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ABSTRACT: Dehydration of methanol to produce dimethyl ether =y o .
(DME) was studied at relatively high temperatures (400—600 °C) on 7 CH,0H ¢ 0
biomass-derived phosphorus-containing carbon impregnated with a ” o S0 P, .
zirconium salt. Highly thermally stable zirconium phosphate surface § . A -4
groups could be obtained on the final catalyst, which were responsible m 0 2 “ &
for the high stability and selectivity to DME of the catalyst at f I Tostn
temperatures lower than 400 °C. However, harder operation +  Study of DME
conditions, closer to those of the industrial process, were evaluated l\ Zr-dfn?ed Production

to analyze the changes of the catalyst surface properties with the P-containing || *  Catalyst
reaction temperature and the possible causes of deactivation. Thus, carbon catalyst “3:;::_: — DME deactivation

high methanol conversion and selectivity to DME were also observed e |

in the temperature range of 400—600 °C, although deactivation was

detected. Coke deposition was responsible for a decrease in microporosity and surface concentration of zirconium and phosphorus
of the catalyst. Temperature-programmed desorption, *'P magic angle spinning nuclear magnetic resonance, and X-ray
photoelectron spectroscopy results suggest that the Zr—O—P groups from zirconium phosphate species were responsible for the
long-term stability of the catalyst and that the C—O—P-type active sites were deactivated very fast. However, coke deposition on Zr—
O—P-type active sites caused a slow and irreversible deactivation, while deposited coke on the C—O—P-type active sites was easily
eliminated by the oxidative treatment in air. A reaction scheme that accounted for the gas product distribution and the production of
coke was proposed. A kinetic model for coke formation as a function of time on stream that successfully represents the experimental
results was also propounded, which yielded a value for the activation energy for the production of coke of 124 kJ/mol.

1. INTRODUCTION

Global warming, associated with an increase in CO, and other
greenhouse gas (GHG) emissions, the significant increase in
energy consumption expected in the coming decades, and the
reduction of fossil fuel reserves warn of the need for a radical
change in the strategy of natural resource management and in
energy production and consumption.' * Sustainable produc-
tion of energy and chemicals plays an important role in the
2030 agenda adopted by the United Nations for achieving
sustainable development and, thus, transforming the world.® In
this sense, the implementation of new strategies for the
valorization of industrial waste and lignocellulosic biomass,
through the development of waste refineries”” (in the
transitional term) and biorefineries® ' (in the medium or
long term), could mean interesting alternatives to finally
achieve the benefits of a circular economy. That scenario
requires the efficient utilization of side and waste materials
from different sources (such as plastic, paper and pulp, and
agroforestry industries, among others) for the sustainable
generation of high-value-added biofuels, chemicals, and other
bioproducts."'
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Dimethyl ether (DME) is as a promising diesel substitute
that is receiving much attention in the last decades because of
its high cetane number. Moreover, its combustion generates
lower emissions of hydrocarbons (HCs), NO,, particulate
matter (PM), and soot compared to diesel,">" and it can be
used as a liquefied petroleum gas (LPG) substitute,'* hydrogen
vector,”'® and propellant.'” Several compounds of high
interest in industry can also be obtained from DME, like
olefins'®**” and other HCs.”' Thus, the industrial importance
of this compound is very high, and it is expected to reach
5867.28 kiloton by 2026.”

Industrial production of DME is carried out from syngas in a
two-stage process, where methanol is first produced on a
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metallic catalyst, usually based on CuO—ZnO—AL O, and, in
a second step, it is selectively dehydrated to DME (MTD
process), using a catalyst of moderate acidity, such as y-
alumina and passivated ZSM-5.”*"*" y-Alumina is very active
and highly selective to DME. However, the hydrophilic
character of this catalyst produces a collapse of its porous
structure in the presence of water, which deactivates the
catalyst significantly. Deposition of coke on strong acid sites of
the catalyst also causes the deactivation of the catalysts.”**" In
this sense, the use of low acidic zeolites and silicoalumino-
phosphates or catalyst passivation for reducing the hydro-
phobicity and lowering the acidity inhibits the blockage of the
pore structure and the deactivation of the catalyst by coke
deposition.”””" Nevertheless, a new way of DME production
in only one step directly from syngas or even from a CO,/H,
mixture on a bifunctional catalyst, usually copper—zinc—
alumina mixed with y-alumina or modified zeolites, is being
widely studied in recent years.'”>> In this sense, the use of
zirconium as a promoter on those bifunctional catalysts has
shown an enhanced efficiency for this reaction.”>**

On the other hand, the fact that synthesis gas can be
obtained from sustainable sources, by gasifying used plastics
and tires and biomass waste,”> " opens up a greater possibility
for DME as a cleaner alternative to produce fuels and
chemicals. Professor Bilbao and his research group have been
very active in studying not only the MTD process”’ but also
the direct production of DME in one step™ "' (STD process).
They have provided very relevant and high-impact contribu-
tions focused on the design of novel bifunctional structured
catalysts””~** and the development of kinetic models,"*~*
taking into account the specific reaction conditions of these
processes and the catalyst deactivation. They have also studied
different reactor configurations, including a packed bed
membrane reactor with a highly hydrophilic membrane, for
in situ removal of water from the reaction medium to displace
the equilibrium of methanol production, its selective
dehydration to DME, and the reverse water—gas shift
reaction.***’ They have also widely analyzed the possibilities
of DME as a sustainable source of hydrogen, through catalytic
steam reforming,so’51 and of light olefins, by the DME-to-
olefins (DTO) process.””>>* Furthermore, this research
group has been very productive in studying the deactivation
processes of these catalysts, both the metal and the acidic
phases,”* which are of great importance from an industrial
point of view. They have proposed a relevant methodology for
a simultaneous computation of the kinetic parameters of
complex reaction networks and deactivation kinetics,> with
the added difficulty of including different reactor config-
urations® and reactions involving the deposition of solid
carbonaceous compounds and coke.”’

Likewise, the efficient use of residual biomass resources in
future biorefineries to sustainably produce not only fuels and
chemicals but other bioproducts (such as, for instant, catalysts)
also involves a relevant strategy for boosting the bio-based
circular economy. In this sense, intensive research is takin%
place on the preparation of carbon catalysts from biomass.**™°
With regard to the selective dehydration reaction of methanol
to DME, Moreno-Castilla et al. prepared acid surface carbon
catalysts by oxidation of biomass-derived activated carbons
with different liquid oxidants and acids that presented some
activity for this reaction related to the presence of carboxyl acid
surface groups on the carbon catalysts.”’ However, the
catalysts were rapidly deactivated as a result of the partial

decomposition of these oxygen surface groups at the reaction
temperatures.

