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Overview

OVERVIEW

This thesis is developed within the framework of the efficient use of
residual biomass resources in future biorefineries to substantially
produce, not only fuels and chemicals, but also other bioproducts, such
as catalysts, which involves a relevant strategy for boosting the bio-
based circular economy. In particular, this thesis is focused on the study
of lignocellulose waste derived catalysts for the production of dimethyl
ether (DME), as in the Methanol-to-DME process (MTD). DME is a high
valuable chemical that can be used as renewable alternative for
conventional diesel or liquified petroleum gases (LPG), given that
methanol can be obtained from syngas produced from biomass residues
gasification. For this reason, the behavior of a Zr-loaded P-containing
biomass-derived carbon catalyst has been studied under severe
operation conditions (high temperature and long time on stream), in
order to achieve high methanol conversions, similar to those that usually
take place in the industrial process, to analyze the stability, conversion
and selectivity to DME of the catalyst under these extreme reaction
conditions. This way, the active surface centers of the catalyst for the
methanol dehydration to DME were defined and coke deposition on
these actives surface sites for different operation conditions was
analyzed. Carbonaceous deposits on the active surface sites proved to
be the main source of catalyst deactivation and determined the change
in textural properties and surface chemistry of the catalyst. On the other
hand, the regeneration of the deactivated catalyst by air oxidation at low
temperature was also studied, analyzing the effect of this regeneration
process on the active surface sites, as well as on the carbonaceous
support properties.

This thesis is structured in 4 chapters. The Introduction constitutes the
first one, in which the motivation of this thesis was proposed and the
state of the art was also showed. In the second chapter, the main
experimental methods used in the development of this thesis are shown,
as well as the experimental equipment and characterization techniques
used. The third chapter shows the experimental results obtained and the
discussion of these results.

Chapter 3.1 collects the study of the kinetics of the oxidation and
decomposition of phosphorus surfaces groups on a biomass-derived
porous carbon material, given that P-surface groups have been
described as very active for the selective dehydration of methanol to
DME. These P-surface groups are generated on the carbon materials
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by the activation process itself using phosphoric acid as an activating
agent. In this sense, a methodology has been proposed to be able to
follow the isothermal specific oxidation of reduced P-surface groups
under different operation conditions and the non-isothermal
decomposition of the oxidized ones by Thermal-Programed-Desorption
(TPD). Activation energies for the isothermal oxidation of reduced P-
surface groups were obtained using the Elovich equation. A non-
isothermal kinetic model was used to evaluate the activation energies
for the decomposition of oxidized phosphorus-surface groups and other
carbon-oxygen surface groups to COy. These results are of great
interest for the study of the stability of these surface groups on carbon
materials when they act as catalysts in reactions of industrial interest,
such as the dehydration of methanol to DME. Chapter 3.2 shows a study
on the stability of Zr-loaded P-containing biomass-derived catalyst for
the dehydration of methanol at operation conditions close to those of the
industrial process, very high conversions of methanol at relatively high
reaction temperatures. It is also described the different surface active
phases for this reaction, C-O-P and Zr-O-P types, which showed a very
high selectivity to DME at these operation conditions, and how these
surface active phases are affected (deactivated by coke deposition) by
reaction temperature and time on stream. A regeneration step by an air
oxidation process was attempted. Besides, a reaction pathway for the
deactivation process was proposed. Chapter 3.3 complete the study
started on chapter 3.2 and a kinetic model based on a proposed reaction
mechanism that predicts yields to different products was stablished. The
kinetic model quantifies deactivation effect of coke deposition as well as
the effect of water in the reaction medium. Each chapter presents a short
introduction and conclusions.

A final chapter provides with the general conclusions and gives a brief
insight in the remaining and future work that could be derived as a result
of this thesis.
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Chapter 1

1.1. The problem with fossil fuels

Nowadays, fossil fuel derivatives are present in every facet of our lives.
From diesel to refuel our cars to the vanilla flavor, going through the
fabric we used to be dressed, all comes from petrol. Moreover, natural
gas and coal are additionally used to be burned in order to obtain
energy.

