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ABSTRACT: Formaldehyde productivity and reactivity over
zeolite catalysts are suggested to influence their selectivity and
stability in the methanol-to-hydrocarbons (MTH) conversion.
However, details of these relationships have yet to be established.
In this study, we applied photoelectron photoion coincidence
spectroscopy to examine the productivity of this intermediate over
unpromoted and zinc-loaded ZSM-5 catalysts. Formaldehyde is the
primary MTH product. Its production over unpromoted catalysts
proceeds mainly via hydrogen transfer between methanol
molecules, the rate of which is proportional to the concentration
of strong Brønsted acid sites. In zinc-promoted ZSM-5, form-
aldehyde is mainly derived via methanol dehydrogenation, which
provides up to a 12× higher productivity of this intermediate. The
cumulative turnover capacity of the catalyst displays a strong negative correlation with its formaldehyde evolution activity.
Formaldehyde evolution is enhanced at higher methanol concentrations and reaction temperatures, which are conditions also
leading to enhanced coking. Complementary formaldehyde cofeeding experiments demonstrate that this intermediate enhances the
formation of ethene and methylbenzenes over C3+ alkenes, which is in agreement with high selectivities to the products of the arene
cycle over the catalysts with high formaldehyde productivity. The addition of formaldehyde promotes most substantially the
deactivation of the most stable ZSM-5 catalysts displaying inherently low productivity of this intermediate, rendering their lifetimes
comparable to those of their less stable counterparts. Operando diffuse-reflectance UV−vis spectra show that small amounts of
formaldehyde greatly promote the conversion of cyclopentadienyl and methylated benzenyl intermediates into bicyclic and
polycyclic aromatics. Consistent with this, formaldehyde cofeeding results in increased coke accumulation in more stable catalysts,
especially in their micropores, as supported by X-ray diffraction and photoelectron spectroscopy analysis. These findings represent
direct evidence that the stability and product distribution of ZSM-5 catalysts are strongly governed by their formaldehyde evolution
activity.
KEYWORDS: methanol-to-hydrocarbons, formaldehyde, coking, deactivation, zeolites

1. INTRODUCTION
The catalytic methanol-to-hydrocarbons (MTH) conversion
process is an important pillar in retrofitting the existing
infrastructure for petrochemical production to a range of fossil
(e.g., coal and natural gas) and potentially renewable (e.g.,
carbon dioxide, hydrogen, and biomass) substitutes to crude
oil because all of them can be readily converted into
methanol.1,2 MTH conversion is catalyzed by a range of
molecular sieves, of which ZSM-5 zeolites and SAPO-34
zeotypes are industrially applied.1−3 The micropore confine-
ment along with Brønsted acid sites (BAS) in these materials
allow the formation of alkene- and arene-based intermediates
that act as cocatalysts in the synthesis of higher hydro-
carbons.1,2,4,5 In this so-called dual-cycle hydrocarbon pool
(DCHP) mechanism, the alkene HP species undergo
methylation and subsequent cracking reactions to produce

C3+ alkenes, while analogous reaction sequences of the arene
HP intermediates lead to the formation of ethene, propene,
and arenes, including methylated benzenes and naphthalenes.
Thereby, higher alkenes can be converted into arene
intermediates via hydrogen transfer (HT) and cyclization
reactions, in which alkanes are also produced.5,6

One of the critical limitations in the MTH conversion is the
formation of higher-molecular-weight byproducts, mostly
composed of polycyclic aromatic hydrocarbons (PAHs),
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which accumulate either on the outside of zeolite crystals or
within their inner volume.2,7−13 This creates the so-called
external and internal coke deposits that occlude the active sites,
thus causing a continuous loss of catalyst activity.7,8,10,14

Consequently, MTH catalysts must be periodically regenerated
by coke combustion at high temperatures (>823 K).15 This
procedure not only wastes up to ca. 8 mol % of methanol feed
entrained in coke into carbon dioxide16 but also causes a
gradual decay of the catalyst due to the high temperatures
applied and prominent steam evolution.17−19

The catalyst’s propensity to deactivate is strongly dependent
on its structure and operating regime. Medium-pore molecular
sieves are most stable, while small-pore sieves are least stable,
with large-pore systems exhibiting intermediate stability.1,2,4

The catalyst stability increases with decreasing crystallite size
and BAS density.20−25 Besides, specific extraframework cations
(e.g., zinc) can increase, while others (e.g., calcium) can
decrease the catalyst’s propensity to coking.25−29 Regarding
process parameters, coke-induced deactivation is enhanced at
high temperatures,8,30 methanol concentrations,8,31 and weight
hourly space velocities (WHSVs).32,33

Coke species are regarded as byproducts of DCHP
reactions, originating from excessive methylation of coke
precursors, primarily arenes.2,4,8,13 It is commonly accepted
that the formation of PAHs proceeds primarily through the
alkene-induced HT (AIHT) reactions, which comprises
protonation of (cyclo)alkene, followed by a hydride transfer
from another (cyclo)alkene to thus obtained surface-bound
alkyl species.6,13 AIHT thus results in the formation of
(cyclo)alkanes and unsaturated (cyclo)dienes, which are
readily converted into arenes. However, recent studies pointed
out that coke-forming reactions and the product distribution in
the MTH reaction are strongly influenced by formalde-
hyde.8,9,31,34−41 This reactive intermediate is derived via
methanol-induced HT (MIHT), in which methanol or DME
is the hydride donor.6,37,39,42−46 The acceptor can either be a
surface methyl species generated by adsorption of methanol or
DME, or a surface alkyl species stemming from adsorption of
an unsaturated hydrocarbon, typically an alkene, on an acid
site. Along with formaldehyde, these so-called MIHT reactions
produce methane and water, and more saturated hydrocarbons
(e.g., alkanes). Recently, we showed that formaldehyde can
also arise from methanol dehydrogenation over transition
metal sites that may be present in the reactor walls and the
bed-diluents.47 Formaldehyde is proposed to react with alkenes
via Prins and hydroacylation reactions yielding dienes and
polyenes, which readily undergo cyclization and HT,
eventually yielding arenes.6,11,37,40,43,48,49 Besides, formalde-
hyde can directly convert arenes into deactivating species, such
as diphenylmethane.40 These formaldehyde-mediated reactions
(FMRs) are catalyzed by BAS,37,43 and can be additionally
promoted by Lewis acid sites (LAS).6 They are also suspected
to be the central promotors of the arene cycle and associated
pathways that cause the formation of coke.6,37,43,44 However,
the contribution of the FMRs to the deactivation of the
catalysts exhibiting different acid properties under different
reaction conditions is still elusive. This is to a significant extent
caused by the challenging detection of this intermediate by
conventional mass spectrometry and gas-chromatography
techniques.38,47

