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Water is formed and added in the conversion of methanol-to-hydrocarbons, slowing down both the reaction and

deactivation rates. This work aims to clarify the selective nature of water quenching on a ZSM-5 zeolite catalyst in terms of

(1) reaction/deactivation using an integral reactor (full range of conversions) and (2) rate of formation/growth of

deactivating species using two FTIR and UV-vis in situ differential reactors (conversions lower than 0.15). Our approach

assesses the effect of water at comparable conversion conditions while characterizing in detail the products and

intermediates of reaction (by online and in situ analysis, and extraction measurements). The results obtained prove, in an

unbiased way, that water quenches more selectively deactivation over reaction at intermediate amounts of added water

(water/methanol = 0.11 g g™!). On the other hand, in situ FTIR spectroscopy evidences that cofeeding water sweeps the

retained species from the silanol sites and favors the formation of olefins as retained species, while in situ UV-vis

spectroscopy proves that the rate of formation/growth of discrete retained species drop by the addition of water and the

degree of this decline is severer for coke than for coke precursors or active species.

Introduction

The acid-catalyzed methanol-to-hydrocarbons (MTH)
reaction is the basis for the development of the methanol-to-
gasoline (MTG), methanol-to-olefins (MTO), methanol-to-
propylene (MTP), and methanol-to-aromatics (MTA) process
technologies. The MTH reaction is very versatile as it can be
tuned for responding to various market demands, for example,
using ZSM-5 zeolite catalysts for the MTG and MTA processes,
SAPO-34 catalysts for the MTO process, and stabilized ZSM-5
catalysts for the MTP process.’2 The mechanism of
methanol/dimethyl ether transformation on ZSM-5 or SAPO-34
catalysts have been extensively studied in the literature.3-° The
most extended criteria is the formation of methoxy species,
followed by C-C bond formation trough methyl acetate and
formic acid,’%1! consecutive methylation-oligomerization,
cracking, cyclization and hydrogen transfer of olefins leading to
the formation of the hydrocarbon pool species
adsorbed/retained in the catalyst.12-15 The initial formation of
the hydrocarbon pool is the autocatalytic period, while its
degradation corresponds to the deactivation period: formation
and growth of less active or deactivating species, namely coke,
on the catalytic surface.

Water is an important component of the MTH reaction.
Water is formed in the dehydration of methanol to form
dimethyl ether and it is cofed as a common practice in the MTO
and MTG process technologies up to approximately 30-50
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w1t%.16-18 The positive outcomes of this practice are to facilitate
the heat transfer (very exothermic reactions) and to better
control the reaction activity and selectivity. However, water
may cause the loss of acid sites leading to irreversible catalyst
deactivation.’® At a more fundamental level, water displaces
the dehydration equilibrium (2 CH30H S CH3OCH;3 + H,0) while
preventing both the progress of the main reaction, and the
formation of highly developed coke.?® This is evident by
comparing the coking rate of methanol (more water in the
reaction medium) with that of dimethyl ether as reactant.?!
Several works have focused on understanding the effect of
cofeeding water with methanol in the MTH reaction. Most of
these works acknowledge that cofeeding water in the MTH
reaction increases light olefins selectivity,22-2* and decreases
coke formation and therefore prolongs catalyst lifetime.2223,25,26
Chen et al.2? demonstrated that traces of water effectively
accelerate the reactions affecting the hydrocarbon pool during
MTH reaction. However, as the amount of water in the reaction
medium increases, it attenuates the adsorption capacity of acid
sites rather than affecting the equilibrium or the kinetics.282°
When analyzing the distribution of light olefins in more detail,
some authors?>3031 observed that the ethylene selectivity
increases more than that of propylene when cofeeding water,
while the authors of another work32 observed that the ethylene
selectivity decreases and the propylene selectivity increases
when cofeeding water. However, when the observations are
made from experiments at incomplete conversion, Moéller et
al.33 observed that cofeeding water has no direct effect on
products selectivity and the differences they observed in
products selectivity are due to the decrease in the conversion
(evidenced when plotting selectivity vs conversion). The works
of Ghavipour el al.2> and Modller et al.33 also made evident that
cofeeding water decreases the progress of the reaction
indicated by the decrease in the conversion of methanol, which
is usually not observed in other works because the experiments
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have been performed at conditions at which the oxygenates are
fully converted.

Gayubo et al.1%26 demonstrated that cofeeding water
decreases the coking rate, and this effect can be severer at high
pressures.3* Likewise, Aguayo et al.3> observed less catalyst
deactivation in a fluidized-bed reactor in comparison with a
fixed-bed reactor due to the improved efficiency of formed
water to attenuate coke formation. In line with this and from a
more fundamental perspective, De Wispelaere et al.36 used in-
situ  UV-vis micro-spectroscopy and confocal florescence
microscopy and proved that cofed water affects the spatial
distribution of active and deactivating species across the
crystals of SAPO-34. This effect turns out to be decisive in
prolonging the catalyst lifetime. However, Gil-Coba et al.32
observed no significant changes in the coke content after 5 h on
stream, further commenting that the water concentration in
the feed does not really affect coke formation after 30 min on
stream. Qi et al.3” observed a similar behavior for SAPO-34
catalysts, concluding that the effect of cofeeding water on
attenuating coke deposition weakens gradually with increasing
times on stream. Other works,2223 giving no experimental
measurements of the coke content, have hypothesized that
cofeeding water decreases coke formation and therefore
attenuates catalyst deactivation (their actual observation). To
add more to the controversy, another recent work38 have
indicated that water indeed promotes coking. This deduction
was proved by the use of a selective membrane to remove
water from the reaction medium, which happens to extend the
catalyst lifetime.