Chemical activation of lignocellulosic materials with
phosphoric acid®®® is a conventional method to produce
activated carbons with a high porosity and relatively large
surface area.’” Activation of biomass residues with phosphoric
acid under certain operation conditions (relatively high
activation temperatures) generates the presence of different
thermally stable phosphorus surface groups, responsible for
relatively high surface acidity and oxidation resistance of the
final activated carbons,®*~% which provide these simple and
low-cost carbon materials with interesting properties for
applications in heterogeneous catalysis, as catalyst supports
and/or catalysts themselves.””~’" These P-containing carbon
materials have shown high activity for ethanol and larger
alcohol decomposition reactions, with high selectivity to
dehydration products.”'~”* This type of carbon catalyst was
also evaluated for the MTD process, exhibiting high initial
methanol conversion and selectivity to DME. However, they
showed a fast deactivation unless oxygen was present in the
reaction mixture.”*

Metal phosphate materials, like zirconium phos;)hate, have
shown activity in alcohol dehydration reactions,”*~"* including
the methanol dehydration reaction.” In this sense, impregna-
tion of a porous carbon prepared by activation of a
lignocellulosic waste with phosphoric acid with a zirconium
salt was evaluated to make use of phosphorus present on the
carbon surface, with the goal of obtaining a highly dispersed
and stable zirconium phosphate active phase anchored on the
activated carbon surface. The fact that the catalyst was
obtained from a biomass waste by a very simple preparation
method represents an advantage in terms of the sustainability
of the process. In this sense, the active phase can be recovered
easily at the end of the service time of the catalyst, just by
gasifying the carbon support to also obtain syngas, thus
boosting the bioeconomy. This catalyst showed high stability,
with methanol conversions of around 50% and selectivity to
DME close to 97% at 350 °C.**®' However, the methanol
dehydration reaction takes place at very high conversion levels
at industrial conditions, in which deactivation of the catalyst is
mainly caused by coke deposition®*™*° produced over acid
sites by solid carbonaceous precursor polymerization into high-
molecular-weight species that are unable to be desorbed,
covering the active site or clogging pores. The temperature has
a critical importance in the quantity and type of coke formed.*®

In the present paper, we report the evaluation of a Zr-loaded
P-containing biomass-derived carbon material as a catalyst for
methanol dehydration to DME under severe reaction
conditions to achieve high methanol conversions, close to
those that usually take place in the industrial MTD process, to
analyze the activity, stability, and selectivity of this catalyst.
Furthermore, the textural properties, surface chemistry, and
coke content of the catalyst have been studied at different
reaction temperatures and times on stream. A kinetic model to
predict the coke formation at these different operating
conditions has been proposed. In addition, the possible
regeneration of the deactivated catalyst with an air treatment
was assessed.

2. MATERIALS AND METHODS

2.1. Catalyst Preparation. Olive stone, a low-cost biomass waste
material, has been used as a precursor of the carbon catalyst. Olive
stone was supplied by Sociedad Cooperativa Andaluza Olivarera y
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Frutera San Isidro, Periana (Malaga), Spain. The precursor was
initially impregnated with phosphoric acid (H;PO,, 85%, w/w) at a
mass ratio of 2:1 (H;PO,/olive stone). The mixture was dried at 60
°C for 12 h and then activated in a tubular furnace, under nitrogen
flow (150 Necm®/min, purity of 99.999%, Linde) at 800 °C for 2 h,
using a heating rate of 10 °C/min. The activated sample was washed
with distilled water at 60 °C until a constant pH in the residual water.
After drying, the chemically activated carbon (ACP) was impregnated
by the incipient wetness method with zirconium(IV) oxynitrate
hydrate (N,0,Zr-xH,0, purity of 99%, Sigma-Aldrich). The sample
was loaded with 5.25% zirconium, which turned out to be the
optimum amount of deposited zirconium for methanol to DME
reaction at lower temperatures in a previous work.*” The impregnated
samples were then dried for 12 h at 120 °C and treated at 250 °C for
2 h under an air atmosphere. A detailed description of the catalyst
preparation can be found elsewhere.*’

2.2. Characterization. Textural characterization of the catalyst
(before and after reaction) was conducted by N, adsorption—
desorption at —196 °C and CO, adsorption at 0 °C in an ASAP 2020
instrument (Micromeritics). Every sample was outgassed at least for 8
h at 150 °C before the analysis. From the N, isotherm data, the
apparent surface area (Apgr) was obtained using the Brunauer—
Emmett—Teller (BET) equation,”” the micropore volume (V;) and
external surface area (A,) were calculated by the t-plot method,*® and
the mesopore volume (V) was obtained as the difference between
the maximum volume adsorbed (V,.,) at a relative pressure of 0.995
and the micropore volume. From the CO, isotherm, the narrow
micropore volume (Vpg) and narrow surface area (Apg) were
calculated applying the Dubinin—Radushkevich equation.* Pore size
distributions were obtained from N, isotherm data using two-
dimensional non-local density functional theory (2D-NLDFT)
heterogeneous adsorption models for carbon slit-shaped pores.”

Surface chemistry of fresh and spent catalysts were analyzed by X-
ray photoelectron spectroscopy (XPS), temperature-programmed
desorption (TPD), and *'P magic angle spinning (MAS) nuclear
magnetic resonance (NMR). XPS analyses were also carried out in a
spectrophotometer $700C (Physical Electronics) with Mg Ka
radiation (1253.6 eV). The C,, peak is located at 284.5 eV and
used as a reference to place the rest of the peaks. TPD is usually used
to characterize the oxygen functional groups presented in the bio-
based carbon surface, which are formed during carbonization/
activation processes. Typically, for the TPD analyses, 150 mg of
sample was introduced in a crucible and heated in N, flow (200
Nem?®/min, purity of 99.999%, Linde) from room temperature to
1500 °C at a heating rate of 10 °C/min. CO and CO, evolved
amounts at different temperatures were determined by a non-
dispersive infrared (NDIR) gas analyzer (Siemens ULTRAMAT 22)
and were related to the surface oxygen-containing functional groups.
3P MAS NMR spectroscopy was carried out at room temperature
using a high-resolution Bruker AXS spectrometer, model AVANCEIII
HD 600 (narrow bore). The magnetic field was 14.1 T corresponding
to a *'P resonance frequency of 242.92 MHz. The spinning rate was
15 kHz. NH,H,PO, was used as a reference at 0 ppm. *'P—'H
heteronuclear correlation (HETCOR) NMR spectra were also
recorded using a triple resonance cross-polarization (CP)-MAS
probe of 3.2 mm. *P MAS NMR spectra were recorded with a 2
ms contact pulse and 1 s delay with "H decoupling (*'P high-power
decoupling (HPDEC) with spinal decoupling sequence of 64 for P)
and summing up 200 scans.

2.3. Catalytic Dehydration of Methanol. Catalytic performance
of the zirconium-impregnated P-containing activated carbons was
evaluated for the dehydration of methanol to DME reaction. The
experiments were carried out in a fixed-bed microreactor (4 mm inner
diameter) located in a vertical furnace, working under atmospheric
pressure, with a catalyst mass of 150 mg. Methanol (CH;OH, purity
of 99.9%, Carlo Erba) was fed to the reactor using a syringe pump
(Cole-Parmer 74900-00-05 model), and the inlet stream was
maintained at a methanol partial pressure of 0.04 atm in a 70
Nem?®/min helium flow (purity of 99.999%, Linde). The reaction
temperature ranged from 450 to 600 °C, and a space time of 75 g, s

mmolCI_hOH_1 was used. All of the pipelines were heated at 120 °C to
avoid methanol or any other product condensation.

Concentrations of gas reactants and products were measured by an
online Varian CP-4900 gas microchromatograph (Agilent), equipped
with capillary columns: SA molecular sieve, PPQ, and wax columns.

Conversion and selectivity were defined by the following
expressions:

_ Feuyon, — Fenyon

Femon, (1)
S = nH
)y nFE, ()

where X represents the conversion, S denotes the selectivity, Foy,on,

is the methanol molar flow fed to the reactor, Fcy on is the methanol

molar flow in the outlet stream, F; stands for the molar flow of the
product i in the outlet stream, and n; represents the number of carbon
atoms in the corresponding i molecule. The coke content was
quantified by direct weighing of the catalyst before and after reaction,
and coke selectivity was calculated by assuming that the produced
coke consisted of pure carbon.

