
propylene + toluene + HCHO 1.12 53 47

aPropylene, toluene, ethylene, and butadiene co-feeds are 1 kPa, and HCHO co-feed is 0.2 kPa. bNot measured. Taken as the average of all other
dX/dτ values.
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kPa CH3OH during MTH catalysis and measured the resulting
site-loss yield. We observed that the site-loss yield increased by
∼630 μmol Hlost

+ mol MeOH−1 relative to the experiment in
which only CH3OH was fed, as shown in Table 1. Further, we
found that co-feeding 0.2 kPa HCHO and 1.0 kPa 1,3-
butadiene simultaneously resulted in a site-loss yield of 5900
μmol Hlost

+ mol MeOH−1, an increase of 5200 μmol Hlost
+ mol

MeOH−1 relative to independent experiments in which only
0.2 kPa HCHO (39 μmol Hlost

+ mol MeOH−1) or 1.0 kPa 1,3-
butadiene (630 μmol Hlost

+ mol MeOH−1) was co-fed,
suggesting that reactions between HCHO and 1,3-butadiene
contribute significantly to deactivation (see Table 1). The
increase observed when co-feeding HCHO with 1,3-butadiene
is much larger than the increase observed when co-feeding
HCHO with toluene, suggesting that pathways involving
dienes may contribute more significantly to deactivation during
MTH catalysis than pathways involving aromatic species.
Finally, we consider the deactivation pathways between

HCHO and olefins by co-reacting HCHO and propylene with
methanol. We find that the total site-loss yield for HCHO and
propylene simultaneously is lower than the total site-loss yield

with HCHO co-feed, suggesting that propylene decreases the
propensity of HCHO to cause deactivation. This is in
agreement with previous results that demonstrate that co-
feeding olefins during MTH catalysis mitigates deactiva-
tion.42,43 This observation suggests that there are competing
pathways for HCHO consumption: reactions between HCHO
with aromatics or dienes to deactivate sites and reactions
between HCHO and olefins to form nondeactivation products.
This analysis delineates the competing pathways that

determine the fate of HCHO to either consume active sites
and cause deactivation or be incorporated into nondeactivation
products but does not shed light on the relative importance of
each pathway during MTH catalysis in the absence of any co-
feeds. Because formaldehyde is strongly implicated in causing
deactivation during MTH catalysis, we surmise that
deactivation during MTH catalysis with no co-feeds occurs
via a similar mechanism to deactivation during MTH catalysis
with HCHO co-feed. To elucidate the importance of the
aromatics-based and diene-based deactivation pathways during
MTH catalysis with HCHO co-feeds, we measure the
functional dependence of the site-loss yield and selectivity on

Figure 1. (a) Site-loss yield of methanol as a function of HCHO co-feed pressure with and without a 1 kPa C7H8 co-feed, (b) increase in the site-
loss yield when adding 1 kPa C7H8 as a function of HCHO co-feed pressure, (c) site-loss selectivity of HCHO as a function of HCHO co-feed
pressure with and without 1 kPa C7H8 co-feed, and (d) site-loss selectivity of the HCHO + toluene pathway if it is merely additive to the HCHO
deactivation pathway, at 673 K with 12 kPa CH3OH and 50% conversion of CH3OH, 100% conversion of HCHO.
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the HCHO co-feed partial pressure. Through these measure-
ments, we demonstrate that the reaction between HCHO and
aromatics is unlikely to be the prevailing HCHO-mediated
deactivation pathway during MTH catalysis with HCHO co-
feeds, and we propose instead that diene-based deactivation
pathways predominate.
The site-loss yield as a function of HCHO co-feed pressure

with and without a 1 kPa C7H8 co-feed is shown in Figure 1a,
and the difference between these two curves is shown in Figure
1b. The trend in Figure 1a suggests that the total site-loss
yields when co-feeding HCHO or HCHO + C7H8 are
proportional to formaldehyde concentrations to powers greater
than one. The trend in Figure 1b shows that the difference
between the total site-loss yield with HCHO + C7H8 and the
total site-loss yield with just HCHO co-feed is approximately
proportional to the co-feed pressure of HCHO. The cause of
these trends in site-loss yields becomes clear when we consider
the site-loss selectivity of HCHO, which is a measure of total
moles sites lost per mole HCHO consumed during reaction, as
defined in eq 2. The site-loss selectivity of HCHO increases
with increasing HCHO co-feed pressure with and without a
toluene co-feed, as shown in Figure 1c.
In all experiments with HCHO + C7H8 co-feeds, assuming a

stoichiometry of 1 HCHO:1 site-loss, the site-loss selectivity of
HCHO is ≲1%, suggesting that most of the HCHO consumed
does not lead to deactivation. The site-loss selectivity increases
with increasing HCHO pressure (Figure 1c), such that (eq 8)