Regardless of the discrepancies in the observations of these
works, all the authors agree that the cofed water molecules
compete with reactants and products for adsorption on acid
sites. Indeed, some authors323? have studied the competitive
adsorption between water and methanol, ethylene, propylene
or 1-butylene by carrying out experimental or theoretical
studies, leading to confirm that water partially suppresses the
adsorption of these species and inhibits their reactions. The
discrepancies in the experimental observations may be due to
different criteria in the comparison. Two inadequate criteria
are: (i) replacing water by an inert without keeping the same
methanol partial pressure and space time because the
accessible number of acid sites will change,33:3¢ and (ii) using an
excess of catalyst in an integral reactor that gives way to
complete initial conversions, because this is not an adequate
procedure for catalytic performance tests.*?42 The effect of
water should be isolated by comparing the catalytic
performance at the same level of (not full) conversions for
experiments having different acid site loadings (space times) or
different water content, because both effects can lead to similar
observations.

In this work, we have isolated the intrinsic effect of water in
the deactivation mechanism, grounding the comparison on
similar conversion levels. The study was carried out using three
reactors: fixed bed for kinetic/deactivation evaluation in the full
range of conversions; and two in-situ spectroscopic cells for
following up the formation of retained species and the structure
of the catalytic surface. We combine a detailed product
analysis

in the three reactors with a detailed characterization of the
hydrocarbon pool species (by extraction and in-situ
spectroscopy). The testing conditions were such that the
irreversible catalyst deactivation caused by dealumination is
minimal.’® The thermogravimetric temperature-programmed
desorption and oxidation (TPD and TPO) were used to
characterize both the active and deactivating species in detail.
The dynamics of hydrocarbon pool species followed by
extraction, TPO-TPD and in-situ spectroscopic measurements
were correlated with the dynamics of the product distribution
in order to better assess the impact of water on the evolution
of reaction intermediates and on the reaction-deactivation
pathways.

Experimental
Catalyst preparation and characterization

We prepared a ZSM-5 zeolite by modifying a commercial
NH4ZSM-5 zeolite (Zeolyst International, CBV8014, SiO,/Al>03
molar ratio = 80) first by calcination (550 2C for 3 h) and then by
ZnCl, ion exchange as described in a previous publication.*3 Zn
modified ZSM-5 zeolites are known to improve the aromatic
selectivity when using Zn precursor such as sulfate, acetate or
nitrate.**4> However, our previous results*? together with the
one of Bi et al.%¢ indicate that ZnCl, modified ZSM-5 zeolite
favors the formation of light olefins and slows down the
deactivation. The results are reasoned on the significant loss of
medium-strength Brgnsted acid sites and generation of Lewis
acid sites, affecting the performance of the cyclization and
hydrogen transfer reactions while promoting the cracking
reactions to yield light hydrocarbons.434¢ In summary, the ZnCl,
modification caused:*3 (i) a decrease in the specific surface of
micropores; (ii) decrease in the total acidity determined by NH3-
TPD, decreasing the concentration of strong-strength acid sites
while increasing the concentration of medium-strength acid
sites; (iii) significant increase in the concentration of Lewis acid
sites at the expense of decreasing the concentration of
Brgnsted acid sites. The balanced catalyst properties in terms of
the higher concentration of medium-strength acid sites and
equilibrium of Lewis and Brgnsted acidities gave an improved
performance for the MTH reaction in terms of prolonging the
catalyst lifetime. On top, the reaction and deactivation
pathways investigated in this work using the indicated catalyst
can be considered characteristic of the ZSM-5 zeolite
performance.

The modified ZSM-5 zeolite was mixed with 30 wt% of
pseudo-boehmite and 20 wt% of a-alumina, followed by drying
at room temperature for 24 h and at 110 2C for 24 h, crushing
and sieving at 0.125-0.300 mm, and calcining at 550 2C for 3 h.
We characterized the zeolite and the catalyst by using
conventional techniques,*® including: X-ray photoelectron
spectroscopy (XPS), x-ray diffraction (XRD), N2 physisorption,
NH;3; adsorption and temperature-programmed desorption
(NHs-TPD), Fourier-transform (FTIR) spectroscopy, and pyridine
adsorption monitored with FTIR spectroscopy.



We characterized the spent catalysts by using temperature-
programmed desorption (TPD) and oxidation (TPO) and
extraction of retained soluble species. We performed the TPD-
TPO measurements in a thermobalance (TA Instruments,
Q5000) following this procedure: (i) outgassing ~15 mg of
sample at 200 °C for 20 min in N; flow; (ii) heating at 10 °C min-
1in 50 cm3 min of N, up to 550 °C and holding for 1 h; (iii)
cooling down to 200 °C and switching the flow to air at 50 cm3
min-1; and (iv) heating at 10 °C min-! up to 550 °C and holding
for 90 min. The experimental data allowed quantifying the coke
content. The extraction of soluble retained species is based on
the standard procedure developed by Guisnet and coworkers
and adapted as described in a previous publication.*® The
experimental procedure consisted of (i) treating ~10 mg of
sample in HF (Merck, 40%) with a sample/HF ratio of 10 cm3 g1
in a Teflon container for 1 h; (ii) neutralizing with a NaOH
(Panreac, pure) solution; (iii) adding 3 cm3 of dichloromethane
(Sigma-Aldrich, 99.8%) and shaking for 1 min; (iv) allowing for
the separation the organic and aqueous phases for 2 h and
recovering the organic phase for analysis. We analyzed the
organic phase in a gas chromatograph coupled with a mass
spectrometer (Shimadzu, GCMS-QP2010S).