Air treatment of the deactivated catalysts after reaction was carried
out in situ by an air flow (purity of 99.999%, Linde) of 70 cm?/min.
Samples, after reaction at different experimental conditions, were
exposed to air at 200 °C followed by a temperature increase to 350 °C
at a heating rate of 10 °C/min. This temperature was kept for 2 h.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. Figure 1 represents the
N, adsorption—desorption isotherm at —196 °C of the fresh

600
500 -
400 -
o
5 300
F
200 - —Fresh
—450°C 60h
100 —500°C 12h
—550°C 4.5h
0 T T T
0.0 0.2 0.4 0.6 0.8 1.0

PIP,

Figure 1. N, adsorption—desorption isotherms at —196 °C of fresh
and spent catalysts with the same coke content (18%) obtained at
different reaction temperatures and TOS at a methanol partial
pressure of 0.04 atm and a space time of 75 g, s mmolCHSOH’l.

catalyst. The catalyst shows a type IV(a) isotherm with a large
nitrogen adsorption volume at low relative pressures,
evidencing the presence of high micropore volumes. In
addition, a H4 hysteresis loop is also observed at a
medium—high range of relative pressures, associated with the
adsorption in mesopores of an in-bottle shape.”’ Table 1
collects the textural parameters derived from the N, and CO,
adsorption isotherms. CO, adsorption at a low relative
pressure (<0.3) and 0 °C was used to characterize narrow
microporosity (pores lower than 0.7 nm) as a result of a better
diffusion in these narrow micropores compared to that of the
N, adsorption at —196 °C. Nevertheless, the catalyst showed a
micropore volume value measured by adsorption of N, (V)
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Table 1. Textural Parameter Values Derived from the N, Adsorption Isotherm at —196 °C and CO, Adsorption Isotherm at 0
°C of Fresh and Spent Catalysts with Different Coke Contents Obtained at Different Reaction Temperatures and TOS at a
Methanol Partial Pressure of 0.04 atm and a Space Time of 75 g, s mmolCHSOH_1

N, isotherm

CO, isotherm

sample coke content (%)  Apgr (m%*/g) A, (m*/g)
fresh 1130 271
450 °C for 60 h 18 644 215
500 °C for 12 h 18 767 248
550 °C for 4.5 h 18 757 246
500 °C for 3 h 11 909 282
500 °C for 7 h 14 806 257
500 °C for 51 h 23 600 154

Vi (am’/g) Vi (em’/g) Vi (em’/g)  Apg (m*/g)  Vpg (em’/g)
0.4 0.42 0.86 476 0.19
022 038 0.60 238 0.10
0.27 043 0.69 281 0.11
026 0.43 0.69 273 0.11
032 047 0.79 314 013
028 0.44 0.72 286 0.11
023 026 0.48 236 0.09

significantly higher than the value determined by CO,
adsorption (Vpg), which also suggests the presence of broad
microporosity. In addition, the relatively high values of the
external surface area (A,) and mesopore volume (V,,,,) are also
indicative of the large contribution of mesoporosity found in
this sample. Table S1 of the Supporting Information
summarizes the atomic surface concentrations of the catalyst
derived from XPS analysis. The results showed the presence of
mainly carbon and oxygen species and, to a less extent,
phosphorus and zirconium surface groups. In this sense, the P/
Zr ratio was close to 1, lower than the theoretical zirconium
phosphate atomic ratio (it should be 2), which could be
attributed to an excess of zirconium deposited during wet
impregnation. This result suggests the further formation of
other Zr surface groups, such as Zr—C/Zr—(O—C), groups,
which were also observed in a previous work,”" close to those
of zirconium phosphate species, as well as phosphorus—carbon
surface groups.

3.2. Catalyst Performance. Methanol conversions as a
function of time on stream (TOS) at temperatures between
300 and 600 °C are represented in Figure 2 for a methanol

100 “300°C  +350°C 400°C  450°C
90 ©-500°C  {1550°C  -0-600°C
80

70
60
50
40
30
20

Conversion (%)

0 10 20 30 40
TOS (h)

Figure 2. Methanol conversion profile as a function of TOS at
different reaction temperatures at a methanol partial pressure of 0.04
atm and a space time of 75 g, § mmolCH3OH’1. The dashed line shows

the equilibrium methanol-DME conversion at 450 °C.

partial pressure of 0.04 atm and a space time of 75 g.. s

mmol ~!. Steady-state conversions of methanol were
CH;OH

observed for temperatures lower than 450 °C, with a
conversion value higher than 60% for a reaction temperature
of 400 °C, which indicates that the catalyst presents a high
stability for methanol dehydration in this temperature range.

17228

An increase in the reaction temperature produced a significant
enhancement of the initial methanol conversion (short TOS),
with conversion values of 100% for temperatures higher than
500 °C. However, a slight reduction of methanol conversion
with TOS was observed for a reaction temperature of 450 °C,
and this decay was somewhat more pronounced as the
temperature increased. In this sense, the methanol conversion
value remained higher than 50% at 450 °C for more than 24 h
under the studied conditions. However, this value was lower
than 5% at a reaction temperature of 600 °C for similar TOS
(24 h).

In this regard, the use of carbons with acid surface groups as
catalysts to produce DME from dehydration of methanol was
evaluated, but reaction temperatures could not exceed 180 °C
because the catalysts suffered from a strong catalyst
deactivation by decomposition of the acid surface groups,
showing a maximum conversion of around 13% at this
temperature.é1 On the other hand, the H;PW,,0,, hetero-
polyacid catalyst also showed faster deactivation during
methanol dehydration at milder conditions, with conversion
decreasing from 33 to 14% after 2 h at 200 °C for a catalyst
weight/volume flow rate (W/Fcy,on) = 7.33 e s

mmolcy o~ (although some deactivation was already

detected at 150 °C).**

In the present study, the methanol conversion values for
temperatures higher than 400 °C at short TOS exceed those of
the methanol-DME reaction equilibrium at the corresponding
temperature (represented as dashed lines in Figure 2), which
suggests that side reactions were carried out, like those
involved in coke production.

Figure 3 shows the gas outlet concentrations as well as the
selectivity as a function of TOS at different reaction
temperatures, also including the selectivity to coke. DME
and water were the only products observed at a reaction
temperature of 400 °C (Figure 3a), with trace methane at very
short TOS and, therefore, with a very high selectivity to DME
(99%) with TOS (Figure 3b). Figure 3c shows the gas outlet
concentrations as a function of TOS for the catalyst at 450 °C.
A decay of the DME concentration with TOS was observed, as
a consequence of a gradual reduction in the methanol
conversion as well (shown in Figure 2). However, the
selectivity to DME (Figure 3d) remained stable at this
temperature, with values higher than 90% for more than 20 h.
A small amount of methane and coke and, to a less extent, CO
could also be detected. At 550 °C (panels e and f of Figure 3),
DME and water outlet concentrations decreased faster and
methane and coke formation becomes more important than at
450 °C, although DME selectivity was still quite high, showing
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Figure 3. (a, ¢, and e) Gas outlet concentrations and (b, d, and f) selectivity to carbon products as a function of TOS at (a and b) 400 °C, (c and
d) 450 °C, and (e and f) 550 °C, respectively, at a methanol partial pressure of 0.04 atm and space time of 75 g, s mmolCHSOH_I: methanol (purple

pluses), DME (blue circles), methane (green triangles), carbon monoxide (red diamonds), carbon dioxide (yellow asterisks), hydrogen (brown

rectangles), water (gray squares), and coke (black crosses).