X t
r

r r
P

1 d
dHCHO

HCHO

HCHO, HCHO,P P
HCHO

τ ν
ν ν

− = * *
* +

∝∼
*

(8)

where ν* is the number of sites lost in deactivation reactions,
νHCHO,* is the number of HCHO molecules consumed in
deactivation reactions, νHCHO,P is the number of HCHO
molecules consumed in product-forming (or nondeactivation)
reactions, r* is the rate of deactivation reactions, and rP is the
rate of product-forming reactions. From eq 8, because the site-
loss selectivity increases with increasing HCHO pressure, we
conclude that (i) νHCHO,*r* ≪ νHCHO,PrP such that most of the
HCHO is consumed in nondeactivating reactions, because if
νHCHO,*r* ≫ νHCHO,PrP, then the left-hand side of eq 8 would
simplify to ν*/νHCHO,* which is not a function of HCHO
pressure, and (ii) the ratio of the rate of deactivation reactions
divided by the rate of HCHO-consuming product formation
reactions is approximately proportional to HCHO pressure (eq
9)

r
r

P
P

HCHO* ∝∼
(9)

Conclusion (i) further supports the hypothesis that most of the
HCHO co-fed in these experiments does not lead to
deactivation, as evidenced by a site-loss selectivity of HCHO
of <1% when co-feeding only HCHO. Thus far, we have
investigated quantitatively the impact of varying the co-feed
identities on the site-loss yield (Table 1) and how the site-loss
yield and selectivities change as functions of HCHO co-feed
pressure (Figure 1 and eq 9). Next, we rationalize these data
with potential deactivation mechanisms.
With only HCHO co-feeds, the site-loss selectivity of

HCHO increases with increasing HCHO co-feed pressure
(Figure 1c), from which we deduce that the site-loss rate, r*, is
higher order in HCHO pressure than the rate of the competing

nondeactivating reaction pathways, rP (eq 9). A plausible
explanation for this observation is that the rate of the
deactivation pathway is order α > 1 in HCHO, while the
rate of HCHO consumption in nondeactivation pathways is
order ∼1 in HCHO. This implies that HCHO either reacts
with itself to cause deactivation or reacts with a species whose
concentration increases with increasing HCHO partial
pressure, and that this reaction is in competition with a
nondeactivating pathway where HCHO reacts with a species of
the hydrocarbon pool whose concentration is not dependent
on the HCHO co-feed partial pressure. Thus far, from the
measurements of site-loss yield as a function of co-feed
composition, we have identified one type of species that
HCHO reacts with that does not lead to deactivation, which is
the reaction between HCHO and olefins. The rate of this
reaction can be described by a Langmuir−Hinshelwood-type
rate function as eq 10

r
k P P

DP
P HCHO olefin=

(10)

where kP is the apparent rate constant for the catalyzed
reaction between HCHO and olefins on an empty catalyst
surface (θ* = 1), and the denominator, D, is the typical term
that arises from site-balances in Langmuir−Hinshelwood-type
rate functions, which are shared by all rate functions catalyzed
by the same types of active sites. Since D is the same for all
reactions, we are only interested in the reaction orders with
respect to each other. Thus for convenience, all reaction orders
are in reference to a clean surface, where D = 1. The rate of the
nondeactivating reaction between HCHO and olefins is thus
first order in HCHO and first order in olefins, which during
MTH catalysis are derived from methanol in the hydrocarbon
pool mechanism. In contrast, by measurement of site-loss
yields, we have identified two species that can react
detrimentally with HCHO to cause deactivation during
MTH catalysisaromatics and dienes. Both aromatics and
dienes are polyunsaturated species whose partial pressures in
MTH catalysis can be enhanced by co-feeding HCHO via
dehydrative Prins-condensation of HCHO with olefins to form
dienes followed by subsequent chain growth and dehydrocyc-
lization of dienes to form aromatics.10 Thus, for these
pathways, the rate of these deactivation reactions is described
by eq 11