Reaction tests in a fixed-bed reactor

We investigated the main kinetic tests for the MTH reaction
in a conventional fixed-bed reactor at constant conditions and
tested different water-to-methanol weight ratios in the feed
from O (reference experiment) to 1 by feeding pure methanol
or methanol-water mixtures. The constant conditions for the
MTH reaction were temperature (T) = 400 C, total pressure (Pr)
= 1.85 bar, methanol partial pressure (Pmo) = 0.610 bar,
methanol flowrate (Fumo) = 0.1 mol h-1, methanol concentration
(%Ymo) = 33 mol%, catalyst weight (W) = 0.1 g, space time
(W/Fmo) = 1 g h moll. Afterward, we selected specific
experiments for studying the deactivation kinetic by carrying
the MTH reaction experiments until we observed high levels of
catalyst deactivation, which is indicated by the increase of
reactants and decrease of products. The reaction setup was
described in detail in a previous publication.*® Briefly, the
reactor is a stainless-steel tube (inner diameter = 9 mm) with
fixed-bed arrangement of 6 cm3 consisting of a mixture of SiC
(VWR Chemicals, < 0.105 mm) and catalyst sample (0.1 g), which
is inside of a hot box kept at 200 2C to prevent the condensation
of the products for analysis in gas-vapor phase. The feed
consisted of liquid pure methanol or methanol-water mixtures
pumped at 0.1 mol h! of methanol diluted with adjusted
flowrates of He in order to keep the same methanol
concentration (water replaces He as the diluent in the
experiments with water co-feed). The products analysis was
carried out online using a micro-gas chromatograph (Varian,
CP4900) with a thermal conductivity detector and three column
channels for simultaneous analysis: (i) Molesieve 5A (fumed
SiO,, packed length =8 m, column temperature = 45 2C, column
injection temperature = 65 2C, column pressure = 26 psi) for
separation of N3, O3, CO and CHy; (ii) PoraPLOT Q (packed length
= 10 m, column temperature = 80 2C, column injection

temperature = 80 2C, column pressure = 26 psi) for separation
of C;-C4 hydrocarbons and oxygenates; and (iii) CP-Sil 5 CB
(packed length = 10 m, column temperature = 80 2C, column
injection temperature = 80 2C, column pressure = 26 psi) for
separation of C4-C10 hydrocarbons a oxygenates. We calculated
the carbon-based conversion (X) assuming that all the identified
oxygenates (methanol and dimethyl ether) are reactants:

FMO_FM

X= =1-Yy (1)

Fuo
Where Fyp is the carbon-based molar flowrate of oxygenates in
the feed, Fu is the carbon-based molar flowrate of oxygenates
in the products and Yy is the carbon-based yield of oxygenates
in the products. We calculated the carbon-based yield of a
product i (Y;) or the carbon-based selectivity of a product i (S;)
as follows:
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Where F; is the carbon-based molar flowrate of product i. We
fitted the experimental datasets by using the simple fitting
models described in the Supporting Information, in which the
coadsorption of water is taken into account.

Reaction tests in in situ cell reactors

We performed the MTH reaction in in situ cell reactors at
constant conditions and tested various water-to-methanol
weight ratios in the feed from O (reference experiment) to 1
with the purpose of monitoring the changes in the catalyst
surface by FTIR or UV-vis spectroscopies. The conditions for the
MTH reaction were temperature (T) = 400 2C, total pressure (P7)
=1 bar, methanol partial pressure (Pumo) = 0.012 bar, methanol
flowrate (Fmo) = 0.1 mol h1, methanol concentration (%Ywmo) =
1.4 mol%, catalyst weight (W) = 0.012 g, space time (W/Fpp) =1
g h moll. We used two commercial spectroscopic chambers as
cell reactors: a Specac high temperature high pressure (HTHP)
cell for a FTIR spectrometer (Thermo Scientific, Nicolet 6700)
and a Linkam cell (THMS600) for a UV-vis spectrometer (Jasco,
V-780) with a special compartment (Jasco, ARN-915i) for the
cell. The feed consisted of N, containing methanol vapor or
methanol and water vapors keeping constant the methanol
concentration (water vapor replaces N; in the experiments with
water co-feed). We obtained these vapors by flowing N,
through saturator vessels containing methanol or water, and we
calculated the methanol and water concentrations using the
equilibrium data at room temperature. We analyzed the gas- or
vapor-phase products by using a mass spectrometer (Pfeiffer
Vacuum, Omnistar GSD 320 O Series) continuously measuring
the m/z signals of 16, 18, 27, 29, 31, 41, 43, 45, 55, 56, 57, 78
and 91. We performed the in-situ UV-vis spectroscopy
experiments in continuous mode for a total time on stream of 4
h and collecting spectra every 35 s. We performed the in-situ
FTIR experiments in discontinuous mode by pulses of reaction.



The first pulse consisted of feeding pure methanol or a
methanol-water mixture for 1 min followed by flushing with N,
for 1 h and collection of a spectrum. For the subsequent pulses,
we fed pure methanol or a methanol-water mixture for
increasing times (1-32 min) with flushing periods of 1 h in-
between pulses and collection of spectra after flushing. The
reason for operating in discontinuous mode relies on the strong
interference of water in the FTIR spectra, which becomes
significant when co-feeding water.

Results
Fixed-bed reactor

The experiments carried out in the fixed-bed reactor
allowed to assess the effect of cofeeding water on the MTH
performance on the ZSM-5 catalyst in a while range of
conversions (integral reactor) with a detailed characterization
of products. At the same time, this effect can be compared with
that of changing the space time. Additional ex situ analyses of
the spent catalysts allowed quantifying and studying the nature
of the retained species in each experiment. The following
subsections show the results for the study of the kinetic and
deactivation performance in a fixed-bed reactor and the ex situ
analysis of retained species.