values higher than 55% for more than 35 h. Thus, the relatively
high selectivity to DME observed for the catalyst studied in the
present work should be highlighted, especially considering that
several works found in the literature, which studied different
acid catalysts for dehydration of methanol, showed lower
selectivity to DME values even at lower temperatures (<350
°C), although other operation conditions were also different
(space time). For example, y-alumina showed a selectivity to
DME of 85% at 400 °C;** selectivity to DME in several kinds
of HZSM-5 decayed almost totally as the temperature
increased up to 320 °C;” selectivity to DME was also
reduced to 80% at 400 °C for a K-modified H-ZSMS;*® and
selegcgtivity of H;PW,,0,, decreased to 70% after 2 h at 250
OC. O

On the other hand, it was observed that the higher the
temperature, the higher the amount of methane formed. In this
sense, Akarmazyan et al.”* associated CO and CH, production
to a change in the mechanism as a result of the increase in the
temperature. They reported that CO and CH, were produced
as a result of the evolution of surface formate groups, which
were formed instead of methoxy groups at high temperatures.
To evaluate the possible thermal decomposition of DME

17229

under the conditions studied, an experiment with 3 vol %
DME up to 600 °C in the absence of catalyst was carried out.
The results indicated that the homogeneous DME thermal
decomposition was lower than 1%, producing mainly CH, and
CO. Therefore, the formation of methane via thermal
decomposition of DME was neglected. On the other hand,
Akarmazyan et al.”* proposed that DME-adsorbed species
could decompose to CH,, H,, and CO, but this would require
the stoichiometric formation of methane and CO. Other
authors also suggested the thermal decomposition of DME
into CO and CH, or formaldehyde (that decomposes into CO
+H,).”* The larger observed formation of methane and water
than CO and DME, respectively, at 550 °C suggests that other
reactions might be taking place, like the formation of methane
and formaldehyde by decomposition of DME-adsorbed species
(produced by the reaction of methoxy species with methanol
through a six-member-ring electron transfer process), as
suggested by Cheng et al.”” Formaldehyde would decompose
further to CO and H, or to coke (C) and H,O, probably on
different acid sites. The results observed in panels e and f of
Figure 3 suggest that the second route (producing coke and
water) seems to be the route that occurs to a greater extent. In
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this sense, the concentration of produced water and DME were
very similar at 450 °C, except for initial TOS (probably as a
result of water being desorbed easier than DME), evidencing
that mostly all of the water comes from the methanol
dehydration reaction. Nevertheless, the concentration of
water greatly exceeded that of DME at 550 °C, which could
be initially associated with the production of light olefins.
However, olefins were hardly detected in the gas product at
any of the temperatures studied. Thus, the similarities found
for the production of water and coke with TOS at 550 °C
(panels e and f of Figure 3) indicate that coke production and
growth, through reaction of coke with oxygenated compounds
(methanol and/or DME), seem to be mainly responsible for
the excess observed in the water production.”

3.3. Characterization of the Deactivated Catalyst. The
catalyst was characterized after reaction at different temper-
atures and TOS. N, adsorption—desorption isotherms at —196
°C of the spent catalyst after reaction at different experimental
conditions but with the same coke content (18%) are also
shown in Figure 1. Lower adsorption uptakes at low relative
pressures were observed for the spent catalyst samples
compared to that for the fresh catalyst, with the adsorption
isotherm profile remaining similar, which suggests that coke
deposition took place preferentially in micropores at all of the
evaluated temperatures. A slightly larger reduction in the
nitrogen-adsorbed volume at low relative pressures was
observed for the catalyst deactivated at 450 °C. The three
samples contained the same coke content, but the coke
formation rate is obviously slower at 450 °C, needing more
than 60 h to reach this amount (18%) of coke. This lower coke
formation rate could favor the diffusion of methanol inside the
narrow micropores, producing a higher decrease of the
microporosity. The results show that microporosity was
reduced by half (V, from 0.44 to 0.22 cm®/g) but mesoporosity
remained practically the same (V,,., from 0.42 to 0.38 cm®/g).
Nevertheless, the remaining surface area on the spent catalysts
was high enough to question that the pore filling by coke was
the only cause for catalyst deactivation at these temperatures;
therefore, the coverage of the active site should also play an
important role in this process.

The pore size distribution of these samples is collected in
Figure S1 of the Supporting Information. The catalyst presents
a bimodal distribution, showing two main peaks with two
maxima located at 0.63 and 2.1 nm, respectively. The spent
catalysts obtained after reaction at the different experimental
conditions studied showed a similar pore size distribution, but
the decrease observed for the shoulder located at lower pore
sizes was larger than the peak corresponding to higher pore
sizes, suggesting that coke is preferentially deposited in narrow
micropores rather than in wider micro- or mesopores.

Porosity of the catalyst after reacting at 500 °C for different
TOS was also studied. Figure 4 collects their corresponding N,
adsorption—desorption isotherms obtained at —196 °C. This
temperature (500 °C) was chosen as the best option between
high coke deposition and enough time difference between
selected TOS. The percentage of deposited coke was added to
the legend of Figure 4. The isotherm profile remained the
same, but there was a significant reduction in the adsorbed
volume at low relative pressures with the increase of the
amount of coke deposited on the catalyst, associated with the
preferential deposition of the carbonaceous solid on the
narrow micropore surface. Table 1 lists the textural parameters
of the spent catalyst after reaction at 500 °C for different TOS.

600
500 -
400
S
5 300 +
=
200 —Fresh
500°C 3 h/11% Coke
100 —500°C 7 h/ 14% Coke
—500°C 12 h / 18% Coke
0 —500°C 51 h / 23% Coke
0 0.2 0.4 0.6 0.8 1
P/P,

Figure 4. N, adsorption—desorption isotherms at —196 °C of fresh
and spent catalysts with different coke contents obtained at 500 °C
and different TOS at a methanol partial pressure of 0.04 atm and a
space time of 75 g., s mmolCH}OH_l.

A reduction in the BET surface area and micropore volume
measured with N, was mainly observed at low TOS;
meanwhile, the mesopore volume slightly increased. With the
increase of TOS, the deposition of coke augmented too, taking
place on both micro- and mesopore surfaces, as evidenced the
reduction observed of about 50% for all of the textural
parameter values. These results suggest that, initially, coke was
deposited mainly on the surface of the micropores, and during
the course of the reaction, the deposition took place uniformly
on all of the catalyst surface, reaching an apparent surface area
of 600 m2/g and mesopore volume of 0.26 cm3/g after ~50 h
of reaction at 500 °C. The pore size distribution of the spent
catalyst at different TOS (Figure S2 of the Supporting
Information) also confirmed the preferential deposition of
coke in narrow micropores (with a mean pore size of 0.63 nm),
in the same way that it happened at different reaction
temperatures (see Figure S1 of the Supporting Information).

XPS analyses were performed to assess how coke deposition
took place on the catalyst surface. Table S1 of the Supporting
Information collects the atomic surface concentration of the
catalyst after reaction at 500 °C and different TOS. As
expected, the carbon surface concentration increased with
TOS. This increase was accompanied by a reduction in the
oxygen surface concentration, which seems to indicate that the
composition of coke deposited was made up preferentially of
less oxygenated species. Phosphorus and zirconium concen-
trations also decrease with TOS. In this sense, the fresh catalyst
showed a P/Zr ratio next to 1, but this ratio increases after
reaction. Specifically, the P/Zr ratio comes closer to 2, which is
in concordance with the presence of zirconium phosphate
species on the surface of the deactivated catalyst. On the other
hand, the rapid increase observed for the P/Zr and C/Zr ratios
compared to that of C/P for short TOS (3 h) indicates that
the loss of the surface concentration of zirconium is much
higher than that of phosphorus at the first stages.