Fossil fuels are used both for energy and chemical production.
Regarding to energy, Figure 1.1. shows that, before 1850, only biomass
was used as primary energy. After that, coal was introduced as primary
energy source, and after 1900, fossil fuels were the main source of
primary energy, increasing their percentage year after year. Although
traditional biomass consumption has been more or less maintained (with
a slight increase in the last years), the increasing energy demand from
a growing population and their lifestyle in an electric world, has led to
the use of fossil fuel sources.

Modern biofuels
Other
renewables
140,000 TWh

Wind

Nuclear

120,000 TWh Gas

100,000 TWh

80,000 TWh - il

60,000 TWh
40,000 TWh

Coal

20,000 TWh

Traditional
biomass

0TWh
1800 1850 1900 1950 2019

Source: Vaclav Smil (2017) and BP Statistical Review of World Energy OurWorldinData.org/energy « CC BY

Figure 1. 1. Global direct primary energy consumption. Extracted from

[1].

Besides, in the following years, this primary energy demand is expected
to still be growing [2], increasing nearly a 50% between 2018 and 2050.
This high increase was mainly caused by the strong economic growth
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of Asia. However, although a high rise of renewable energy was
expected for 2050 (from 15% to 28%), it would not even cover the
increase in the demand, so coal, natural gas and petroleum
consumption would also be expanded.

On the other hand, fossil fuels are not only used as combustible sources.
Fossil fuels, especially petroleum, are the feedstock for the obtention of
a huge variety of petrochemicals, which can be classified in three types
[3]. The first one is olefins, such as ethylene and propylene using as
feedstock in the plastic industry, or butadiene, used in synthetic rubber
production. The second one is aromatics, such as benzene, toluene and
xylenes, that could be used to produce dyes, synthetic detergents,
isocyanates, plastics or synthetic fibers. The last type is the synthesis
gas (syngas), a mixture of CO and H» that is used as a feedstock for the
Fischer-Tropsch reaction or for production of ammonia, methanol or
dimethyl ether (DME).

All of those uses of fossil fuels contribute to a high level of dependency
from those resources. This implies a series of drawbacks that must be
taken into account.

The first problem is the pollution they produce. When energy want to be
obtained from those fossil fuels, they need to be burned, releasing CO-
that contributes to the greenhouse effect, and this way, to the increase
in the global temperature. Temperature has been rising since 1980 and,
in particular, in 2020, the increase in temperature was of +1.2 °C
compared to the period 1951-1981 [4,5]. In an attempt to avoid the
continuous increasing of temperature, United Nations included an
specific goal covering this topic [6]. In this sense, some international
agreements have been promoted, like the already finished Kyoto
Protocol, which covered from 2008 to 2012, but was extended until
2020, and whose goal was the reduction of the CO, emissions and other
greenhouse gases [7]. After Kyoto Protocol, Paris Agreement is already
ongoing. This new international treaty aim not only to reduce
greenhouse gas emissions, but also to limit global warming below 2 °C
(trying to be under 1.5 °C) [8]. Nevertheless, as Figure 1.2 shows [9],
although global CO, emissions seems to be stabilizing from 2012
(although it decay in 2020 due to the impact of Covid-19 pandemic),
their amount is still too high, and far from the United Nations goals.
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40 billion t

Total (fossil fuels + land use)

35 billion t Fossil fuels
30 billion t
25 billion t
20 billion t
15 billion t
10 billion t
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Land use change

0t
1850 1880 1900 1920 1940 1960 1980 2000 2020

Source: Global Carbon Project. (2021). Supplemental data of Global Carbon Budget 2021 (Version 1.0) [Data set]. Global Carbon Project.
QurworldinData.org/co2-and-other-greenhouse-gas-emissions « CC BY

Figure 1. 2. Global CO; emissions from fossil fuels and land use
change. Extracted from [9].

Other of the biggest problems of those fossil fuels is their shortage.
According to MET group [10], oil and natural gas will ran out in about 50
years, while coal will last for 114 years. A worst scenario is depicted in
an article by Standford University [11], which reduce that time to 30
years for oil, 40 years for gas and 70 years for coal. However, the years
proposed in those studies could be longer as some new reserved might
be discovered [12]. For example, in 2000 the total oil reserves were
1300.9 thousand million barrels, while in 2010, that number increase
t01636.9 thousand million barrels and in 2020 to 1732.4 thousand
million barrels. But the rate of new reserves discovering is decaying and
no much more fossil fuel sources is expected to be found [12].