Kinetic and deactivation performance. Figure 1 shows the
initial conversion of oxygenates (measured at 10 min on stream)
for experiments with different water-to-methanol ratios
(Fwo/Fmo) in the feed, and different space times (in this case the
space velocity as Fuo/W). As seen, the conversion decreases
with increasing water-to-methanol ratios in the feed or
decreasing space times, as reported in other works.26:33.43.47 This
indicates that the effect of cofeeding water in changing the
extent of the reaction is similar to that of decreasing the
amount of available acid sites for the reaction by tuning the
catalyst weight for changing the space time. The decrease in the
conversion with increasing water-to-methanol ratios in the feed
is attributed to the adsorption of cofed water on acid sites
preventing the adsorption of reactants and products. This
causes a decrease in the concentrations of adsorbed reactant
species leading to decrease the reaction rates. Based on these
assumptions, we used Equation S5 to fit the experimental
dataset of Figure la and 1b, and we obtained a very high
goodness of fit (RZ = 0.9926-0.9948) with k; = 0.0587 h1, k; =
10.9 h-1 for both cases and Kw = 6.13 when cofeeding water. This
indicates that the effect of cofeeding water can be satisfactorily
explained by the coadsorption of water, which makes a portion
of the acid sites unavailable for the reaction. The portion of
unavailable acid sites is proportional (by Kw) to the water-to-
methanol ratio in the feed.
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Figure 1. Effect of cofeeding water (variation of Fyo/Fuo) on (a) the initial conversion and
(c) deactivation profiles, and effect of space time (variation of W/Fyy) on (b) the initial
conversion and (d) deactivation profiles for the MTH reaction. Conditions for (a) and (c):
T =400 °C, Py = 0.61, W/Fuio = 1 g h mol, Fyyo/Fuo = 0-0.5. Conditions for (b) and (d): T
=400 9C, Pyo = 1.57 bar, W/Fuo = 0.2-1.2 g h mol%, Fyo/Fuo = 0.

From these exploratory experiments, we chose the
experiments with water-to-methanol ratios in the feed of O,
0.11 and 0.25 (Figure 1c) and space times of 0.6, 0.8 and 1.2 g h
mol? (Figure 1d) to study the deactivation performance. As
seen, all the experiments show catalyst deactivation indicated
by the decrease of the conversion with increasing times on
stream. Cofeeding water slows down the decrease of the
conversion (deactivation rate), which prolongs the catalyst
lifetime. On the other hand, changing the space time does not
affect the decrease of the conversion, and the catalyst lifetime
is shortened as the number of acid sites decreases. We proved
this by fitting to Equation S7 the experimental dataset of Figure
1c and 1d, and we found that ks remains constant regardless of
changing the space time (as expected) or cofeeding water.
However, the additional attenuation effect on catalyst
deactivation provoked by cofeeding water can be explained by
using an attenuation coefficient (kw) as described by Gayubo et
al.26 and further described in the Supporting Information, and
in this case we found little dependency on the water-to-
methanol ratio (n = 0.1 for fitting the experimental dataset of
Figure 1c to Equation S7). Using the fitting models, we found
that the estimated catalyst lifetimes (defined as the time on
stream at which the conversion decreases 90% of its initial
value) are 17.3, 26.7 and 26.8 h for the experiments with water-



to-methanol ratios in the feed of 0, 0.11 and 0.25, respectively.
In contrast, the catalyst lifetime decreases from 20.1 to 15.2 h
when the space time decreases from 1.2 to 0.6 g h mol1. These
comparisons confirm the additional role of cofeeding water on
attenuating catalyst deactivation regardless of the similarities
of cofeeding water and changing the space time in decreasing
the extent of the reaction.

The analysis of the product distribution obtained from the
study at initial conversions in terms of product yields evidences
similarities between both experimental scenarios, those of co-
feeding water (Figures Sla and S2a) and changing the space
time (Figure Slb and S2b). Figure 2 shows the product
distribution in terms of the product selectivity against
conversion for both experimental scenarios. As seen, the
selectivity of light olefins (LO), including ethylene (E) and
propylene (P), and light gases (LG) decreases while that of light
paraffins (LP), heavy aliphatics (HA) and aromatics (BTX)
increases with increasing conversions for both experimental
scenarios. However, the decreasing trend in the selectivity of
aromatics changes at low conversions for the experimental
scenario of cofeeding water (at high water-to-methanol ratios
in the feed according to Figure 1a), indicating that the selectivity
of aromatics starts to increase at low conversions (< 0.2).
Despite of this change, we observed an expected behavior for
the selectivity of products, indicating that light olefins undergo
methylation/oligomerization and hydrogen transfer reactions
at high conversions (similar to what happens with the increase
of the space time). When we take into consideration the
experimental scenarios, it becomes evident that the most
significant effect of cofeeding water on the product distribution
consists of tuning the conversion, which implicates changes in
the product distribution. Moller et al.33 attributed the
differences observed in the product selectivity to the change in
the conversion provoked by cofeeding water in the MTH
reaction on a HZSM-5 catalyst. Our results also confirm that
water promotes only insignificant changes in the selectivity
when the values are compared in the same conversion range.
We were able to observe an improvement in the propylene
selectivity in the whole conversion range of 0.4-1.0 as shown in
Figure S3, in agreement with other works.253031 However, this
improvement is marginal at similar conversion values.