r
k P P k P P

D
,aromatic HCHO aromatic ,diene HCHO diene

* = * + *
(11)

where k*,aromatic is the apparent rate constant for the reaction
between HCHO and an aromatic to cause deactivation on an
empty catalyst surface, k*,diene is the apparent rate constant for
the reaction between HCHO and a diene to cause
deactivation, and the denominator, D, is the same term that
arose in eq 10. Equation 11 treats the reactions of HCHO with
aromatics or dienes as the selectivity-determining steps that
govern whether HCHO consumes an active site. Aromatics
and dienes are both products of HCHO, and thus the partial
pressures of these species will correlate positively with the
HCHO co-feed inlet partial pressure, and may be as much as
proportional to HCHO co-feed partial pressure (i.e., Paromatic ∝
PHCHO and Pdiene ∝ PHCHO). Because HCHO increases the
partial pressures of polyunsaturated species such as aromatics
and dienes, r* is greater than first order in HCHO. Thus, when
co-feeding only HCHO, the site-loss selectivity of HCHO
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should increase with increasing HCHO co-feed pressure, since
r* is greater than first order in HCHO and rP is first order in
HCHO, such that their ratio r*/rP increases with increasing
HCHO co-feed partial pressure, as is observed experimentally
(Figure 1c).
Equation 11 sums the rates of two potential HCHO-

consuming reaction pathways that lead to catalyst deactivation
during MTH catalysisreaction of HCHO with aromatics and
reaction of HCHO with dienes. We conjecture that the site-
loss selectivity of HCHO increases with increasing HCHO co-
feed partial pressure because the partial pressures of aromatics
and dienes both trend positively with HCHO co-feed partial
pressure, such that r* ∝ (PHCHO)

α with α > 1. If the aromatic-
based deactivation pathway predominates in eq 11, then we
can reduce the HCHO-order to unity by co-feeding aromatics
with HCHO. When co-feeding aromatics, the partial pressure
of aromatics along the bed will be the sum of aromatics co-fed
plus the aromatics generated by reaction, such that Paromatics ≈
Paromatics,in, as discussed above. Thus, this eliminates the
dependence of Paromatics on the co-feed partial pressure of
HCHO. If the aromatics-based deactivation rate predominates
in eq 11, then when co-feeding aromatics, we should observe
that r* is first order in HCHO, such that r*/rP (or the site-loss
selectivity of HCHO) is no longer a function of the HCHO
co-feed pressure. However, in Figure 1c, this is not what is
observed. When co-feeding 1.0 kPa toluene, the site-loss
selectivity still increases with increasing HCHO co-feed
pressure, suggesting that aromatics-based deactivation path-
ways do not predominate during MTH catalysis when co-
feeding HCHO. In addition, co-feeding 0.2 kPa HCHO with
1.0 kPa C7H8 increases the aromatics pressure by orders of
magnitude relative to co-feeding only 0.2 kPa HCHO (<0.1
kPa aromatics at <20% CH3OH conversion, where deactiva-
tion occurs), but the site-loss selectivity only increases by a
factor of ∼2. This suggests that the ratio r*/rP is nearly
invariant with aromatics pressure, which is inconsistent with
HCHO alkylation of aromatics being the predominant reaction
that determines whether HCHO causes deactivation. Thus, we
surmise that an alternative pathway, such as a diene-based
deactivation pathway, is more likely to be the prevailing
deactivation pathway during MTH catalysis.
Dienes are precursors to species that undergo dehydrocyc-

lization to form aromatics and are formed as products of
HCHO-olefin reactions (as illustrated in mechanism (iiia) in
Scheme 2), such that diene partial pressure may be a positive
order function of HCHO concentration.5,10,12,44 If the rate r* is
predominantly the rate of site-loss via diene-based deactivation
pathways, and Pdiene ∝ (PHCHO)

α where α > 0 as a result of
dienes being Prins-condensation products of HCHO, then the
rate r* will be greater than first order in the HCHO co-feed
pressure with or without a 1.0 kPa toluene co-feed, consistent
with the experiment results reported in Figure 1a. Co-feeding
1.0 kPa 1,3-butadiene with 0.2 kPa HCHO results in an
increase in the site-loss yield of 5200 μmol Hlost