Directly related to the latter problem was the price. Figure 1.3. shows
how the crude oil price has been oscillating in the last years [12] and,
due to its depletion, it is expected that the barrel prices go on growing.
That price was also hardly affected by different events, as Figure 1.2.
shows, and this is caused by the oil reserves concentration, which are
mainly in Venezuela, Middle East (Saudi Arabia, Iran, Iraq and Kuwait),
Canada and Russia. For this reason, when an event happened on those
zones, the oil price was hardly affected and it strongly affect the
economies of those country that import those fuels.
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Figure 1. 3. Crude oil prices 1861-2020 (US dollars per barrel).
Extracted from [12].

Similar behavior can be found for the natural gas and coal prices. In
particular, in Spain, natural gas price is of special importance. The
Spanish electricity price is calculated by a marginalist market, which
means that the most costly energy is the one which stablish the price
[13], and the increase in natural gas price has a negative effect on the
electricity price [14].

1.2. The biorefinery concept

A solution for these problems is the implementation of waste refineries,
that employ used plastics and tires as feedstock [15,16], or, even better,
biorefineries. In a biorefinery plant, renewable biomass is used instead
of petroleum to obtain fuels, chemicals and materials [17]. This way,
those energy can be obtained without a net contribution to CO- levels,
as the CO; produced by burning those fuels was the same that was
removed when growing the biomass. Moreover, although the production
of biomass is a seasonal event that implies the intermittent function of
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those biorefineries or a stabilization of the feedstock capacity, the
biomass can be grown up in every part of the globe, avoiding long
transportation costs and allowing a potential infinite production of that
renewable feedstock, as well as the independence of the few countries
which have fossil fuel reserves [18]. Nevertheless, at the moment, this
technology is already more expensive than fossil fuels, so more
researching must be done in this aspect to reduce its costs [19].

According to their feedstock, different types of biorefineries has been
developed. The first generation biorefineries are those which used
vegetable oils and edible sugar as feedstock to produce biodiesel or
ethanol. Those biorefineries present the huge problem of the
competition with the food industry, so their use should be minimized.
Second generation or lignocellulosic biorefineries goes a little step
further and avoid competition with food industry by using waste biomass
as feedstock to produce a huge variety of chemicals, biofuels and
materials. Third generation biorefineries use algae as a feedstock to
produce biodiesel, ethanol, hydrogen and methane [20]. In the last years
an additional type has been added, the fourth generation biorefineries
which would use genetically modified crops and advance technology to
capture more CO- from the environment than the one produced during
the burning processes [21].

Among all of these biorefinery types, that of lignocellulosic waste seems
to be one of the most interesting alternatives and is able to be
implemented in a short/medium term, as they use already mature
technology. The process employed on these plants could be
differentiated between physical conversion (mechanical extraction of
oils, distillation and briquetting), thermo-chemical conversion
(combustion, gasification, pyrolysis, liquefaction), chemical conversion
(hydrolysis and supercritical water conversion), bio-chemical conversion
(microbial and enzymatic processes for sugar obtention and
fermentation of sugars), hydrotreating of oils and Fischer-Tropsch
reactions [22].

In the particular case of Spain, and specially in Andalusia, with a well-
developed agroindustry, the implementation of lignocellulosic refineries
present a high interest, as several articles show [23,24].



INTRODUCTION

1.3. Dimethyl ether

DME is one of the petrochemicals that can be obtained from petroleum
through synthesis gas. However, in the context of a biorefinery, it can
be also obtained from syngas originating from biomass gasification
[25,26].

DME (CH3OCH:;) is the simplest ether, with a density of 0.661 g/cm? at
standard conditions and a boiling point of -25 °C at atmospheric
pressure, so it is normally stored at high pressure. It has no color and a
sweet ether-like odor. Its flame is blue without peroxide formation and
its heating value is 28,620 kJ/Kkg. It is non-carcinogenic, non-teratogenic,
non-mutagenic and non-toxic and, although it has a greenhouse effect,
its global warming potential is similar to that of CO, at a 20 years
horizon, but ten times lower at a 500 years horizon [27].