Herein, we applied a multitechnique approach to evaluate
the long-debated relationships between the product distribu-
tion, propensity to coking, and the formaldehyde-evolution

activity using a series of practically relevant ZSM-5 catalysts. In
particular, we assessed the inherent productivity of form-
aldehyde over a series of ZSM-5 catalysts by utilizing
photoelectron photoion coincidence (PEPICO) spectroscopy,
which was demonstrated previously as a highly sensitive
technique to analyze the formation of this intermediate over
zeolite and nonzeolite based materials.38,47,50 We also applied
operando diffuse reflectance UV−vis (DR/UV−vis) spectros-
copy to assess the evolution of active and deactivating
intermediates over these materials in the absence and presence
of the formaldehyde cofeeds.51−53 Complemented with the
analysis of the impact of the formaldehyde cofeeds on the
catalyst lifetime, selectivity, and coking of zeolite, our results
unveil an important role of formaldehyde in controlling the
zeolite stability in the MTH conversion.

2. EXPERIMENTAL SECTION
2.1. Catalysts and Characterization. Commercially

available ZSM-5 zeolites with nominal Si/Al ratios of 15
(Zeolyst, CBV 3024E), 25 (Zeolyst, CBV 5524G), 40
(Zeolyst, CBV 8014), and 140 (Zeolyst, CBV 28014) were
received in ammonium form and converted into the proton
form by calcination. The resulting catalysts are termed Z15, Z25,
Z40, and Z140, respectively. A zinc-exchanged Z40 zeolite, coded
ZnZ40, was synthesized by incipient wetness impregnation of
Z40 (ammonium form) with an aqueous solutions of zinc
acetate dihydrate (Zn(CH3COO)2·2H2O, Merck, >99%) to
attain a nominal loading of zinc of 1.0 wt %, followed by drying
under vacuum (100 mbar) at 373 K for 12 h. All catalysts were
calcined under an oxygen flow (Pangas, 5.0, FOd2

= 100 cmSTP
3

min−1) at 823 K for 5 h with a heating rate of 2 K min−1. Fresh
catalysts were characterized by nitrogen adsorption, powder X-
ray diffraction, and pyridine adsorption using Fourier-trans-
form infrared (FTIR) spectroscopy, while the coke content
and distribution in deactivated catalysts were probed by
thermogravimetric (TGA) analysis and X-ray photoelectron
spectroscopy (XPS). These characterization methods are
detailed in the Supporting Information.
2.2. Catalytic Testing. The MTH conversion reactions

were carried out in an automated homemade continuous-flow
fixed-bed reactor setup. Unless otherwise stated, the reaction
was conducted at 673 K and total pressure of P = 1.5 bar using
an argon flow of FAr = 190 cmSTP

3 min−1 with a methanol flow
of FCHd3OH = 0.04 cmlq

3 min−1, which corresponds to a
methanol concentration of cCHd3OH = 11 mol % in the feed. In
the formaldehyde cofeeding experiments, formaldehyde was
added in the concentration of cCHd2O = 0.5, 1, or 2 molC %
(molC % stands for fraction of component in total carbon
content). Details on reactor setup, catalytic testing, calculation
of conversion, product selectivities, and cumulative turnover-
capacities are provided in the Supporting Information.
2.3. PEPICO and Operando DR/UV−Vis Spectroscopy

Experiments. Photoelectron photoion coincidence (PEPI-
CO) spectroscopy analysis of formaldehyde and other
products in the MTH reaction outlet was performed at the
vacuum ultraviolet (VUV) beamline of the Swiss Light Source
(Figure S1)54−57 using a similar approach as described in our
previous work.47 Unless otherwise stated, the MTH reaction
was conducted using cCHd3OH = 1.95 mol %, WHSV = 1.3−10.9
gCHd3OH gcat

−1 h−1, T = 548−698 K, and P = 0.4 bar. Operando
diffuse-reflectance UV−visible (DR/UV−vis) spectroscopy
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analysis of the reaction intermediates retained by the zeolite
catalysts was performed in a home-built cell closed with a
calcium fluoride window (Figure S1). The MTH catalytic tests
were performed using a feed of cCHd3OH = 11 mol %, cCHd2OH = 0
or 2 molC %, WHSV = 33−60 gCHd3OH gcat

−1 h−1, T = 673 K,
and P = 1.2 bar. Details on the PEPICO and DR/UV−vis
reactor setups and the reaction analysis are provided in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. MTH Performance−Formaldehyde Formation

Relationships. It is well-established that the acidity of the
ZSM-5 catalysts, which is primarily determined by their Si/Al
ratios and by the presence of the extraframework cations, has a
strong impact on their activity, selectivity, and stability in the
MTH reaction.21,23,25 Catalysts with low BAS concentration
are more selective toward C3+ alkenes and display a lower
propensity to coking. This is typically ascribed to less
prominent HT reactions, including methanol HT leading to
formaldehyde.6 However, the details of the relationship
between catalyst acidity, formaldehyde evolution and reactivity,
and the MTH performance remain elusive.