Figure S shows XPS spectra of P,, and Zry4 of fresh and
spent catalysts. The P,, spectrum (Figure Sa) of the fresh
sample showed a broad band that suggests the presence of
different phosphorus species. The peak located at 133.2 & 0.2
eV was attributed to C—PO;/C,PO, surface groups; another
peak appearing at 134.0 & 0.2 eV was attributed to C—O—PO;
surface groups;’” and a last contribution at 134.6 + 0.2 eV was
associated with zirconium phosphate surface groups, like in
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Figure S. XPS spectra of (a) P, and (b) Zryq of fresh and spent
catalysts with different coke contents obtained at 450 °C for ISh ata
methanol partial pressure of 0.04 atm and a space time of 75 g, s
mmolCH‘xOH_1 and after an air treatment at 350 °C.

Zr(HPO,),-H,0.”> For the sample obtained after reaction at
450 °C, a general decrease of the intensity of the whole band
was observed but especially the contribution at lower binding
energies, related to the coverage of C—PO;/C,PO, and C—
O—P groups by coke. These results are in concordance with
those reported by Valero-Romero et al.”* with a catalyst similar
to that studied in the present work. They suggested the
presence of different P surface groups (such as P—OH and C—
O—P) with different acid strengths, which are very quickly
deactivated by coke under the methanol dehydration reaction,
even at lower temperatures.

With focus on the Zryy spectrum of the fresh catalyst (Figure
Sb), different Zr species could be suggested, given the presence
of one peak located at 182.3 + 0.2 eV attributed to the
existence of zirconium—carbon/ZrO, species,”® another peak
located at 183.0 + 0.2 eV associated with Zr—OH bonds, like
in Zr(HPO,),-H,0,” which seems to be the most relevant,
and the last peak located at 184.2 + 0.2 eV attributed to the
presence of Zr(IV) bound to an electroactive species, such as
phosphorus in the form of pyrophosphate groups.”” The
intensity of the spectrum decreased and shifted at higher
binding energies for the sample obtained after reaction at 450
°C. These results suggest that deposition of coke took place on
zirconium-phosphate-like active sites and zirconium—carbon/
ZrO, species. Actually, the band with the peaks associated with
these two species almost disappeared after reaction at 450 °C,
shifting to higher binding energies, which suggests the
formation of zirconium-pyrophosphate-like species, probably
as a result of the attack of oxygenated compounds to the —OH
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group of zirconium phosphate forming methoxy and other
organic groups,”® which would be the precursors of the formed
coke.

3.4. Oxidative Air Treatment over Deactivated
Catalysts. Using the catalyst at different temperatures and
TOS, catalysts with different degrees of deactivation by coke
deposition were obtained. These deactivated catalysts were
treated under an air atmosphere with the goal of oxidizing the
coke deposits and regenerating the catalyst. Thus, the catalysts
deactivated at 450 °C (partially) and S50 °C (almost totally)
for 15 h (containing 9 and 22% of deposited coke,
respectively) were treated with an air flow of 150 cm?®/min
at 350 °C for 2 h (time enough to consume the deposited coke
that could be oxidized under these operating conditions).
Then, the oxidized catalysts were evaluated again under the
same reaction conditions. A blank experiment was also
performed (not shown) in which the fresh catalyst was
exposed to the same air treatment prior to the dehydration
reaction of methanol to DME at 450 °C. No changes in
conversion or selectivity were observed in comparison to the
those of the fresh catalyst without any treatment. In addition,
the analysis of the mass loss during the air treatment of the
catalyst obtained after reaction at 450 °C for 15 h showed a
very low catalyst loss, around 4.0%. This value was practically
the same as that observed for the fresh catalyst after the same
oxidation treatment (blank experiment), suggesting that
gasification of the formed coke was very low at this
temperature.

The methanol conversions for the fresh catalyst at 450 and
550 °C and those of the corresponding deactivated samples
followed by the oxidative air treatment are represented in
Figure 6. The methanol conversions for the air-treated
deactivated catalyst at 450 °C (second part of Figure 6a)
were almost restored (in comparison to that of the fresh
catalyst; first part of Figure 6a) but only initially, decreasing
very fast and reaching conversion values similar to those
observed for the fresh catalyst after 15 h of reaction at very
short TOS. In the case of the reaction temperature of 550 °C,
the conversion of methanol for the oxidized deactivated
(almost totally) catalyst could not be totally restored, taking
only 3 h to reach the same residual conversion as that observed
for the fresh catalyst after 15 h of reaction.

The catalyst support (not containing Zr but containing P
surface groups) oxidized in air flow at the same conditions was
also analyzed at these reaction temperatures to be compared to
the fresh and deactivated catalysts followed by this oxidative
treatment (results included in panels a and b of Figure 6). In
this sense, Rosas et al. reported the preferential oxidation of
C—P—-0 groups to C—O—PO groups (to that of other surface
groups) on phosphorus-containing activated carbon surfaces
under an air atmosphere and similar temperature conditions.’®
This C—O—PO surface group also presented moderate-
strength acidity, as reported by Valero-Romero et al.”* On
the other hand, Palomo et al*%®! suggested that Zr—O—P
sites, present in zirconium phosphate surface species of carbon-
based catalysts, were responsible for the activity of these
catalysts for the dehydration of methanol to DME.

Figure 6b show that the oxidized catalyst support showed a
very fast deactivation for methanol dehydration at both
reaction temperatures, showing a conversion profile (in both
cases) similar to that observed for the oxidized deactivated
catalyst reacting at 550 °C. These results suggest the presence
of, at least, two types of coke, probably of different nature, on
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Figure 6. Methanol conversion profiles at (a) 450 °C and (b) 550 °C
as a function of TOS of the carbon support and fresh and air-oxidized
spent catalysts at a methanol partial pressure of 0.04 atm and a space
time of 75 g., s mmolCH}OH_l.

the surface of this catalyst after reaction under these
temperatures: a coke deposited on the C—O—P surface
centers of the catalytic support that is oxidizable in air at
350 °C and another type of coke very much resistant to
oxidation in air at this temperature treatment deposited on the
Zr—O—P active sites of the surface groups of zirconium
phosphate of the catalyst. In the case of the air-treated spent
catalyst (at 450 °C), the methanol conversion profile can be
considered as the sum of the residual conversion associated
with zirconium phosphate sites and these new C—O—P surface
groups, which means that air treatment only affects the first

hours, and then, when the support loses its residual activity,
conversion will have the same tendency as that observed for
the catalyst without air treatment.

On the other hand, no differences were found regarding the
selectivity of methanol toward the different products for the
samples before and after reaction at 450 and 550 °C, except for
a slightly increase of the selectivity to CH, observed for the
catalyst deactivated at 550 °C with subsequent treatment in air
(higher than 60% at S50 °C), which can be associated with the
unsuccessful elimination of coke from zirconium phosphate
groups and the appearance of new phosphorus—coke bonds,
whose selectivity to methane is quite high.

With this goal, a new experiment was performed (Figure S3
of the Supporting Information) in which the fresh catalyst was
used in reaction at 450 °C, with a 4% methanol partial pressure
and a space time of 75 g, s mmolCH3OH_1, at long TOS (70 h).

The catalyst showed a relatively high stability at this
temperature, with conversion values higher than 40% for 70
h of TOS and very high selectivity to DME (values higher than
90% for the whole range of TOS evaluated) under the
operation conditions studied.

For the sake of comparison, a similar experiment at the same
operation conditions was carried out with the fresh catalyst
(Figure S3 of the Supporting Information), but now the
catalyst was submitted to a regeneration process by air
treatment at 350 °C for 2 h every 15 h of TOS. It was observed
that the catalyst was partially regenerated as a result of the
oxidation of coke deposited on C—O-—P active sites,
transforming the inactive coke deposited (C—P) surface
groups into active C—O—P groups. However, the regenerated
catalyst follows the same trend as the fresh catalyst (without
any regeneration air treatment during the long TOS experi-
ment) after S h of reaction in all of the cases as a result of the
slow but irreversible deactivation of Zr—O—P active surface
groups by deposition of more oxidation-resistant coke that
cannot be burned out by the air treatment at 350 °C.