1.3.1. DME applications

All of the aforementioned properties encourage the use of DME in a wide
range of activities:

- Diesel substitute in engines

DME presents a cetane number between 55-60, higher than traditional
diesel (40-55), which together with its low boiling point make DME a
good candidate for its substitution in compression-ignition engines.
Moreover, DME has no C-C bonds, which produce a smokeless
combustion, as well as low formation and high oxidation rate of particles.
DME is also non-corrosive for engines and produce less NOx and
combustion noise than diesel, probably due to its short ignition delay.
However, it presents some drawbacks compared with conventional
diesel, being the main one its lower heating values (around a 33%
lower), which needs a higher injected volume for the same amount of
energy. Another one is its low compressibility, which needs a work of
10% higher in the diesel pump, and its low viscosity and lubricity, which
needs the addition of some additives to avoid leakage or surface wear.
However, this problems can be easily solved with small changes in the
conventional compression-ignition engine [28-30].

- Liquefied petroleum gas (LPG) substitute

Physical properties of DME are quite similar than LPG, so technology
developed to store, handle and transport LPG can be directly applied to
DME [29]. The most common use of LPG is domestic, being reported
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that a 20 % blending with DME can be directly used, but higher
percentages, or even pure DME, can be used with only small changes
in the already implanted infrastructure. Conversely, DME has also been
proposed as spark ignition engine blended with LPG, showing that no
modification was needed if percentage of DME was lower than 20% [31—
33].

- Fuel in power turbines

As DME is a gaseous compound at normal conditions, it can be used as
combustible in turbines of electricity generation. It has been successfully
used in gas turbines which used methane, with a small modifications to
achieve a clean and stable performance [34-36].

- Hydrogen vector

The absence of supply infrastructure and the problems related to the
storage and transportation (hard liquefaction and low mass energy
density), makes difficult to commercialize hydrogen directly. Due to its
high hydrogen content (13 wt%) and its ability to be stored and
transported in a liquified form, DME is a good candidate to produce
hydrogen by steam reforming [37,38]. So this way, hydrogen is
produced in-situ in the location where it needs to be used, like for
example in a hydrogen fuel cell vehicle [39-42]

- Propellant

Due to its boiling point, one of the most common uses of DME is as
aerosol propellant. It is specially used at a high purity for hygiene or
cosmetic products, as is non-toxic. The main reason is because it is non-
harmful to the ozone layer (contrary to CFC gases) and it is degraded in
the troposphere [43,44]. Moreover, it does not contribute to the
greenhouse effect in a high extend.

- Platform

DME can be used as a reactant for a wide range of reactions. The most
common reactions are olefins, gasolines or hydrocarbon production
[45-50], that are produced by acidic catalyst (like zeolites or SAPO) at
relatively high temperatures (between 350-500 °C). Other reactions are
also studied which uses DME as reagent: methyl acetate is produced by
carbonylation of DME with CO, using a zeolite as catalyst [51,52]; or the
methylation of ethene by DME in a HZSM-5 zeolite [53].

10
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1.3.2. DME production from syngas

Nowadays, DME is produced from syngas, but there also are some
studies about CO; conversion into DME. When DME is produced from
syngas, two main routes are employed: the direct and the indirect via.

1.3.2.1.  Indirect via of DME production

This way of DME production is the most industrially widespread and
consist of two steps carried out in different reactors. The first one is the
methanol synthesis from syngas (eq. 1.1), and the second one is the
methanol dehydration (eq. 1.2).

CO + 2H, & CH;0H AH®° = —90.6 k] /mol (1.1)
2CH,0H & CH30CHs AH® = —23.4 k] /mol (1.2)

This way of DME production has the advantage of working under the
best operating condition for every step. Moreover, as methanol
production is a mature technology, its production is already well
optimized.