We commenced analyzing these relationships by evaluating
the ZSM-5 catalysts with Si/Al ratios of 15, 25, and 40, and a
zinc-promoted catalyst with a Si/Al ratio of 40. The
concentration of strong BAS in these materials decreased in
the order of Z15 (391 μmol g−1) > Z25 (326 μmol g−1) > Z40
(217 μmol g−1) > ZnZ40 (93 μmol g−1), while the strong LAS
concentration displayed the following trend: Z15 (172 μmol
g−1) > ZnZ40 (105 μmol g−1) > Z25 (64 μmol g−1) ≈ Z40 (60
μmol g−1, Figures 1a, S2 and Table S1). The unpromoted
catalysts with higher BAS concentration displayed lower

selectivities to propene and butene and higher selectivities to
ethene and 2-methylbenzene (2MB), indicating the prevalence
of the arene over alkene-mediated reactions in BAS-rich
materials (Figure 1a). This is also reflected in a higher ethene-
to-2-methylbutane/butene selectivity ratio (DCd2Hd4/mCd5Hd10,12

) over
the catalysts with an increased BAS concentration, which is a
descriptor for the relative prevalence of the arene over the
alkene cycle.31 In agreement with the prominent role of arene
chain carriers in initiating coke-forming reactions, the catalyst
stability measured as a cumulative turnover capacity (CT0)
decreased in the order: Z40 (610 gCHd3OH gcat

−1) > Z25 (300
gCHd3OH gcat

−1) > Z15 (145 gCHd3OH gcat
−1, Figure 1a). However,

the ZnZ40 catalyst displayed a clear deviation from the
aforementioned BAS-based trend. Although exhibiting a ca.
2.3× lower BAS concentration than the parent Z40 zeolite, it
showed unchanged selectivities to propene and butene, and
increased selectivities to ethene (ca. 1.8×) and 2MB (ca. 1.6×)
with respect to the parent Z40 catalyst. Moreover, the
DCd2Hd4/mCd5Hd10,12

ratio in ZnZ40 (ca. 1.9) is comparable to those
of BAS-rich Z25 (ca. 1.6) and Z15 (ca. 2.3) catalysts, while its
CT0 value (22 gCHd3OH gcat

−1) is drastically lower than that of
the latter zeolites (Figure 1a).

The selectivity and stability differences between the ZSM-5
materials correlate with their different activities in HT
reactions. This can be inferred from the increasing selectivities
to methane and C1−4 alkanes over Z40, Z25, and Z15 catalyst
series and substantially higher (ca. 1.7×) selectivity to C1−4 in
ZnZ40 than in Z40 (Figure 1a). Since these catalysts were
evaluated at initial methanol conversions of Xinitial ≈ 70−90%
for unpromoted catalysts and Xinitial ≈ 50% for ZnZ40 (Figure
S3), MIHT reactions are suspected to dominate HT.6 As a

Figure 1. (a) Concentration of strong BAS and LAS in different ZSM-5 zeolites, cumulative selectivities to specific products (CSCdxHdy
), ethene-to-2-

methylbutane/butene selectivity ratios (DCd2Hd4/mCd5Hd10,12
), and cumulative turnover capacities (CT0) measured in MTH catalytic tests. The values of

CSCdxHdy
and DCd2Hd4/mCd5Hd10,12

were determined in the conversion range of ca. 30−50% from the selectivity−conversion profiles shown in Figure S3. (b)
Methanol conversion and apparent evolution rates of (c) formaldehyde and (d) light alkenes versus temperature in the MTH reaction over different
ZSM-5 catalysts determined by PEPICO experiments. (e) The relationship between the CT0 measured in the MTH catalytic tests and the space-
time yields of formaldehyde determined by the PEPICO experiments at 673 K. Conditions in the MTH catalytic tests: WHSV = 38 (Z40, ZnZ40),
44 (Z25), or 51 gCHd3OH gcat

−1 h−1, cCHd3OH = 11 mol %, T = 673 K, and P = 1.5 bar. Conditions in the PEPICO experiments: WHSV = 4.4 (Z40,
ZnZ40), 6.0 (Z25), or 10.9 gCHd3OH gcat

−1 h−1 (Z15), cCHd3OH = 1.95 mol %, T = 673 K, and P = 0.4 bar.
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result, catalysts with higher MIHT activity are expected to
generate a higher amount of formaldehyde, which may induce
a series of FMRs that promote coking.9,31,34,37

To inspect the role of the MIHT reactions, the form-
aldehyde productivity over the aforementioned ZSM-5 catalyst
series was assessed by PEPICO spectroscopy. The catalysts
activities were evaluated at reduced pressures and increased
WHSVs. WHSVs were adjusted to attain low and comparable
conversion levels over the catalysts (≤16% for unpromoted
zeolites, ≤32% for ZnZ40) in the temperature range of 548−
698 K, which captures the typical operating window of the
MTH reaction (Figure 1b). In this reaction regime, form-
aldehyde was detected over all catalysts (Figures 1c and S4 and
Table S2). The “wall-catalyzed” formation of formaldehyde
was greatly minimized by the use of a quartz reactor and quartz
bed diluent (Figure S4).47 The evolution of formaldehyde over
Z15, Z25, and Z40 catalysts was accompanied by the formation
of methane and subsequently ethene, propene, and butene
(Figures 1d and S5). The onset of light alkene production
shifted to ca. 30 K higher temperatures than that of
formaldehyde production, corroborating the assumption that
formaldehyde, along with methane (Figure S5), is the first
gaseous intermediate generated in the MTH reaction. Alkanes,
such as propane and butane, were not detected in the outlet
reactor stream, which points toward MIHT in which methanol
or DME are hydrogen acceptors as the primary source of
formaldehyde. Moreover, the increasing production of form-
aldehyde with rising temperature along with virtually non-
detectable formation of arenes, such as benzene and