Ex situ analysis of retained species. To complete our
product analysis, we analyzed the remaining species in the
spent catalyst of each experiment by carrying out TPD-TPO
measurements and extraction of soluble species. The TPD
profiles of the spent catalysts at variable water-to-methanol
ratios in the feed (Figure 3a) and at variable space time (Figure
3b) show essentially one peak at 526 2C similar in intensity for
all the experiments, which is associated with the degradation or
decomposition of retained species and coke.4348 Curiously, the
intensity of this peak decreases as more water is added in the
feed, whereas it remains practically constant for the spent
catalysts at variable space times. This indicates that cofeeding
water allows an easier diffusion of coke precursors throughout
and out of the zeolite.l® Likewise, the amount of retained
species (in this tetra-, penta-
hexamethylbenzenes) was very low because of the severe

soluble work: and

catalyst deactivation, and we found that the relative abundance
of these species decreases with increasing water-to-methanol
ratios in the feed (Figure S4a). These species can be correlated
with the TPD measurements (Figure S4b), indicating that most
of the TPD species are related to the desorption or
decomposition of soluble species.
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time (variation of W/Fy,) on the initial selectivity of products against conversions for the
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The corresponding TPO profiles for each experimental
scenario show only one peak centered at 546 2C associated with
the combustion of coke.*® The intensity of the TPO peak
decreases as the water-to-methanol ratio in the feed increases
(Figure 3a) or as the space time decreases (Figure 3b).Figure 4
shows the coke content calculated from the TPO profiles as a
function of the average conversion for both experimental
scenarios. The calculation of the average conversion is based on
Figures 1c and 1d and consists of integrating the conversion
curve for each experiment and dividing by the corresponding
time on stream range. Thus, we obtain the relative amount of
converted oxygenates in each experiment. This amount
expectedly increases with increasing space time (more catalyst,
more conversion) and decreasing water-to-methanol ratio in
the feed (cofed water attenuates the conversion of oxygenates
into hydrocarbons). Consequently, the average coke content
decreases as the average relative amount of converted
oxygenates decreases for a specific experiment (more
converted carbon, more coke). As seem, the dataset of both
experimental scenarios can be described by a common curve,
making the coke content a function of the amount of converted
oxygenates. This indicates that the coke formation is similar for
both experimental scenarios and independent of controlling the
amount of converted oxygenates by either cofeeding water or
changing the space time; it solely depends on the conversion
levels.
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species detected by FTIR or UV-vis spectroscopies under MTH
reaction conditions, with different water-to-methanol ratios in
the feed. In these reaction systems, the conversion is lower, and
the reaction rates are slower than those observed in the fixed-
bed reactor. Therefore, these systems behave as differential
reactors, and we analyzed the incipient formation of retained
species.

Exposing the catalyst sample to feeds of pure methanol or
methanol-water diluted in nitrogen gave rise to different UV-vis
or FTIR bands related to the formation and retention of
hydrocarbons in the catalyst. Before analyzing the
spectroscopic information, we analyzed the conversion and
product distribution in the two differential reactors over time
on stream for three water-to-methanol ratios in the feed
(Fwo/Fmo = 0, 0.5 and 1) using a mass spectrometer. This
analyzer provided us with more limited information than the
micro-gas chromatograph, but enough to prove the conversion
and other important parameters. Figure S5 shows the evolution
with time on stream of the MS signals related to hydrocarbons
(m/z =41, 55, 56, 57, 70 and 91) and oxygenates (m/z = 31 and
45), showing a stable evolution that indicates a steady-state
operation. Figure 5 shows the conversion against water-to-
methanol ratios in the feed for the experiments in the fixed-bed
reactor, and UV-vis and FTIR cell reactors at steady-state
conversions (measured at 10 min on stream for the fixed-bed
reactor and 300 min on stream for the cell reactors). As seen,
conversions are very low due to the use of differential
conditions with lower methanol partial pressures in comparison
the conditions in the fixed-bed reactor. However, we observe a
similar effect in the three reactors: the conversion decreases
with increasing water-to-methanol ratios in the feed.

50 T T T
W co-feeding water
40 @ changing space time i
]
"o
g 30+ ° B
€
L
S 20 + B
o
Q
X
8
10 - B
0 1 1 1
0 0.2 0.4 0.6 1

Average conversion

Figure 4. Coke content as a function of the average conversion for the experimental
scenarios of cofeeding water (variation of Fyo/Fuo) and changing the space time
(variation of W/Fpp).

In situ cell reactors

The primary kinetic observations in the fixed-bed reactor
indicate that cofeeding water decreases the formation of coke
and retained soluble species in similarity to the effect of
changing the space time that controls the extent of the reaction.
Thus, we further analyzed the in situ formation of retained
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Figure 5. Effect of cofeeding water on the conversion obtained in the fixed-bed reactor
(FBR) and FTIR and UV-vis cell reactors. Conditions: T =400 C, Py, = 0.61 bar (FBR) 0.014
bar (FTIR or UV-vis cell reactors), W/Fyo =1 g h mol, Fyo/Fuo = 0-1.

UV-vis spectroscopy. For the set of UV-vis spectra (Figure
S6), the most relevant bands are centered at 392-434, 576 and
708 nm respectively corresponding to carbocationic species of
monocyclic aromatics, polycyclic aromatics and large polycyclic
aromatics.36:4349-54 |n all spectra, we observe a very fast (in the
first 100 s) formation of 288 and 344 nm bands assigned to
neutral aromatics and carbocations of monocyclic aromatics
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with low number of substituents or monoenyl olefins,
respectively. The 344 nm band tend to shift towards 392 and
434 nm, corresponding to the growth of monocyclic aromatic
carbocations (increasing number of substituents) or dienyl
olefins. This last effect coincides with the formation of 484 and
576 nm bands, assigned to polycyclic aromatics. After 350 s, the
retained species on the catalysts enter in a different stage,
experimenting a consistent growth, particularly of the 576, 708
and 822 nm bands, with the last two bands assigned to more
developed polycyclic aromatics. When comparing the effect of
water on the band evolutions, the bands of 344, 392, 576-822
nm seem to be greatly quenched by the presence of water in
the feed.