The first step, the synthesis of methanol from syngas, is an industrial
process that has been studied long time [54]. The first industrial catalyst
for methanol synthesis from syngas was ZnO/Cr.03 [55], that was fast
replace by Cu around 1960, due to its higher activity. At the moment, it
is carried out exclusively using Cu-ZnO/Al,O3; (CZA) catalyst, in which
alumina act as support and as promoter too [56,57]. Lots of parameters
have been study in order to obtain the best performance: coprecipitation
at neutral pH and sol-gel precipitation seem to be the best catalyst
preparation method [58,59], Al.Os the best support [60] and 2:1 of Cu:Zn
the best molar ratio [55]. Also, beneficial effects on catalyst has been
shown by promoting the CZA catalyst with Mn [61], B [62], Pd [63] and,
even, carbon nanotubes [64].

Other non-Cu based catalyst have also shown activity in the syngas to
methanol reaction. Among all of them, Pd supported on ZnO [65] or
CeO;, [66] have shown good activity, although less selective to methanol
than the commercial CZA. Molybdenum disulfide [67], as well as Rh, Pd
or Pt sulfides [68] have also shown an acceptable performance.

For the second step, the most commonly used catalyst is the y-Al,O3
[69,70], which possesses a Lewis acidity adequate for methanol
dehydration. However, its main drawback is its water hydrophilicity,
competing water and methanol for its adsorption on the active site
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[69,71] and its deactivation by coke deposition on strong acid sites
[72,73]. As the most commonly used catalyst, several studies have been
carried out modifying its synthesis method [74,75], synthesis
temperature [76], material precursors [77], the effect of promoters [78—
80] and the presence of other alumina phases [81]. Modified alumina
with Si or aluminosilicates have also been tested [82—84].

Zeolites have also been employed for methanol dehydration, being
ZSM5 [85] the most spread one, but also using Y [86], mordenite [87],
clionoptilolite [88] and nordstrandite [89]. Their main advantage is that
they have both Lewis and Bronsted acidic sites, which seems to
decrease the deactivating effect of water [90]. The increase in acidic
strength enhance the activity of the zeolites, but also its tendency to be
deactivated by coke deposition [91]. Modification of zeolites with Na [90]
seems to increase the selectivity to DME by blockage of strong Bronsted
acidic sites, but modification with metals, [92-94], as well as halogens
[95] have also been assessed with some good results. Related to
zeolites, modified silica (normally with Al) can also be used to dehydrate
methanol to DME [96-98].

Metal phosphates can also be used as catalyst, presenting a high
selectivity and resistance to water, as well as low coke formation.
Aluminum phosphate [99-102], Silicoaluminophosphates (SAPO, which
are normally used in the methanol to olefins process) [101,103,104] and
zirconium phosphate [105-107], have shown promising performances
in this reaction.

Finally, other active catalyst for the methanol dehydration can be found.
Heteropoly acids (HPAs), very strong Bronsted acidic catalyst, shows
activity at low temperatures (at >200 °C, hydrocarbons are formed) but
are hardly affected by water [91,108—110]. Some Ti and Nb oxides can
be provided of Bronsted acidic sites, which gives them acceptable DME
yields [79,111-113]. lon exchange resins, with strong Bronsted acidic
character have shown good catalytic performance, but some of them
suffer from water deactivation [85,114,115].

1.3.2.2.  Direct via of DME production

In the production of DME through the direct via, the syngas stream is in
contact with a bifunctional catalyst, which is formed from a mix of
metallic and acidic phase [116-118]. This via present important
advantages versus the indirect via, like the reduction of the
thermodynamic constraints of methanol. This is beneficial because the
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conversion is risen, and it could work at lower H,/CO ratios. An
additional advantage is the use of only one reactor, which reduces the
infrastructure cost. The overall reaction is represented in eq. 1.3.

3C0 + 3H, © CH;0CH; + CO, AH° = —245.8 k] /mol  (1.3)

However, due to the presence of water and CO., the water gas shift (and
its reverse reaction) could also happen.