methylbenzene (MB), and dienes, such as butadiene (Figure
S5), indicates that the consumption of this reaction
intermediate through subsequent reactions with alkene or
arene chain carriers is greatly suppressed. Therefore, the
measured formaldehyde evolution rates are representative of
the inherent formaldehyde productivity over that of the
respective catalyst. Notably, the formaldehyde formation rates
over unpromoted ZSM-5 zeolites normalized per their strong
BAS concentration are almost indistinguishable (Figure 1c).
This is a strong indication that strong BAS are the main active
sites responsible for formaldehyde formation over these
materials. In good agreement with the performance differences
observed in the laboratory fixed-bed reactor tests, the ZnZ40
catalyst displayed substantially higher (ca. 7−12×) form-
aldehyde formation rate per BAS. The nondetectable
formation of methane and other hydrocarbons, and detection
of hydrogen over ZnZ40, which is not observed over
unpromoted zeolites, suggests that the extraframework zinc
cations introduce another, highly reactive pathway of form-
aldehyde formation via methanol dehydrogenation (Figure
S5). Because of its low BAS concentration and high
formaldehyde evolution activity, ZnZ40 is thus an interesting
catalytic material for assessing the impact of formaldehyde on
catalyst stability.

We can now compare the formaldehyde space-time yields
(STYCHd2O) under conditions that minimize its consumption by
sequential reactions with CT0. Notably, CT0 displays a strong
negative correlation with STYCHd2O, which is calculated as the
product of the strong BAS concentration and the formaldehyde

Figure 2. (a) Cumulative turnover capacities (CT0), and cumulative selectivities to ethene (CSCd2Hd4
), 2MB (CS2MB), propene (CSCd3Hd6

), and butene
(CSCd4Hd8

) in the MTH reaction over ZSM-5 zeolites in the absence and in the presence of formaldehyde cofeeds. (b) Relative change of cumulative
turnover (D) and selectivity to ethene (ECd2Hd4

) sensitivity factors versus cofeed concentration of formaldehyde in MTH over ZSM-5 zeolites. (c)
Dependency of cumulative turnover (mCT d0

) and ethene (mCd2Hd4
) sensitivity factors to formaldehyde cofeeding over ZSM-5 catalysts with different

acid properties. Symbols represent the experimental data, and lines are intended to guide the eye. Conditions: WHSV = 13 (Z140), 38 (Z40, ZnZ40),
44 (Z25), or 51 gCHd3OH gcat

−1 h−1, cCHd3OH = 11 mol %, cCHd2O = 0, 0.5, 1, or 2 molC %, T = 673 K, and P = 1.5 bar.
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formation rate per strong BAS concentration of a given catalyst
in the PEPICO experiments performed at the same temper-
ature (673 K, Figure 1e and eq S7). This provides a hint that
formaldehyde, which is generated as the primary intermediate
in the MTH conversion, has a considerable impact on the
reaction cascades, leading to catalyst coking and consequent
deactivation.
3.2. Impact of Formaldehyde Formation on the

Catalyst Stability. To reveal further relationships between
catalyst acidity, FMR activities, and stability, as implied by a
strongly negative CT0−STYCHd2O correlation (Figure 1e), the
impact of formaldehyde cofeeding (0.5−2 molC %) on the
MTH performance was studied. As formaldehyde is produced
in the first sections of the catalyst bed (Figure 1b,c), cofeeding
of small concentrations of this MTH product (0.5−2 molC %)
that are comparable to its yield determined by PEPICO
experiments (Figure S4), closely emulates its enhanced
formation. In this way, they enable us to assess the deactivation
potential of this intermediate, which is especially relevant for
catalysts with low BAS concentration. The impact of
formaldehyde cofeeds was studied over the previously
discussed set of ZSM-5-based catalysts enriched by a low-
acidic Z140 zeolite (strong cBAS = 16 μmol g−1). Z140 displays a
very stable MTH performance with high selectivities to
propene and butene, and low selectivities to ethene and
2MB (Figures 2a and S3). The addition of formaldehyde led to
a decrease in the CT0 values and an increase in the cumulative
selectivities to ethene and arenes over all unpromoted zeolites.
However, the magnitude of these changes increases strongly
with decreasing BAS concentration. Specifically, the addition of
2 molC % formaldehyde to the methanol feed decreased CT0
by ca. 3× for Z15, and by ca. 34× over the Z140 catalyst. The
addition of 2 molC % formaldehyde to the methanol feed over
Z140 decreased its CT0 from 2220 gCHd3OH gcat

−1 to only 78
gCHd3OH gcat

−1, which is significantly lower than that of the
highly acidic Z15 material (145 gCHd3OH gcat

−1, Figure 2a). The
formaldehyde cofeeds also affected the product distribution.
More specifically, the selectivity to ethene and 2MB
progressively increased, while the butene selectivity decreased,
corroborating the promotion of the arene cycle by the
formaldehyde intermediate. Similar to the stability, the relative
changes in the ethene selectivity were more pronounced over
Z140 (ca. 2.8×) than over Z15 (ca. 1.2×) catalyst (Figures 2a
and S3). In contrast, the inherently low CT0 values and
product distribution of ZnZ40 material were virtually
unaffected by the formaldehyde cofeed (Figures 2a and S3).