+ mol MeOHfed
−1,

compared to the 40 μmol Hlost
+ mol MeOHfed

−1 increase when
co-feeding 1.0 kPa toluene with 0.2 kPa HCHO. This suggests
that on a molar basis, dienes are much more pernicious than
aromatics in transforming HCHO to deactivation products to
induce site-loss. In Figure 2, we compare the site-loss
selectivity of 0.2 kPa HCHO with no additional co-feed or
with 1.0 kPa of toluene, propylene, or 1,3-butadiene, and note
that the site-loss selectivity is less than 0.01 mol H+ mol
HCHO−1 in all cases except when co-feeding 1,3-butadiene,

where the site-loss selectivity is nearly 0.4 mol Hlost
+ mol

HCHO−1. We postulate above that aromatic or diene
formation may be limiting the selectivity of HCHO to site-
loss as an explanation for why site-loss selectivity increases with
increasing HCHO co-feed pressure. If this is the case, we
expect that co-feeding the limiting species will then
significantly enhance the site-loss selectivity of HCHO,
which is observed when co-feeding 1,3-butadiene but not
when co-feeding toluene. This result combined with the trend
in site-loss selectivity with HCHO pressure when co-feeding
toluene (Figure 1c and eq 9) suggests that the reactions of
HCHO with aromatics are not likely the predominant
deactivation pathway when co-feeding HCHO during MTH
catalysis (mechanisms (i) and (ii) in Scheme 2). We instead
propose that diene-mediated pathways, such as mechanisms
(iiia) and (iiib) in Scheme 2, are the primary deactivation
pathways at these reaction conditions.
It has been shown that high-pressure H2 co-feeds during

MTH catalysis increase catalyst lifetime on MFI, CHA, AEI,
FER, and BEA zeolite/zeotype frameworks and it has been
proposed that the mechanistic basis for this increased lifetime
lies in the propensity of H2 to hydrogenate dienes over olefins,
evidenced by second-order rate constants that are 1−2 orders
of magnitude higher for 1,3-butadiene hydrogenation com-
pared to propylene hydrogenation.45−47 Hydrogenation of
dienes may mitigate deactivation by preventing dienes from
forming aromatics, or, as our data suggest, dienes are involved
in critical elementary steps that cause deactivation instead of
forming monocyclic aromatic intermediates. This suggests that
HCHO and 1,3-butadiene react via an overall reaction to cause
deactivation, possibly directly to form cyclopentadiene, which
may oligomerize or react with aromatics to form polycyclic
aromatic species (Scheme 1).
At the front of the reactor bed where deactivation occurs

during MTH catalysis on HZSM-5, HCHO is a primary
product of methanol disproportionation and transfer dehydro-
genation and, at 748 K on HZSM-5, is one of the first products
observed followed by light olefins that undergo subsequent
reaction to form aromatics, likely through diene and cyclodiene
intermediates.2,10,12,48,49 The observed large increase in site-
loss selectivity of HCHO when co-feeding 1,3-butadiene, and
the relationship between site-loss selectivity of HCHO and
HCHO co-feed pressure when co-feeding 1.0 kPa toluene,

Figure 2. Site-loss selectivity of HCHO with varying co-feed
combinations during methanol-to-hydrocarbon conversion on
HZSM-5 at 673 K with 12 kPa CH3OH, 50% conversion of
CH3OH, and 100% conversion of HCHO.
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leads us to conclude that dienes play a critical role in
deactivation during MTH catalysis. We propose that reactions
between 1,3-butadiene and HCHO lead to key coke precursors
by, for example, dehydrative condensation to form cyclo-
pentadienes that either oligomerize via known acid-catalyzed
coke-forming reactions13 or react with aromatics as proposed
by Wang et al.33 to form polycyclic species. Diels−Alder-like
reactions between HCHO and dienes could also lead to the
formation of oxygen-containing six-membered cyclic species50

that can react further to form polycyclic aromatic species and
may be the source of oxygen-containing coke species that are
observed in HZSM-5.6,51

We propose a plausible deactivation mechanism in Scheme 3
to rationalize experimental measurements of site-loss yields
and selectivities. Formaldehyde is consumed in reactions with
aromatics, olefins, or dienes. The dienic species can either react
with HCHO to cause deactivation or with methanol and
olefins to undergo further chain-growth and hydrogen-transfer
reactions to form aromatics. When only HCHO is co-fed with
CH3OH, nondeactivating consumption of HCHO by reaction
with olefins predominates, and a small amount of HCHO is
consumed via reaction with dienic species to consume active
sites, as evidenced by site-loss selectivities of less than 0.01 mol
Hlost