H,0 + CO & H, + CO, AH® = —41.2 k] /mol (1.4)

A huge variety of catalyst have been used in the direct production of
DME from syngas. As happened for the methanol hydrogenation from
syngas, Cu/ZnO-based catalyst are the most commonly used as
metallic phase in the hybrid catalyst, in particular, those supported in
alumina (CZA catalysts). Conversely, y-Al.O3 and zeolites are also the
most widely used as acidic phase. For this reason, a lot of papers
studied the use of a physical mix of CZA and y-Al,O3 [119-121] as a
catalyst, although other contact methods, like wet mixing [122,123] or
kneading [124,125] have also been tested. All of them shows similar
yields to DME around 50 %, working at temperatures between 240-275
°C, a total pressure between 30 and 50 bar and a H»/CO ratio of 2/1 or
3.

Some dopants have been added to those catalysts to enhance their
performance. Related to the acidic phase, it is interesting to avoid high
acidic character sites that convert methanol or dimethyl ether into
hydrocarbons and olefins, producing deactivation by coke deposition.
Another problem that is intended to avoid is the competitive adsorption
of water in the dehydration sites of y-Al.O3; [117]. Addition of mixed
oxides [82,126] or some anions [127-129] seems to enhance the
catalyst performance. Related to the metal phase, enhancing the
structure of alumina also increase the resistance of Cu particles to
sintering [117,130], but the addition of some modifiers to Cu, like Zr, Ga,
Y, Mn, Pd or MgO also seems to be beneficial for the catalyst
performance [131-136].

Some innovations have been performed lately, as the use of colloids
directly deposited on the y-Al.O3 [137], showing high reactivity but low
stability. CZA catalyst can also act itself as catalyst if some acidic
character is given to the alumina [138] or use only Cu and y-Al>O3
synthesized in a mesoporous form [139].

Another important group of hybrid catalyst for syngas to DME are those
which mix of CZA with zeolites. The advantage of those materials is their
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better stability and hydrophobic character, avoiding competitive
adsorption on the methanol active sites and producing a higher activity
[117]. Among all of the zeolite-containing catalyst, CZA mixed with
HZSM-5 [140-142] or modified HZSM-5 [143-146] are the most
commonly used due to its resistance to coke deposition. Ferrierite [147—
150], HY [93,94] and other zeolites [151] are also being used as acidic
phase, as well as silicoaluminophosphates [152]. All of them show a
good performance, being the acidic strength and the crystallite size the
most important parameter to modify the selectivity of the catalyst [117].

Some other catalysts are produced applying the core shell concept, in
which the metallic phase is in the inner part of the particle and the acidic
part in the outer part. This way, methanol produced in the interior of the
particle is transformed to DME in its way out of the particle. Good results
have been shown in a encapsulated CZA catalyst with H-ZSM-5 [153—
155], SAPO-11 [156,157] or other core-shell systems [158,159]. A step
further goes some works, which implement a membrane CZA+HZSM-5
microreactor that selectively remove the water present in the medium,
enhancing this way the conversion [160-162]. Similar to this core-shell
concept, fibrillar Cu-ZnO/ZrO, with HZSM-5 zeolite catalyst was
prepared, allowing a short distance between the centers of both phases
[163].

1.3.3. DME production from CO-

In the recent years the growing concern about CO; emissions has boost
the researching for utilization of CO- as feedstock. Production of DME
from CO- rich syngas could mean an interesting way of valorization and,
for this reason, a high amount of recent publications related to this topic
can be found [164—-167] .

CO; can react directly with H> to produce methanol, as eq. 1.5 shows,
but it is thermodynamically less favorable than the syngas reaction. The
additional production of water negatively affect the second part, the
methanol dehydration [168].

€O, + 3H, & CH;0H + H,0 AH° = —49.5kJ/mol  (1.5)

The bifunctional catalysts that have shown activity in that reaction are
similar to the one used in the syngas to DME reaction. The main
problems are the damage produced by water on those catalysts and that
the metal phase of those catalysts promote the water gas shift reaction
(eq. 1.4), reducing CO: concentration and the overall yield to methanol
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[168]. For this reason, some modification has been done on the
conventional Cu-ZnO phase, to enhance the reaction with CO, instead
of CO [169], like the addition of Ga®* [170], Pt, Rh or Pd [171,172].
Moreover, the use of ZrO;, as support instead of Al,Os (prepared by
different methods) has shown further increase in activity [173,174],
although mesopores silica [175], TiO2 [176] and carbon [177] supports
have also been found as good supports. Some alternatives to Cu
catalysts have also been found, apart from noble metals [178-180], Co
[181], Ni [182,183] or In [184] have shown promising yields to methanol
production from COs..