All of these results seem to point out that the negligible
gasification of coke deposits on the Zr—O—P surface species of
zirconium phosphate of the catalyst was the main cause for the
poor catalyst regeneration. However, a change in crystallinity
of zirconium phosphate as a result of the high reaction
temperature reached could be another possible explanation to
the poor regeneration of the catalyst. To assess the influence
on activity of a hypothetical change in crystallinity, an
experiment in which the sample was subjected to a helium
treatment at 550 °C for 15 h was performed. No change in
conversion or selectivity was found between the fresh and

Table 2. Textural Parameter Values Extracted from the N, Adsorption Isotherm at —196 °C and CO, Adsorption Isotherm at 0
°C of Fresh and Deactivated Catalysts after Reaction at 450 and 550 °C for 15 h and the Corresponding Samples after the
Oxidative Air Treatment (AT) at a Methanol Partial Pressure of 0.04 atm and a Space Time of 75 g, s mmolCHXOH_1 and

Followed by Air Treatment at 350 °C

N, isotherm

CO, isotherm

sample Aggr (m?/g) A, (m*/g) Vier (cm*/g)
fresh 1130 271 0.86
fresh + AT 1153 262 0.84
450 °C 816 221 0.62
450 °C + AT 852 223 0.64
550 °C 614 187 0.48
550 °C + AT 634 189 0.49
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Ve (Cms/ g) Vi (Cm3/ g) Apg (mz/ g) Vpr (Cms/ g)
0.42 0.44 476 0.19
0.38 0.46 446 0.18
0.32 0.30 290 0.12
0.32 0.32 348 0.14
0.27 0.22 242 0.10
0.27 0.22 273 0.11
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thermal-treated sample, ruling out the possibility of a change in
crystallinity as responsible for catalyst deactivation.

3.5. Characterization of Air-Treated Deactivated
Catalysts. N, adsorption—desorption isotherms of the partial
and almost totally deactivated catalysts at 450 and 550 °C,
respectively, followed by the oxidative treatment in air at 350
°C are presented in Figure S4 of the Supporting Information.
Their corresponding textural parameters are gathered in Table
2. For the sake of comparison, the N, adsorption—desorption
isotherm of the fresh catalyst after the oxidative treatment was
also included in Figure S4 of the Supporting Information. The
mild conditions of the oxidation treatment resulted in minimal
differences between the isotherms of the fresh and air-treated
catalysts. These results are in concordance with the low
burnoff observed for the carbon support and deactivated
catalysts (<4%), associated with the high oxidation resistance
of the carbon support as a result of the presence of phosphorus
groups on the carbon surface.®®

The isotherms of the catalyst used in the reaction, before
and after the oxidation treatment, presented fair similarities,
showing only a low increase in the N,-adsorbed volume at low
relative pressures. On the other hand, the results presented in
Table 2 show that the oxidative treatment to the fresh catalyst
(fresh + AT) led to a slight decrease in the micropore volume
measured with CO, and the mesopore volume, which also
resulted in a reduction in the narrow micropore area and
external area, suggesting that the oxidation of C—P bonds of
the catalyst carbon support to C—O—P bonds took place
mainly on the narrow micropore and external surfaces of the
catalyst support. Furthermore, the oxidative treatment of the
partially deactivated catalyst after reacting at 450 °C produced
a somewhat more significant increase (14%) in the volume of
the micropore measured with CO, and, to a lesser extent, in
the volume of micropore measured with N, without any
observed modification of the mesopore volume. The effect of
the oxidative treatment on the catalyst obtained after reaction
at 550 °C was mainly focused on the increase of the narrow
micropore, although to a lesser degree. These results indicate
that the deposition of coke on the phosphorus species of the
catalyst surface, the only type of coke that could be removed
from the catalyst under the oxidative treatment conditions,
took place to a greater extent on the narrow micropore surface
of the catalyst. Nevertheless, none of the values of the different
textural parameters obtained for the fresh catalyst could be
completely restored by the oxidative treatment in air carried
out on the partially and almost totally deactivated catalysts
(after reaction at 450 and 550 °C, respectively), which suggest
that the zirconium phosphate surface species were very well-
dispersed on the whole catalyst surface. The fact that this
reduction occurred to a greater extent for the narrow
micropores suggests that some of the narrower micropores
were blocked, probably as a result of diffusion limitations to
these reaction temperatures.

TPD experiments were performed for the fresh and
deactivated catalysts before and after the oxidizing treatment
(Figure 7). The CO TPD profile for the fresh catalyst showed
three main peaks: a CO peak evolving at around 860 °C, which
was related to decomposition of C—O—P groups, a peak at
around 1000 °C, which was attributed to the decomposition of
C—O—Zr bonds present in zirconium phosphate groups linked
to the carbon surface, and a CO evolution appearing at around
1300—1350 °C, which was correlated to zirconium—carbon/
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Figure 7. Amount of CO and CO, evolved as a function of the
temperature during TPD of fresh and used samples and air-oxidized
samples at a methanol partial pressure of 0.04 atm and a space time of
7S Gear S mmolCHJOH_l.

ZrO, species and/or the ZrO, carboreduction, occurring at
such a high temperature.*

The CO evolution at around 860 °C, associated with the
decomposition of C—O—P groups, almost disappeared after
reaction at 450 and 550 °C, which could be related to
deactivation of these groups by coke deposition, thus reducing
the C—O—P bonds to C—P bonds.”* After the air treatment
(AT), only some of these groups were regenerated, suggesting
that the complete recovery of the C—O—P groups was not
possible presumably because of those groups that were on the
surface of the narrower micropores that ended up blocked
during the reaction. The CO peak associated with decom-
position of zirconium—carbon/ZrO, species diminished after
reaction and could not be recovered after the oxidative air
treatment, showing that the coke layer deposited on these sites
was strongly linked. As a consequence of the oxidative air
treatment, new carbon—oxygen groups of lower thermal
stability, like phenol groups, were produced on the surface of
the carbon support, which decomposed as CO at temperatures
of around 700 °C. Interestingly, the peak associated with
decomposition of C—O—Zr bonds present in zirconium
phosphate groups, which in the fresh catalyst was the largest
peak, remained practically the same for the profiles of
deactivated catalysts and also those of the samples that were
treated in air at 350 °C, which indicates the high stability of
these bonds compared to that of the C—O—P bonds and that
these C—O—Zr surface species were not active for the
dehydration of methanol to DME.
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On the other hand, the CO, TPD profile of the fresh catalyst
mainly indicated the presence of anhydride groups (decom-
posed at around 470 °C) and carboxylic acid groups (around
310 °C). However, the intensity of these peaks was much
lower than the intensity of CO-evolving groups, which means
that their concentrations are considerably lower. Although the
formation of the carboxylic groups could be interesting for this
reaction as a result of their acid character,®’ they are not stable
at temperatures higher than 350 °C.