+ mol HCHO. Dienic species are formed from HCHO, and
thus the selectivity of this pathway increases with HCHO
pressure because it is >1 order in HCHO while the
nondeactivating reaction pathway with olefins is only first
order in HCHO. When aromatics are co-processed with
HCHO and CH3OH, the site-loss selectivity of HCHO
increases with HCHO co-feed pressure because the pathway
involving reaction of HCHO with dienic species contributes
non-negligibly to the site-loss yield. This also suggests that
when co-feeding aromatics with HCHO, most of the HCHO is
consumed via nondeactivation pathways, since the site-loss
selectivity increases with HCHO pressure (Figure 1c), in
agreement with the site-loss selectivities reported for 0.2 kPa
HCHO co-feed with various additional co-feeds shown in
Figure 2.
The relationship between site-loss yield and HCHO

pressure with and without a toluene co-feed is quantitatively
similar (Figure 1a), suggesting that the prevailing deactivation
mechanism is unchanged by co-feeding toluene. The difference
between the site-loss yield with and without C7H8 co-feed is
positive order in HCHO pressure (Figure 1b). This is
rationalized by considering that with or without the aromatic
co-feed, the diene-based deactivation pathway dominates, and
the selectivity of this pathway increases with increasing HCHO
pressure, in agreement with the increasing site-loss selectivity
with increasing HCHO co-feed pressure, as observed in Figure
1c. The difference in site-loss yield increases proportionally to
HCHO pressure (Figure 1d) because an additional pathway,

the aromatics-based pathway, contributes to deactivation when
toluene is co-fed, and the yield of this pathway is first order in
HCHO pressure when co-feeding toluene. The nondeactivat-
ing pathway is the reaction between HCHO and olefins to
form aromatics via diene intermediates, which is also first order
in HCHO. Thus, the selectivity of the HCHO + C7H8 pathway
is nearly invariant with HCHO co-feed pressure, in agreement
with the experimental results shown in Figure 1d.
Mechanistic insights into deactivation during catalysis, such

as what we proffer for methanol-to-hydrocarbon conversion on
zeolites, can be obtained using quantitative metrics that assess
the site-averaged rate of deactivation reactions (moles sites lost
per second) with respect to the site-averaged rate of reactant/
co-feed consumption (site-loss selectivity) or the molar
reactant flow rate (site-loss yield). Specifically, these metrics
enable the determination of the dependence of the rate of
deactivation pathways on the identity and partial pressures of
co-fed reactants, providing experimental evidence in support of
plausible HCHO-mediated deactivation pathways during
MTH catalysis. By analyzing the dependencies of site-loss
yield and selectivity on reactant partial pressures, polyunsatu-
rated nonaromatic species such as aliphatic- or cyclodienes are
determined to likely play a critical role in deactivation of
zeolite and zeotype catalysts relevant for MTH.

4. CONCLUSIONS

We probe the mechanism of catalyst deactivation during
methanol-to-hydrocarbon catalysis on HZSM-5 by measuring
site-loss yields and selectivities as functions of reactant
composition. Through co-feed experiments, we determine
that it is unlikely that the reaction between HCHO and
aromatics is the predominant HCHO-mediated deactivation
pathway during MTH catalysis on HZSM-5. With a 1.0 kPa
toluene co-feed, the site-loss yield was greater than first order
in the HCHO co-feed pressure, suggesting that an alternative
deactivation pathway requiring multiple species that originate
from HCHO contributes non-negligibly to deactivation. We
propose that reactions involving polyunsaturated nonaromatic
species, such as aliphatic or cyclodienes, are strong candidates
for key species that mediate deactivation during MTH catalysis
on HZSM-5. This proposal is supported by an increase in the
site-loss selectivity of HCHO from 0.002 mol Hlost

+ mol
HCHO−1 when feeding only 0.2 kPa HCHO and 12 kPa
CH3OH to 0.35 mol Hlost

+ mol HCHO−1 with the addition of
1.0 kPa 1,3-butadiene, while site-loss selectivity only increases
to 0.005 mol Hlost

+ mol HCHO−1 with the addition of 1.0 kPa
toluene.

Scheme 3. Potential Deaction Pathways that Qualitatively Agree with Observed Trend in Site-Loss Yield and Site-Loss
Selectivities during Methanol-to-Hydrocarbon Conversion with Co-Feeds
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