Figure 6 shows the evolution with time on stream of the
maximum intensity of these UV-vis bands for the beginning of
the reaction. As seen, the 392 nm band is the first to appear and
this band gives rise to the 576 and 708 nm bands, indicating that
monocyclic aromatics are precursors for polycyclic aromatic
species. Cofeeding water delays the initial formation of all the
retained species, being dependent on the water-to-methanol
ratio in the feed. This can be interpreted by the fact that water
affects the equilibrium of the methoxy/acetate
chemistry,> and is competitively adsorbed on acid sites
reducing the amount of available sites for the adsorption of
reactive species that give rise to the retained species.
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Figure 6. Evolution with time on stream of selected UV-vis bands during the MTH
reaction: (a) 394 nm, (b) 576 nm and (c) 708 nm. Conditions: T =400 2C, Py, = 0.014 bar,
W/Fmo=1gh mol?, Fyo/Fpmo = 0-1.

FTIR spectroscopy (retained species. Figure 8 shows the set
of FTIR spectra obtained by carrying out discontinuous
experiments (by pulses of methanol or methanol-water diluted
in nitrogen). It is noteworthy to mention that we carried out
additional experiments in continuous mode in the FTIR cell
reactor in order to obtain appropriate information of the gas-
or vapor-phase products for this system but we observed a
strong interference of cofed water on the spectra quality and
interpretation. All the experiments show bands corresponding
to the stretching vibration of C-H bonds (2850, 2906, 2923 and
2954 cm) and C=C bonds (1462, 1570 and 1591 cm), and
bending vibration of C-H bonds (1377, 1392 and 1481 cm1).43
These bands represent the accumulation of different stable

retained species in the catalyst, as we obtained each spectrum
after outgassing the catalyst sample (all weakly adsorbed
species are removed in the outgassing stage). Based on the
evolution of the bands and previous publications,43:53,54.56-60 e
infer that the 1377, 1392 and 1591 cm-! bands correspond to
carbocationic olefin species adsorbed on acid sites, as they
evolve together and are the first ones to appear, and
subsequently disappear after prolonged times of exposure
giving rise to bands related to other aromatic species (1462 and
1570 cm1). Thus, olefins are the first formed species as the
spectrum after 1 min of exposure only show predominant bands
at 1377, 1392 and 1591 cml. After successive exposures to
methanol or pulses, these olefins are
converted into aromatic species indicated by the progressive
appearance of the 1462, 1481 and 1570 cm bands. The
addition of water in the feed prolongs the permanence of

methanol-water

olefins as predominant retained species while the presence or
formation of aromatic species is significantly quenched.
Likewise, the intensity of all the bands decreases for the
experiments with water cofeed, indicating that the addition of
water in the feed attenuates the formation of retained species,
particularly that of aromatic species.
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Figure 7. Effect of cofeeding water on the evolution with cumulative time of exposure of
FTIR spectra during the MTH reaction with water-to-methanol ratios of (a) 0, (b) 0.5 and
(c) 1. Conditions: T =400 2C, Py = 0.014 bar, W/Fyo=1gh mol™.

FTIR spectroscopy (acid sites). The FTIR spectra also provide
information on the acid sites of the catalyst by inspecting the
region of stretching vibrations of O-H bonds (3550-3800 cm-1).
Figure 8a depicts the FTIR spectrum in this region at the end of
each experiment carried out in the FTIR cell reactor. As seen, all
the bands have negative absorbance intensities indicating that
the acid sites remain covered by retained species once the
reaction is over and after outgassing the catalyst. The Brgnsted
acid sites (3595 cm™) are practically covered at the end of each



experiment, while cofeeding water slightly decreases the
intensity of the band corresponding to Brgnsted acid sites
pointing towards less coverage by retained species. The silanol
sites (3718 and 3730 cm?) are strongly covered at the end of
the experiment with the pure methanol feed, whereas
cofeeding water strongly decreases the absorbance intensities
corresponding to silanol sites indicating much less coverage by
retained species of these sites with increasing water-to-
methanol ratios in the feed. In order to verify the effect of cofed
water on acid sites, we carried out an experiment in the FTIR
cell reactor consisting of exposing the catalyst sample to a flow
of water in nitrogen equivalent to the maximum water flowrate
(for a water-to-methanol ratio of 1) for 24 h at the same
reaction conditions. Figure 8b shows the spectra obtained
before and after exposing the catalyst to water, evidencing that
water does not affect the bands related to acid sites at the
reaction conditions used in this work. This also verifies that the
catalyst does not undergo dealumination by its exposition to
water at 400 9C, as previously reported for even more acidic
ZSM-5 catalysts in the MTH reaction with water cofeed.??
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Figure 8. FTIR spectra of the catalyst in the 3500-3800 cm™! region at (a) the end of each
experiment with different water-to-methanol ratios in the feed and (b) before and after
exposing the catalyst to a flow of water at the reaction conditions. Conditions: T = 400
oC, Py = 0.014, W/Fpo =1 g h mol?, Fuo/Fuo = 0-1.

We further analyzed the different silanol bands into that of
internal silanols (3718 cm) and external silanols (3730 cm1)
during the MTH reaction. Figure 9 shows the evolution with
times of exposure of these bands with negative absorbance
intensities indicating they are covered by retained species. As
seen, cofeeding water decreases the levels of absorbance
intensities of these bands during the MTH reaction, indicating
that cofed water specifically prevents the adsorption of
retained species on these sites. The silanol sites are equally
affected regardless of their location (internal or external silanol
sites). Based on the previous analysis of hydrocarbon species,
we infer that aromatic species are preferentially adsorbed on
the silanol sites as the formation of these species is greatly
quenched by cofeeding water.
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Figure 9. Effect of cofeeding water on the evolution with cumulative times of exposure
of silanol FTIR bands during the MTH reaction: (a) 3718 cm™ and (b) 3730 cm™.
Conditions: T =400 2C, Py = 0.014 bar, W/Fyo =1 g h mol?, Fyo/Fumo = 0-1.