More quantitative insights into the impact of the form-
aldehyde cofeeds on the MTH performance can be obtained
by evaluating the relative sensitivity factors for CT0 and
cumulative product selectivity (Figure 2b). The deactivation
factor (D) is defined as the ratio between the cumulative
turnover capacities in the absence (CT0,M) and in the presence
(CT0,fCHd2O) of the formaldehyde cofeed. Under the premises of
a simplified reaction model, which assumes that (1) the
catalyst deactivates nonselectively, (2) the deactivation rate
follows a first-order dependence with respect to active sites and
deactivating species, (3) the deactivation involves form-
aldehyde-independent and formaldehyde-dependent pathways,
and (4) the latter pathways follow the pseudo-first-order
dependence with respect to formaldehyde, the dependence of
factor D on the concentration of cofed formaldehyde

([CH2O]co) is dependent on the inherent formaldehyde
productivity ([CH2O]inh) according to eq 1 (Supporting
Information Discussion S2.1 provides derivation details).
Herein, RD reflects the ratio between formaldehyde-independ-
ent and formaldehyde-dependent deactivation.
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Hence, the catalyst exhibiting lower inherent productivity of
CH2O under specific conditions is expected to display a larger
change in D upon cofeeding formaldehyde. The prominent
changes of D induced by miniscule amounts of formaldehyde
in the cofeed indicate that even small differences in inherent
productivity of formaldehyde have a strong impact on the
catalyst performance. Such effects further suggest that the
parameter RD is relatively low in the experiments performed in
this work and that changes in the sensitivity factors are
primarily determined by the inherent productivities of
formaldehyde.

In analogy to factor D, the product selectivity change factor,
ECdxHdy

, can be defined as the ratio between the cumulative
selectivities to product CxHy, in the presence, CSCdxHdy,fCHd2O, and
in the absence, CSCdxHdy,M, of formaldehyde cofeed. Under the
assumption that formation of products proceeds via the acid-
site catalyzed reactions of an oxygenate (methanol or DME)
with formaldehyde-dependent or the formaldehyde-independ-
ent fractions, the dependence of ECdxHdy

on the concentration of
the cofed formaldehyde ([CH2O]co) is a function of the
concentration of the inherently formed formaldehyde
([CH2O]inh) and the ratio between the formaldehyde-
independent and formaldehyde-dependent product formation
(LCdxHdy

) and the formaldehyde dependency factor (bCdxHdy
, eq 2,

Supporting Information Discussion S2.2 for derivation details).
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As discussed above, the impact of formaldehyde on product
formation can be positive, negative, or negligible. For example,
ECd2Hd4

displays a strong positive and ECd4Hd8
a strong negative

dependency on the concentration of cofed formaldehyde
(Figures 2b and S6). These products stem from arene and
alkene cycles, respectively. Such changes in selectivity reflect
the formaldehyde-induced conversion of alkenes into arene
chain carriers. The absence of substantial ECd3Hd6

variance with
introducing formaldehyde in the feed suggests that the
productivity of propene by the arene cycle compensates for
the losses caused by decreasing alkene cycle (Figures S3 and
S6).

Based on the previously described models, the slopes of
factor D and ECdxHdy

dependences on the concentration of cofed

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.3c04279
ACS Catal. 2024, 14, 463−474

467

https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04279/suppl_file/cs3c04279_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04279/suppl_file/cs3c04279_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04279/suppl_file/cs3c04279_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04279/suppl_file/cs3c04279_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04279/suppl_file/cs3c04279_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04279/suppl_file/cs3c04279_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04279/suppl_file/cs3c04279_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04279/suppl_file/cs3c04279_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04279/suppl_file/cs3c04279_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04279/suppl_file/cs3c04279_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04279/suppl_file/cs3c04279_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


formaldehyde, mCT d0
and mCdxHdy

, respectively, provide informa-
tion on the inherent formaldehyde productivity (eqs 1 and 2,
Figures 2b and S6). Both mCTd0

and mCd2Hd4
display a strong

negative correlation with the concentration of BAS over
unpromoted catalysts, and are virtually equal to zero for the
ZnZ40 (Figure 2c). Such a behavior agrees with the
experimentally measured order of catalyst activities in the
formaldehyde formation reactions (Figure 1e), demonstrating
the validity of the simplified reaction model. The exceptional
behavior of ZnZ40 is in agreement with a high formaldehyde
productivity induced by the introduction of zinc.26,28 There-
fore, cofeeding formaldehyde to this reactive system has
virtually no impact on its performance. Overall, cofeeding
experiments further evidence that a relatively small increase in
the formaldehyde formation can greatly promote the formation
of products arising from the arene cycle and coke-forming
reactions. Therefore, the lower productivity of formaldehyde
over the less acidic zeolites can be the source to their higher
selectivity toward the products of the alkene cycle and their
lower propensity to coking.
3.3. Impact of Reaction Conditions. Formaldehyde is a

primary intermediate in MTH conversion, which is proposed
to readily react within the reaction network. The PEPICO
analysis of the formaldehyde evolution over Z40 catalyst at two
WHSVs that result in a low and high methanol conversion
supports this proposal (Figure 3a). More specifically, the

increase of temperature in a low WHSV experiment (1.2 h−1)
leads to a prominent rise of the formaldehyde productivity up
to conversions of ca. 20%. However, the apparent form-
aldehyde production displays a small increment in the
conversion range of up to ca. 80%, and is virtually constant
at near complete reactant consumption. Notably, the effective
productivities of formaldehyde measured at low WHSV and
high conversions are ca. 5−18× lower than those measured at
increased WHSV and decreased conversions in the same
temperature range. This result demonstrates that formaldehyde
is promptly consumed upon establishment of the DCHP
reaction network at moderate and high conversion levels.