Related to the acidic phase of the catalyst, as the reaction is the same
than when syngas is feed, not many changes could be found. The main
problems associated to the use of CO; instead of CO is the additional
presence of water, specially detrimental for y-Al,O3 [185]. In this sense,
y-Al,03 and HZSM-5 are the most widely used catalyst for this reaction
[168].

1.3.4. Kinetic Model of DME production

Kinetic models have been widely used to predict the behavior of a
catalyst in a reaction under certain operation conditions. By its use, it is
possible to optimize temperature, space time or reactive partial
pressure, but also the catalyst formulation. In the literature, several
kinetic study of methanol dehydration to DME has been previously
reported. Kinetics models ranged from a simple kinetic model that only
adjust experimental data to mathematical equations as a function of
temperature [186] or semiempirical equations [187,188] to more
complex models, extracted from intrinsic mechanisms. Several
equations are extracted from Langmuir-Hinschelwood [187,189] or Eley-
Rideal concept [70,85,190,191], also taking into account dissociative or
molecular adsorption [192,193]. Lu et al. and other authors
[104,194,195] employed a 7 step non-dissociative adsorption
mechanism. Sierra et al. [196] proposed a model extracted from the
assumption of elementary reactions and isothermal plug flow,
introducing a factor that highlights the water effect. Ha et al. [197,198]
proposed a non-dissociative methanol adsorption mechanism in which
methanol is converted into a methyl carboxonium ion intermediate on
ZSM-5. A mechanism for methanol dehydration on Zr-loaded P-
containing carbon al low temperatures has been proposed [107], based
in Langmuir-Hinschelwood concept. The mechanism consists of a
dissociative adsorption of a first methanol molecule in the phosphorus
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part of the active site to produce a methoxy specie, which reacts with a
second non-dissociative methanol adsorbed in the zirconium part of the
active site. Reaction of both methanol molecules produce DME and
regenerate the active site by water release. At higher temperatures,
some coke deposition is observed, so a different mechanism seems to
be present [199].

1.3.5. DME market

DME global market has been increasing in the recent years [200], only
negatively affected by Corona disease, that caused a reduction of crude
oil price and demand, and so to the DME demand. Nevertheless, it is
expected that, in the near future, DME market continue increasing from
USD 4001.89 million in 2020 to USD 8755.17 million in 2028 [201], as
well as its demand, expected to grow at a compound annual growth rate
(CAGR) of 10.5% [201].

Besides, a renewable dimethyl ether (rDME) producer recently started
using primarily waste methanol [202] to produce DME, with the main
goal of developing the hydrogen economy, as DME is an interesting
hydrogen vector [40].

1.4. Carbon materials as catalysts and
catalyst supports

The efficient use of residual biomass resources in future biorefineries to
sustainable produce not only fuels and chemicals, but other bioproducts
(such as, advanced catalytic materials) involves also a relevant strategy
for boosting the bio-based circular economy. In this sense, intensive
research is taking place on the preparation of carbon catalysts from
biomass as they present several advantages versus conventional
inorganic materials [203—205]. Activated carbons are highly thermal and
chemically stable carbonaceous materials with a developed porous
texture, which have been traditionally use as adsorbent (both in gas
[206,207] or liquid phase [208-210]) or catalyst supports [211]. In the
context of a biorefinery, those materials can be the final product
obtained from pyrolysis or partial gasification of biomass waste.
Moreover, the control of the operating conditions during its obtention
allows the generation of an specific surface chemistry that can be used
as anchor points for different active phases [212]. Additionally, at the
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end of its life, they can be gasified, recovering the active phases and
producing syngas than can be used as feedstock for methanol or DME
production [213,214].

The development of a porous texture can be tailored to cover some
specific requirements [215]. This process is called activation. Depending
on the activation process, it can be classified as physical or chemical.