Discussion

In this work, we compared two experimental scenarios in
order to change the water concentration in the reaction
medium and at the same time the conversion levels: cofeeding
water and changing space time. Our results indicate that there
are many similarities in the kinetic behavior of the MTH reaction
under both experimental scenarios, whereas the addition of
water in the feed attenuates catalyst deactivation. In order to
quantify the impact of changing one or another condition, we
used simple fitting models that take into consideration the role
of added water in the reaction medium.

It is noteworthy to mention that we also considered formed
water in an alternative model (Supporting Information).
However, the use of a term for formed water leads to a marginal
improvement of the fitting (the normalized error slightly
decreases) with an additional fitting parameter (Figure S8 and
Table S1 in the Supporting Information). Thus, we consider that
the model with only the term for cofed water accounting for the
attenuation of the reaction rate is optimum since it fits the
experimental data quite satisfactorily and requires less fitting
parameters. This also evidences that the effects of cofed and
formed water on attenuating the reaction rate are different,
being that of cofed water more impactful since Ky >> Krw (Table
S1 in the Supporting Information), where Kw and Krw are the
cofed and formed water adsorption coefficients, respectively.

The deduction of these models is described in the
Supporting Information and here we present the two
fundamental expressions that describe the kinetic and
deactivation of the experimental data shown in Figure 1:

N = Wy = T+ KyRy @
da kd (5)

Tdt T 1+ kpRa"

Where r is the reaction rate, X is the conversion of oxygenates,
W/Funo is the space time, k; is the kinetic coefficient for the



simplified reaction M = H (where M stands for oxygenates and
H for hydrocarbons), k, is the kinetic coefficient for the
simplified reaction M + H - H, Kw is the cofed water adsorption
coefficient, Ry is the water-to-methanol ratio in the feed, a is
the activity term, t is the time on stream, kg is the deactivation
coefficient, ky is the attenuation coefficient for the cofed water
and n is an empirical order with respect to Ry in the attenuating
effect of cofed water on the catalyst deactivation. Equation 4
essentially describes the reaction rate in steady-state
conditions (also used for zero time on stream) based on the
conversion of oxygenates, where the term 1 + KywRw accounts
for the attenuation of the reaction rate because of the
adsorption of cofed water on acid sites. Likewise, Equation 5
describes the catalyst deactivation by the decrease in the
activity term (a) as a function of the time on stream (t), where
the term 1 + kwRw” accounts for the attenuation in the catalyst
deactivation by cofed water. Thus, the attenuated kinetic and
deactivation coefficients for each experiment can be defined as:

k
K =—F2— ()
1+ Ky Ry
, ka
A @

These attenuated coefficients take into consideration the
amount of water that is cofed in each experiment and the
assumption that cofed water is practically adsorbed on acid
sites. Note that we omitted k; in Equation 7 as we obtained that
k1 << k, from the fittings. For the experiments with variable
space time, 1 + KwRw =1and 1 + kwRw" = 1 since Rw =0, and the
coefficients are independent of the space time as expected in
typical kinetic models.! For the experiments with variable
water-to-methanol ratio in the feed, 1 + KwRw and 1 + kywRw”
are variable for each experiment depending on the water-to-
methanol ratio (Rw), and then the effect of cofeeding water can
be quantified in terms of these attenuated coefficients. Table 1
shows the attenuated kinetic (k') and deactivation (k4’)
coefficients together with the variation with respect to the
reference experiment (variable W/Fyo or Fwo/Fmo = 0). Both
coefficients significantly decrease with the addition of a small
amount of water in the feed (Fwo/Fmo = 0.11), whereas further
increases in the amount of water in the feed (Fwo/Fmo = 0.25)
cause a more relevant decrease in k’ than in k4. By dividing the
variation of k' by that of ks for each experiment (k’/k4
variation), we can measure the relative impact of cofeeding
water on the kinetic or deactivation. Cofeeding small amounts
of water (Fwo/Fmo = 0.11) give a k’/kJ variation of 0.903 while
increasing amounts of water (Fwo/Fmo = 0.25) give a kK'/kd
variation of 1.30. Thus, low water contents in the feed is
beneficial for attenuating the deactivation more than the
kinetic of the reaction, whereas high water contents do not
favor the attenuation of the deactivation. The observations in
the in situ experiments evidenced that the kinetic formation of
retained species with the role of being active and deactivating
species decreased as more water is cofed.

Table 1. Kinetic and deactivation coefficients of the proposed model in Equations (7)-(8).

Experimental k'@ Variation© kd'® Variation(© K /kd
scenario (h?) (%) (h?) (%) variation
variable W/Fvo  10.8 - 0.0422 -
Fwo/Fmo=0 10.8 - 0.0422 -
Fwo/Fmo = 0.11 6.48 40.2 0.0234 44.5 0.903
Fwo/Fmo=0.25  4.28 60.5 0.0225 46.5 1.30

(a) k' is the attenuated kinetic coefficient; (b) k4 is the attenuated deactivation
coefficient; (c) the variation is (xo — x)/xo, with x = k" or k&’ and xo is kK’ or k4 of the
reference experiment (variable W/Fwmo or Fwo/Fumo = 0).