The inlet methanol concentration also affects formaldehyde
productivity.8,31 The analysis performed at increased WHSVs
over Z15 and ZnZ40 zeolites, which are representative of the
two distinct activity patterns in formaldehyde evolution,
demonstrates a positive reaction order of formaldehyde
formation with respect to the inlet methanol concentration
(Figure 3b). However, while the reaction displays an apparent
reaction order of ca. 1 over the Z15 catalyst, the apparent
reaction order is ca. 0.5 in the case of ZnZ40. The former
reaction order is consistent with the BAS-catalyzed MIHT
mechanism in which the HT between surface-bound methyl
group and methanol is likely the rate-limiting step (see
Supporting Information Discussion S2.3 for derivation).43 On
the other side, the reaction order measured over ZnZ40 can be
rationalized by the previously proposed dehydrogenation

Figure 3. (a) Apparent evolution rates of formaldehyde (top) and methanol conversion (bottom) versus temperature in the MTH reaction over Z40
at two WHSVs. (b) Apparent evolution rates of formaldehyde versus inlet methanol concentration in the MTH reaction over ZnZ40 and Z15 at 673
and 637 K, respectively. Data in (a,b) are determined by the PEPICO experiments. (c) Cumulative turnover capacities (CT0) in the MTH reaction
over Z40 zeolite in the absence and in the presence of formaldehyde cofeeds at different WHSVs, inlet methanol concentrations, and temperatures,
which are indicated on the vertical axis. Top data set represents the performance under the benchmark conditions. (d) Cumulative turnover (mCTd0

,
top) and ethene (mCd2Hd4

, bottom) sensitivity factors over Z40 versus WHSVs (left), methanol concentration (middle), and temperature (right).
Symbols represent the experimental data; continuous lines are intended to guide the eye. Except for WHSVs, other conditions of the PEPICO
experiments correspond to those reported in the caption of Figure 1. Benchmark conditions in the MTH catalytic tests unless otherwise indicated
in the plot: WHSV = 38 gCHd3OH gcat

−1 h−1, cCHd3OH = 11 mol %, cCHd2O = 0, 0.5, 1, or 2 molC %, T = 673 K, and P = 1.5 bar.
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mechanism, in which the dehydrogenation of methanol is the
likely rate-determining step (please see Supporting Informa-
tion Discussion S2.3 for derivation details).

The productivity and reactivity of formaldehyde can also be
studied by assessing the CT0 and the product distribution of
the archetypical Z40 catalyst at different WHSVs and methanol
concentrations in the absence and in the presence of
formaldehyde cofeeds (0−2 molC %, Figures 3c and
S7).37,38,47 We studied MTH performance at 673 K and
WHSVs of 76, 38, and 25 gCHd3OH gcat

−1 h−1, which resulted in
low (ca. 40%), medium (ca. 77%), and complete (ca. 100%)
initial conversions (Figure S7), respectively. Consistent with
the nonselective deactivation model of ZSM-5 catalysts, the
selectivity−conversion profiles recorded during deactivation
are virtually independent of the initial activity (Figure S7). The
selectivities to the products of the arene HP (e.g., ethene and
2MB) and light alkanes decreased, while the selectivities to the
products of the alkene HP (e.g., butene) and propene
increased with increasing conversion. In agreement with
previous work,32 CT0 increases with the decrease of the
WHSV from 76 to 25 gCHd3OH gcat

−1 h−1. These changes in the
catalytic performance were previously associated with the
increase of the average methanol concentration per active site
at higher WHSV, which is proposed to enhance formaldehyde
evolution via methanol-induced HT, and thus the formation of
the arene HP and coke.32

The addition of formaldehyde had a marginal effect on the
initial conversion in all WHSVs. However, the relative increase
of selectivity toward the products associated with the arene
cycle and the reduction of the CT0 values were much more
pronounced in the experiment performed at higher than at
lower WHSV (Figures 3c and S7). More specifically, at a low
WHSV of 25 gCHd3OH gcat

−1 h−1, the addition of 2 molC %
formaldehyde decreased the CT0 and increased ethene
cumulative selectivity by 2.6× and 1.7×, respectively, whereas
at a high WHSV of 76 gCHd3OH gcat

−1 h−1, CT0 decreased 10×
and ethene selectivity increased 2.7× (Figures 3c and S8).
Such enhanced sensitivity of D and ECd2Hd4

at higher WHSVs, as
indicated by the mCT d0

and mCd2Hd4
slopes (Figures 3d and S8), is

consistent with previously observed higher sensitivity of ZSM-
5 catalysts with lower BAS concentration (Figure 2c), as each
single BAS experiences a higher effective formaldehyde
concentration in both cases. Since the CT0 value of the
whole catalyst bed represents the average of the CT0 values of
its various sections (Supporting Information Discussion S2.4),
these catalytic data demonstrate that an increase of the
formaldehyde concentration in the inlet feed (from 0 to 2 molC
%) leads to a much more pronounced CT0 drop in the first bed
section (from ca. 450 to ca. 45 gCHd3OH gcat

−1) when compared
to the last bed section (from ca. 750 to ca. 600 gCHd3OH gcat

−1).
These results corroborate the PEPICO measurements of the
formaldehyde productivity, which show that formaldehyde
evolution and its subsequent conversion into coke precursors
occur in the first sections of the catalyst bed, corresponding to
the moderate conversion levels of ca. 20−30%.

Analogously, MTH was performed over Z40 at three different
methanol concentrations (5, 11, and 20 mol %) and a constant
WHSV of 38 gCHd3OH gcat

−1 h−1 (Figure S9) to investigate the
influence of methanol concentration on the formaldehyde
sensitivity. The increase of the inlet methanol concentration

from 5 to 20 mol % led to an increase of the initial conversion
from 40% to almost 100%, in agreement with the positive
reaction order of methanol in MTH.58 CT0 values also increase
(from 300 to 635 gCHd3OH gcat

−1). This can be rationalized by a
steeper gradient of methanol concentration across the bed due
to increased MTH reaction rates at higher inlet concentrations.
As a result, the fraction of the catalyst bed that experiences low
concentrations of methanol increases, thus lowering the
productivity of formaldehyde (vide infra).32 The increase of
selectivities to arene cycle products at higher inlet methanol
concentration (e.g., ethene from 3 to 8% and 2MB from 2 to
5%) indicates the promoted arene cycle, which implies
inherently higher formaldehyde productivity.31 The relative
sensitivity of the CT0 to formaldehyde cofeed measured by
mCT d0

parameter is relatively steady in the low and medium
concentration range and displays a substantial decrease at the
highest methanol concentration (Figures 3d and S10). On the
other side, the relative sensitivity of ethene selectivity to
formaldehyde cofeed measured by parameter mCd2Hd4

decreases
monotonically with methanol concentration (Figures 3d and
S10). The low values of both mCTd0

and mCd2Hd4
parameters at the

highest methanol concentration suggest the higher inherent
productivity of this intermediate (eqs 1 and 2). This behavior
is in accordance with the measured kinetics of the MIHT
reaction over BAS, which is shown to follow a first-order
dependence with respect to methanol concentration (Figure
3b).37,43,44