Surface chemistry of deactivated catalysts was studied by
XPS analyses (Table 3). After reaction at 450 and 550 °C, the

Table 3. Atomic Surface Concentration by XPS of Fresh and
Spent Catalysts after Reaction at Several Temperatures and
after Air Treatment at 350 °C at a Methanol Partial
Pressure of 0.04 atm and a Space Time of 75 g, s
mmolcy,on '

sample Cy, Oy Py, Zryy P/Zt C/P  C/Zr
fresh 61.2 30.5 4.4 3.9 1.1 13.9 15.7
450 °C 78.4 16.1 2.8 2.5 1.1 27.8 31.0
450 °C + AT 49.8 37.5 8.3 4.4 1.9 6.0 114
550 °C 86.0 10.5 2.3 12 2.0 37.1 72.9

550 °C + AT 57.4 30.9 8.1 3.5 2.3 7.1 16.2

catalyst surface oxygen, phosphorus, and zirconium concen-
trations decreased, while the carbon content increased as a
result of coke deposition (as mentioned in section 3.3)
Oxidative treatment of deactivated catalysts (450 °C + AT and
550 °C + AT) resulted in a decrease of the surface carbon
concentration and an increase of phosphorus, zirconium, and
especially oxygen concentrations. It is important to highlight
that, after the air treatment at 350 °C, the observed surface
phosphorus concentration was even higher than that on the
fresh catalyst. Some gasification of the carbon support during
the removal of deposited coke as well as a migration of
phosphorus and zirconium from the internal surface to the
external surface could be responsible for this increase.

Further information can be obtained from individual XPS
spectra. Figure S also shows the XPS spectra of Zrs4 and P, of
the deactivated catalysts after the air treatment. The P,,
spectrum after the air treatment (450 °C + AT) showed an
increase of the bands associated with zirconium phosphate as
well as C—O—P groups, probably as a result of the migration of
these compounds to the external surface and the oxidation of
C—P—-O0 groups into C—O—PO groups, in agreement with the
results obtained from TPD analysis. Furthermore, a small shift
of the bands corresponding to zirconium phosphate surface
groups can be observed, which could be related to a higher
polarization of the environment.”” The Zry spectrum of the
deactivated catalyst (450 °C + AT) showed a maximum of the
peak appearing at 184.5 eV, which corresponds to the presence
of Zr(IV) bound to an electroactive species, such as
phosphorus, in form of a pyrophosphate group, with a higher
polarization of the environment (Figure 5b).” These results
seem to indicate that the —OH group of zirconium phosphate,
which was substituted by organic groups (coke), could not be
recovered after the air treatment.

With the goal of confirming this hypothesis, *'P NMR
spectra of the carbon support, the fresh catalyst, the
deactivated catalysts at 450 and 550 °C, and one of the air
oxidized samples (450 °C + AT) are presented in Figure 8.
Two main peaks can be seen in the spectrum of the carbon

Catalyst Support |Zr(HPO,),'H,0
—Fresh (C-O)x-P-OH
—450°C
—450°C + AT
—550°C

phosphonates
P-esters

Figure 8. P NMR spectra for the carbon support, fresh, partially,
and almost totally deactivated catalysts at 450 and 550 °C,
respectively, and oxidized sample after reaction at 450 °C at a
methanol partial pressure of 0.04 atm and a space time of 75 g, s
mmolcy,on -

support as well as in that of the fresh catalyst. First, a broad
band between 20 and —10 ppm was observed, which could be
associated with the sum of several species with similar
intensities, such as phos;)honates, around 20 ppm, and P
esters, around 3 ppm.®”’%’ In addition, a narrow peak
highlighted at —4 ppm appeared, which could be associated
with zirconium phosphate species or some P esters, like
Zr(HPO,),H,0""" or (C—-0),~P—OH.'” The spectrum
significantly changed after reaction at 450 and 550 °C, and the
broad peak between 20 and —10 ppm, associated with
phosphonates and P esters, almost disappeared, as a
consequence of coke deposition. These results were in line
with the reduction of C—O—P groups after reaction at these
temperatures deduced from the TPD analysis and in
a{ggiement with the findings reported by Valero-Romero et
al.

For the catalyst used at a reaction temperature of 450 °C,
the sharp peak at —4 ppm was considerably reduced and was
almost negligible for the catalyst after reaction at 550 °C. It
should be noted that the catalyst after reaction at 450 °C
maintained some activity for the methanol dehydration
reaction. However, after reaction at 550 °C, the catalyst was
practically exhausted, suggesting that the zirconium phosphate
species was mainly responsible for the high activity of this
catalyst. Thus, the peak at —4 ppm observed for the partially
deactivated catalyst after reaction at 450 °C could be ascribed
to zirconium phosphate species that still remained on the
catalyst surface after 15 h of reaction. Nevertheless, the
increase observed for this peak for the sample obtained after
the air treatment carried out over the catalyst partially
deactivated at 450 °C was probably due to the presence of
C—O—PO surface groups on the sample, appearing as a
consequence of oxidation of C—P—O groups to C—O—PO
groups, as also indicated by the results of TPD, and could
explain the slight increase observed in conversion of that
oxidized sample that was, however, deactivated very fast. This
effect was already observed in the P,, XPS spectrum, in which
the contribution of C—O-PO groups increased after air
treatment of the deactivated catalyst at 450 °C.

On the other hand, the spectra for the samples exposed to
reaction at 450 and 550 °C and to the subsequent air
treatment showed a peak at around —28 ppm, which can be
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Scheme 1. Reaction Pathway for the Deactivation of the Catalyst in the MTD Process
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associated with non-hydrogenated phosphate (pyrophos-
phate)'*>'%* or species like P,Os.'” These results seem to
indicate that zirconium phosphate surface groups were
converted into zirconium pyrophosphate groups under these
operation conditions. The formation of zirconium pyrophos-
phate groups can be related to the residual conversion of these
samples for long TOS.

To confirm the above statement, 2D HETCOR 3'P—'H
NMR was also performed in the fresh and partially deactivated
catalyst at 450 °C, and results are shown in Figure SS of the
Supporting Information. A clear connection between the peak
of phosphorus at —4 ppm and hydrogen was observed for the
fresh catalyst, which is associated with phosphate groups
containing —OH groups. Nevertheless, after reaction at 550
°C, when the catalyst presented only a residual activity, this
interaction between phosphorus and hydrogen cannot be
observed, suggesting the consumption of these —OH bonds.

3.6. Reaction Pathway. In a previous paper, a modified
Langmuir—Hinshelwood mechanism accounting for two
molecules of methanol subsequently on one active site with
different adsorption enthalpies and competitive adsorption of
water was proposed for the MTD reaction on a similar catalyst
at low temperatures (250—350 °C) and low methanol
conversions (<50%).®' This reaction route considered that
Zr—O—P active sites of zirconium phosphate surface groups
may reversibly adsorb a methanol molecule in a first step,
yielding from cleavage of the site a methoxy group bonded to
phosphorus and a vicinal —OH bonded to zirconium. In the
next step, a second molecule of methanol is reversible
adsorbed on generated Zr—OH, reacting with the methoxy
group to produce reversibly DME and adsorbed water in form
of two hydroxyl groups (Zr—OH and P—OH) in a further
stage (step 3). In the last step, the hydroxyl groups react to
produce water, regenerating, this way, the initial active site.

In this work, on the basis of the experimental catalytic results
obtained at a higher temperature and the characterization of
the catalysts used in the reaction, a modified reaction pathway
has been proposed, which explains the coke production and
deactivation of the catalyst. The higher DME production

17235

observed at reaction temperatures of above 400 °C could lead
to a greater stability of the adsorbed DME species, favoring
now an irreversible process (see Scheme 1), leading to the
formation of methane and adsorbed formaldehyde on the
active center. The latter is considered an intermediate product
in the production of H, and CO and in the formation of coke
on the active centers, with water vapor releasing. This would
explain the appearance of small amounts of H, and CO in the
reaction products and the presence of coke and excess of water
observed with an increasing reaction temperature. Once the
catalyst was partially deactivated, the concentration of DME in
the gas phase decreased, increasing that of methanol. In this
case, the production of coke could also occur through the
formation of methoxy species on the active centers of the
catalyst (Zr—O—P and/or Zr—OH and P—OH), preventing
their regeneration in the reaction.