These observations lead to conclude that the impact of
cofed water on the kinetic and deactivation of the ZSM-5
catalyst in the MTH reaction is mostly because of the water
adsorption on acid sites. This phenomenon evidently reduces
the amount of available acid sites for the reaction network,
being similar to the effect of reducing the amount of available
acid sites by lowering the catalyst weight for tuning different
space times. However, the key difference between both
experimental scenarios is the actual density of acid sites. While
the density of acid sites remains practically constant by just
changing the catalyst amount in the catalytic bed (only the total
amount of acid sites is actually changed), the water adsorption
on acid sites in the scenario of cofeeding water makes some
sites unavailable in the same amount of catalytic bed. Thus, the
density of acid sites in the scenario of cofeeding water becomes
lower as more water is adsorbed on acid sites. The effect of
lowering the density of acid sites explains the slowdown in the
in the MTH
preferential formation of olefins as retained species. The

kinetic and deactivation reaction and the
behavior observed in this work is comparable with other
strategies to change the density of acid sites in the catalyst such
as modifications with metal cations that promote the increase
of Lewis acid sites in detriment of Bronsted acid sites 4362 or the
variation in the Si/Al ratio in the zeolite.53-65 Our results further
prove that the olefin cycle (olefins are favored as retained
species as shown in our FTIR spectroscopic analysis) would be
promoted by the addition of water in the feed for the reason of
lowering the density of acid sites, as demonstrated in other
works where the density of acid sites is modified by other
means.62,66

To analyze further the results of the in situ UV-vis cell
reactor, we calculated and compared the initial rates of
formation and growth of the UV-vis bands:

dl;

T =, (3)

Where | represents the intensity of each band (/) measured in
the 250-850 nm region of the UV-vis spectrum. This
methodology holds because we are using differential conditions
where the formation and growth of species are incipient and
the concentration of reactants, retained species and products
in the reaction media, including the catalysts, is relatively low.
In order to compare the net effect of water, we calculated the
extent of water quenching as (for Fwo/Fmo = Rw = 0.5):
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Figure 10 represent the extent of water quenching for
Fwo/Fmo = 0.5 and 1.0 for all bands and wavelengths (/). The
important orientation to this figure is the following: a value of 0
indicates that water totally kills the rate of formation and
growth of this particular band, a value of 1 indicates that the
rate is unaffected by water, a value 0-1 indicates that water is
quenching the rate whereas values above 1 indicate that water
accelerates the rate. As seen, the rates of formation and growth
of all bands decrease by the presence of water, being between
0.50 and 0.84. However, the extent of this quenching is
selective: in the range 250-350 nm, all bands decrease ca. 40%,
the band at 392 nm only is quenched ca. 20%, whereas the
bands of coke of 708 nm can be quenched by water as much as
50%. Additionally, the effect of increasing the amount of water
is negligible in the range 250-350 nm but increase for more
developed coke species (708 nm). The extent of water
quenching is more severe for deactivating species than that of
the active species, although the difference is relatively low. This
may imply that most of the active species detected in the range
of 250-350 nm are olefin species whose formation is favored at
increasing water-to-methanol ratios in the feed. Extending the
methodology developed here to other catalyst and a wider
range of water in the reaction media can provide with optimum
values of water fed in order to quench more selectively the
deactivation than the reaction.
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Figure 10. Effect of cofeeding on the extent of water quenching of retained species
detected in the whole UV-vis spectrum.

In this work, we further studied how the acid sites are
affected by the adsorption of cofed water by using FTIR
spectroscopy. Our results indicate that all the acid sites are
affected to some extent during the MTH reaction, and
particularly, the coverage of silanol sites decreases with
increasing water-to-methanol ratios in the feed. The coverage
of acid sites occurs by the adsorption of several species.
Typically, the interaction of methanol or dimethyl ether with
ZSM-5 catalysts gives rise to three types of methoxy species
adsorbed on Bronsted, silanol and extra-framework aluminol
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sites, respectively.67-%° Likewise, Thibault-Starzyk et al.”®
observed the coke formation on the silanol sites in ZSM-5
catalysts, particularly those located in the zeolite channels.
Many authors’'74 have proved that these sites actively
participate in the MTH reaction while also promote
deactivation, particularly those in framework defects. Our
results reveal that cofeeding water delays the formation and
adsorption of deactivating species on these sites, contributing

to the prolongation of the catalyst lifetime.

Conclusions

We studied the effect of cofeeding water in the methanol-
to-hydrocarbon reaction over a ZSM-5 catalyst using three
reaction setups involving fixed-bed and in situ spectroscopic cell
reactors. The intention was to analyze the net effect of water
on the selective quenching of deactivation (growth of coke)
against the formation of active hydrocarbon species on the
catalyst. We measured the evolution of retained species by
means of extraction and in situ FTIR and UV-vis spectroscopic
measurements.

At integral reactor conditions, cofeeding water lowers the
conversion due to the coadsorption of water making a portion
of acid sites unavailable for the reaction (comparable with
decreasing the density of acid sites) that depends on the water-
to-methanol ratio in the feed. This effect is comparable with
that of changing the space time, in which the decrease of acid
sites by decreasing the space time lowers the conversion. A
more detailed analysis based on the attenuated kinetic and
deactivation coefficients lead to conclude that water attenuates
more effectively the deactivation than the reaction. However,
at high concentrations of water this effect is reversed due to the
saturation of acid sites by water.

At differential reaction conditions, the combined analysis of
conversion and the dynamics of retained species (with in situ
spectroscopic techniques) lead to conclude that the kinetics of
formation and growth of retained species are slowed down by
the addition of water in the feed. Importantly, the extent of this
quenching depends on the type of retained species. In fact, the
rate of coke formation and growth is slowed down more than
that of the active hydrocarbon pool species and more at higher
amounts of added water. The formation of olefins as retained
species is favored when water is cofed, and those the cycle
based on olefins is favored.

This work indicates that there is a positive outcome of
cofeeding water to the ZSM-5 zeolite during the methanol-to-
hydrocarbon reaction because it quenches more the
deactivation than the reaction. The methodology developed in
this work opens up the opportunity to explore more process
variables (such as partial pressures and catalyst) in order to
obtain a general view of the effect of water together with the
optimized process parameters that enable to take the
maximum advantage of cofeeding water.
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