Finally, the formaldehyde evolution profiles demonstrate
that formaldehyde evolution is strongly promoted at higher
reaction temperatures (Figure 1c). Consistent with this,
increasing the reaction temperature from 623 via 673 to 773
K (Figure S11) resulted in a decrease of the CT0 value from
1405, 610, and 190 gCHd3OH gcat

−1. Also, the methane cumulative
selectivity increased substantially (from 0.3 to 2.3%) with
rising temperature (Figure S11), indicating increased methanol
disproportionation and, hence, formaldehyde evolution. At the
same time, the cumulative selectivities of the alkene cycle
products increased (e.g., butenes from 11.6 to 16.5%), while
that of arene cycle products decreased (e.g., ethene from 11 to
8.7%, and 2MB from 5.9 to 3.8%). This increase reflects the
dependence of the arene-cycle products on temperature, which
is partly accounted for by the increased cracking rate at higher
temperatures, favoring the alkene cycle.2,8,30

The mCd2Hd4
parameter shows the highest value at an

intermediate temperature of 673 K (Figures 3d and S12),
and almost approaches zero at 723 K, indicating the smallest
sensitivity of ethene production at high temperatures. On the
other side, the mCT d0

parameter displays a very prominent
decrease with rising temperature (Figures 3d and S12), which
concurs the increase in production of formaldehyde with
temperature (Figure 3a).44 These results provide a hint that
enhanced formaldehyde formation and reactivity at a high
reaction temperature may significantly contribute to a decrease
of its stability. Formaldehyde cofeeding experiments also
indicate a strong deactivation potential of formaldehyde at low
temperatures, wherein a high mCT d0

with respect to mCd2Hd4
values

suggests a higher promotion of coke with respect to the arene
chain carriers formation.
3.4. Impact of Formaldehyde on the Mechanism of

Coking. To analyze the changes in the nature of the MTH
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intermediates induced by the different inherent formaldehyde
productivities over a series of the ZSM-5 catalysts, an operando
DR/UV−vis study of the MTH reaction was performed
(Figure 4a). This technique provides semiquantitative
information on the relative distribution of the active MTH
intermediates, such as dienyl(polyenyl), cyclopentadienyl
(CPD+), lower (l-MBs+), and higher methylated benzenium
(h-MBs+) ions, in parallel to the less active or deactivating
species, such as methylated (alkylated) naphthalenes (MNs),
and lower (l-PAHs) and higher-molecular-weight PAHs (h-
PAHs, Table S3).51−53 Similar to the catalytic tests performed
in a fixed-bed reactor (Figure 2), the DR/UV−vis spectra were
recorded over the catalysts operating at incomplete initial
conversion (32−85%, Figure S13). In agreement with previous
reports and the experimentally measured CT0 values, the
increase in BAS concentration from Z140 over Z40 to Z15 leads
to a more prominent formation of h-MBs+, MNs+, and PAHs
leads to a more prominent formation of h-MBs+, MNs+, and
PAHs, and reduced relative signals of dienyl, CPD+, and l-
MBs+ (Figure 4b). This indicates a faster transformation of the
latter into the former species. The prevalence of the inactive
over the active intermediates is especially pronounced over the
ZnZ40 catalyst, where the signals of h-MBs+, MNs+, and PAHs
prevail already in the early stages of the MTH transformation
(Figure 4b). The DR/UV−vis results are consistent with the
mechanistic hypothesis that the higher productivity of
formaldehyde over more acidic and Zn-promoted zeolites

may be an important source of the enhanced transformation of
active intermediates into coke and consequent deactivation of
the catalysts. To further inspect the latter proposal, DR/UV−
vis spectra were also recorded in the presence of formaldehyde
(2 molC %) cofeeds and other conditions unchanged. Similar
to the experiments conducted in a fixed-bed reactor,
formaldehyde did not bring a change of the initial conversion
(Figure S13). Notably, the DR/UV−vis spectral profile of Z15
was almost unaffected by the addition of formaldehyde.
However, the addition of formaldehyde over Z40 and especially
Z140 catalysts led to much less intense bands associated with
active CPD+ and l-MB+ intermediates and faster buildup of h-
MBs, and deactivating MNs, and PAH species as compared
with the experiments performed using pure methanol feed
(Figure 4b). In addition, the spectral profile of the low-acidic
Z140 catalyst recorded upon adding formaldehyde cofeed
becomes more similar to those of less stable Z15 and ZnZ40
materials, which is also consistent with the observed strong
decrease of its CT0 and increase in the selectivity toward the
products of the arene HP that are induced by the addition of
this intermediate. Overall, the DR/UV−vis spectra evidence
that differences in the productivity of formaldehyde over the
catalysts have a considerable impact on the transformation of
the active HP intermediates into inactive coke species and thus
on the catalyst stability in the MTH reaction.