Ruiz-Rosas et al.'% reported that Zr—OH species were
active for methanol decomposition above 450 °C, although
these species were deactivated by coke deposition. Thus,
hydroxyl bonded to zirconium can irreversibly interact with
methanol, releasing water and letting a methoxy group bond to
zirconium. In this sense, XPS results also pointed out that the
zirconium atomic concentration was first decreased during the
reaction, suggesting that the formation of methoxy groups and
the consequent growth of coke could be responsible for this
decrease. On the other hand, the rapid deactivation of P—-OH
and C—O—P groups at temperatures even lower than those
used in the present study has already been reported in the
literature.”* Cheng et al. also indicated that P—methoxy species
(P—CH,;) formed by reaction of methanol on zirconium
phosphate catalysts can react with a second methanol molecule
through a six-member-ring electron transfer process to
irreversibly produce methane and formaldehyde. These
findings also support the reaction scheme proposed in this
work (see Scheme 1) that accounts for the gas product
distribution and the production of coke that generates the
deactivation of the catalysts.

3.7. Kinetic Analysis of Coke Deposition. Finally, to
predict the coke formation experimental results, a kinetic
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model initially proposed by Froment, Bischoff, and De Wilde
was used.'”” With this goal, the coke content of the catalyst at
different reaction temperatures and TOS was quantified. The
kinetic model takes into account a deactivation function, which
depends upon the coke content

dC¢ 0
— —_ 9

a o (3)
@ = (1 — aCp)’ 4)

where C is the percentage of coke deposited, t is the TOS, 2
is the initial rate of coke production, @ is the deactivation
function, and a is the deactivation factor. Assuming differential
conditions for coke production, the integrated equation takes
the form

1 1
= T Ty ek
arct (5)

where & and « are the fitting parameters. It should be pointed
out that a is considered to be constant in all of the
experiments.'’’ The fitting parameters were calculated using
a Nelder—Mead simplex algorithm, which minimizes the
objective function (eq 6), defined as the sum of quadratic
differences between the experimental coke content and the
calculated values

T
OF = Z (Ci,exp - Ci,cal)2
i=1 (6)

where ny is the total number of experiments and C;,, and C;
are the experimental and calculated coke contents of the ith
experiment, respectively.

The initial rate of coke formation, %, obtained at different
temperatures, can be defined as a simple n-order power law
equation and used to obtain the activation energy of the coke
formation

0 n
rc = kP, CH,OH (7)

where P¢yy oy is the fed partial pressure of methanol and k is a
kinetic constant that follows the Arrhenius law

—E,/RT 1o~E/RT

0 __ n _
rc = koe Pcyon = ko

(8)

where k is the pre-exponential factor, k, is the apparent pre-
exponential factor, E, is the activation energy, R is the ideal gas
constant, and T is the reaction temperature. In these
experiments, the partial pressure of methanol was maintained
at 0.04 atm.

The amount of coke deposited on the catalyst as a function
of TOS for different reaction temperatures is represented in
Figure 9. The content of coke deposited on the catalyst and the
rate of coke formation increased with TOS and reaction
temperature. However, a somewhat saturation level could be
observed in the final content of coke deposited on the catalyst
with an increasing temperature, with a value close to 25%. This
behavior could be related to the greater reduction of the
narrow microporosity observed with the increase in the
reaction rate, probably leaving part of the narrow micropores
closed during the process at the highest reaction temperatures.
Kinetic parameters are summarized in Table 4. The activation
energy value obtained for coke formation was 124 kJ/mol,
slightly higher than the activation energies reported for other
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Figure 9. Experimental (points) and calculated (lines) coke contents
as a function of TOS at different reaction temperatures at a methanol
partial pressure of 0.04 atm and a space time of 75 g, s mmolCHJOH_l.

Table 4. Coke Formation Kinetic Parameters

kinetic parameter value
deactivation constant, a 0.038
coking activation energy, E, (kJ/mol) 124
apparent pre-exponential factor, k,’ 9.5 x 10°
R* 0.97

catalysts at similar experimental conditions.*>'**'*° Exper-
imental and calculated coke contents are represented in Figure
9, showing good agreement between both values.

4. CONCLUSION

Dehydration of methanol to produce DME was studied at
different temperatures (300—600 °C) on a biomass-derived
phosphorus-containing carbon impregnated with a zirconium
salt. Highly thermally stable zirconium phosphate surface
groups could be obtained on the final catalyst, which were
responsible for the high stability and selectivity to DME of the
catalyst at temperatures lower than 450 °C. However, harder
operation conditions, closer to those of the industrial process,
were evaluated to analyze the changes of the catalyst surface
properties with the reaction temperature and the possible
causes of deactivation. Thus, high methanol conversion and
selectivity to DME were also observed for this biomass-derived
catalyst in the temperature range of 450—600 °C, although
deactivation was observed. Coke deposition was responsible
for a decrease in microporosity and surface concentration of
zirconium and phosphorus of the catalyst. TPD, *'P MAS
NMR, and XPS results suggest that the Zr—O—P groups from
zirconium phosphate species were responsible for the long-
term stability of the catalyst and that the C—O—P-type active
sites deactivated very fast. However, coke deposition on Zr—
O—P-type active sites during the reaction caused a slow and
irreversible deactivation, given that removal of the deposited
coke from these active sites by gasification in air at 350 °C
proved to be very difficult. Nevertheless, a different nature of
deposited coke took place on the C—O—P-type active sites,
which was easily eliminated by the oxidative treatment in air. A
reaction scheme that accounted for the gas product
distribution and the production of coke that generated the
deactivation of the catalysts was postulated. A kinetic model
for coke formation as a function of TOS that successfully
represent the experimental results was also proposed, which
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yielded a value for the activation energy for the production of
coke of 124 kJ/mol.
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Atomic surface concentration (%) obtained by XPS of
fresh and spent catalysts with different coke contents for
a reaction temperature of 500 °C and different TOS at a
methanol partial pressure of 0.04 atm and a space time
of 75 g s mmolCHKOH_1 (Table S1), pore size

distribution of fresh and spent catalysts with the same
coke content (18%) obtained at different reaction
temperatures and TOS at a methanol partial pressure
of 0.04 atm and a space time of 75 g, s mmolCHJOH_1

(Figure S1), pore size distribution of fresh and spent
catalysts at the same reaction temperature (S00 °C)
obtained at different reaction TOS and with different
coke contents at a methanol partial pressure of 0.04 atm
and a space time of 75 g, s mmolcy o (Figure S2),

(a) methanol conversion profile as a function of TOS for
long-term experiment and for consecutive cycles of
reaction air treatment and (b) selectivity for long-term
experiment, with reaction conditions of 450 °C at a
methanol partial pressure of 0.04 atm and a space time
of 75 gy S mmolCH30H_1 and air treatment conditions of

350 °C for 2 h (Figure S3), N, adsorption—desorption
isotherms at —196 °C of fresh and spent catalysts at 450
and 550 °C for 15 h at a methanol partial pressure of
0.04 atm and a space time of 75 g, s mmolcy o ' and

the same samples after air treatment (Figure S4), and
2D HETCOR *'P—'H NMR of (a) fresh and (b) spent
catalysts after reaction at 550 °C for 15 h at a methanol
partial pressure of 0.04 atm and a space time of 75 g, s
mmolcy,on' (Figure SS) (PDF)
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