The analysis of a series of Z40 catalysts, partially deactivated
in the absence or in the presence of the formaldehyde cofeed

Figure 4. (a) DR-UV/vis spectra of ZSM-5 catalysts during the MTH reaction in the absence and in the presence of formaldehyde cofeeds. (b)
Temporal evolution of the relative fractions of specific spectral components obtained by deconvolution into the Gaussian peaks indicated below the
spectra in (a). The evolution of all spectral components is presented in Figure S13. Conditions: WHSV = 60 (Z15), 41 (Z40, ZnZ40), or 33 (Z140)
gCHd3OH gcat

−1 h−1, cCHd3OH = 11 mol %, cCHd2O = 0 or 2 molC %, T = 673 K, and P = 1.2 bar.
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(2 molC %), offers additional insights on the impact of
formaldehyde on the catalyst propensity to coking (Figure 5a).
Except at a low degree of deactivation, the catalysts exposed to
the formaldehyde feed exhibit a higher coke content at a
similar residual conversion (Figure 5b). Consistent with
previous reports,10 the accumulation of coke resulted in a
transformation of the well-resolved reflection doublets at 2θ of
23.5 and 45° in the powder X-ray diffractograms of fresh Z40
zeolites into broad single reflections in the respective
deactivated catalysts (Figure S14). These changes originate
from the contraction of a and elongation of b unit cell
parameters owing to lattice strain, induced primarily by the
accumulation of coke inside the zeolite micropores. As a result,
the difference between a and b parameters constitutes a
descriptor that closely reflects the relative content of the
internal coke.10 Although the value of the a−b difference
progressively decreases with the extent of zeolite deactivation,
the values of this parameter measured at comparable coke
contents and similar residual activities are consistently lower
when formaldehyde is added to the feed (Figure 5b). These
results indicate that formaldehyde promotes the accumulation
of coke inside the micropores. Depth profile analysis of coke
content by XPS corroborates these findings. More specifically,
the catalysts deactivated under formaldehyde cofeed display
higher content of carbon both in surface and in subsurface
(bulk) region of the catalyst (Figure S15). Still, while the
relative ratio of the carbon contents in the surface (probing
depth ≈2 nm) and bulk (probing depth ≥15 nm) regions of
the catalysts (Cs/Cb) decreased steadily in pure methanol feed,
the addition of formaldehyde led to the fast increase of this
ratio in the initial stages of deactivation, while its values
remained relatively constant during further activity loss (Figure
5c). In addition, for the spectra recorded in the bulk regions of
the catalysts, the intensity of the C1s spectral component
centered at around 282.6 eV, which is ascribed to C�C bonds
in conjugated aromatics like those in coke (Figure 5c, inset),
displays an almost linear increase upon catalyst deactivation in
the presence of formaldehyde (Figure 5c). In contrast, the
fraction of this component in the spectra measured at similar
probing depths for the catalyst exposed to pure methanol feed
is mostly constant during deactivation, and shows a prominent
increase only in the last deactivation stage. The XPS data thus
indicate that formaldehyde promotes the formation of
aromatic coke species (e.g., PAHs), both on the surface and

in the bulk regions of the catalysts, which is in good agreement
with the DR/UV−vis analysis. Consistent with the results
obtained by the a−b parameter analysis, the Cs/Cb profiles
suggest that the addition of formaldehyde leads to a more
prominent micropore filling. This mechanism of the micropore
filling is different than that displayed by the Z40 catalyst under
pure methanol feed, wherein most micropores are filled in the
late deactivation phase after the slow formation of external
coke deposits (Figure 5c). The former may arise from fast
buildup of surface coke species, as supported with faster
growth of higher PAHs in the DR/UV−vis spectra that are
typically proposed to deposit over the external surface of the
crystal. Besides, the FMRs may also promote the formation of
coke inside the microspores. The more prominent micropore
filling with coke is additionally supported by the examination
of Z15 and Z140 catalysts deactivated to a similar level of
residual conversion. The values of the a−b parameters for the
catalysts deactivated in pure methanol feed and in the presence
of formaldehyde are much more different for Z40 and especially
Z140 than for the Z15 material (Figure S16). Overall, these
results indicate that formaldehyde not only promotes the
cascades yielding coke, it does so to preferentially form the
internal, micropore coke.

4. CONCLUSIONS
The analysis of formaldehyde evolution in the early stage of the
MTH reaction over a series of unpromoted ZSM-5 catalysts
showed that the formation of this intermediate proceeds
primarily via MIHT over strong BAS in which methanol or
DME are hydrogen acceptors (Scheme 1, pathway indicated in
light red). The MIHT involving alkenes as hydrogen acceptors
likely prevails at higher conversion levels (Scheme 1, pathway
indicated in orange). The extraframework zinc ions introduce
methanol dehydrogenation, which is a significantly more
effective pathway of formaldehyde formation (Scheme 1,
pathway indicated in purple). The strong negative correlation
between the CT0 values and STYCHd2O that holds over both
unprompted and zinc-promoted zeolites suggests the strong
promoting effect of FMRs on coke formation. This is
corroborated by the increase in selectivity to the products of
the arene cycle and a decrease of the CT0 values in the
presence of the formaldehyde cofeeds, which are much more
pronounced for the more stable, low-BAS concentration
zeolites than for the less stable, high-BAS concentration and

Figure 5. (a) Deactivation profiles of the Z40 catalyst during the MTH reaction in the absence and in the presence of formaldehyde cofeed. The
points at which partially deactivated catalysts are retrieved for analysis are highlighted. (b) Residual conversion and coke content versus a−b
parameter difference. (c) The relative ratio of the carbon contents in the outermost surface (probing depth ≈2 nm) and more bulk (probing depth
≥15 nm) regions of the catalysts (Cs/Cb) and the relative fraction of the C1s spectral component associated with C�C bonds in conjugated
aromatics such as those in coke versus residual conversion. Conditions correspond to those reported in the caption of Figure 2 for the Z40 catalyst.
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zinc-promoted systems. The evolution of formaldehyde occurs
in the first sections of the MTH catalyst bed (ca. X ≤ 30%)
and is promoted by increasing the methanol concentration and
reaction temperature, which are the conditions accelerating
catalyst coking. Formaldehyde promotes the transformation of
active CPD+ and MBs+ into inactive or deactivating MNs and
PAH species (Scheme 1, pathways indicated in dark red). As a
result, it increases the content of coke at similar residual
activities and leads to enhanced micropore coking. Overall, we
demonstrate that FMRs have a strong impact on the product
distribution and catalyst lifetime in MTH processes.
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