In a physical activation, a partial gasification is produced, in which an
oxidizing agent stream is in contact with the carbonaceous precursor.
Temperature and oxidizing time are the most important parameters for
a determined agent. The most common agents are CO, or steam.
Regarding 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. Those carbonaceous materials presented some
activity for this reaction, related to the presence of carboxyl acid surface
groups on the carbon catalysts [216]. However, the catalysts were
rapidly deactivated due to the partial decomposition of these oxygen
surface groups at the reaction temperatures.

In a chemical activation, the carbon precursor is physically mixed with
an activation substance and then, heated in an inert atmosphere.
Several activation chemicals can be used, as ZnCl; [217], sulfuric acid
[218,219], KOH [220,221] or phosphoric acid [222,223].

1.4.1. Phosphoric acid chemical activation

Phosphoric acid activated carbons have been widely studied due to its
high versatility [224], as it can be produced carbons with a remarkable
micropore and mesoporous texture [225-227]. In the 1980’s Professor
Laine [222] and Professor Sing [228] started to be interested in the
porous texture development of carbonaceous materials by phosphoric
acid. After that, Jagtoyen et al. [229] proposed a mechanism for pore
development in hardwoods, in which during its activation process,
phosphoric acid catalyzes bond cleavage and formation of phosphate
and polyphosphate crosslinks due to cyclization and condensation
reactions. The P-related bridges produce a dilation of the carbon
structure that results in a well-developed pore structure after their
removal in the washing step.

Phosphorus, a well-known fire inhibitor, can be used to reduce graphite
powder oxidation rate by different treatments with phosphorus
compounds [230,231]. In this sense, Professor Radovic el al. [232]
studied the phosphorus groups that are able to inhibit the oxidation
process and conclude that C-O-PO3; and C-POs groups can block the
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active site for oxidation. Puziy and Poddubnaya [233] also observed the
presence of those phosphorus groups on activated carbons obtained
from P-containing polymers carbonization, which were associated to an
acidic character and enhanced thermal and chemical stability. Tascon
and his research group [234], observed shortly after the fixation of some
phosphorus groups in the carbon surface of synthetic activated carbon
produced by chemical activation with HsPO.. Those phosphorus groups
show a high thermal and chemical stability. Moreover, they studied the
carbonization temperature and observed that, at 800 °C, the higher
amount of phosphorus was retained. They also studied on nomex, apple
pulp and coffee bean husk [235-237] the effect of changing the
phosphoric acid/carbon precursor ratio, the activation temperature, the
activation time and the phosphorus contact time before activation. They
found that by increasing the ratio acid/precursor, the porous texture
became wider, as already observed Rodriguez-Reinoso and Molina-
Sabio [238], but also remarked the importance of the washing step after
activation to free the pores. Professor Cordero and his research group
[239,240] also studied the effect on porosity of lignin from eucalyptus
and hemp canes monoliths, and they observed that increasing the
HsPO./precursor ratio from 1 to 3 at 425 °C, the mesoporous volume of
the sample was augmented.

Particularly interesting is the phosphorus remained in the lignocellulosic-
derived phosphorus acid activated carbons [241], which provides the
carbon with an acidic character. Those phosphorus groups, thermally
and chemically stable, are present on the carbon surface, in the form of
C-0O-P (C-O-POs3, (C-0O)2-PO; or (C-0)3-PO) or C-P (C3-PO, C2-PO,, C-
POs) groups [234,242]. Those groups, were also observed by Professor
Cordero on phosphorus acid activated carbon from hemp [207], olive
stone [243] and lignin, and also provide the activated carbon with a
higher oxidation resistance, acting as a physical barrier. They also use
the unreacted shrinking core model to predict accurately the carbon
oxidation and proposed that, in a thermal treatment at 900 °C in inert
atmosphere, phosphorus remains linked to the carbon, but C-O-P were
reduced to C-P groups, causing a slight delay of the oxidation in a
subsequent oxidation process [244]. In this sense, they studied in deep
the cycle C-O-P to C-P by an inert atmosphere thermal treatment,
followed by a relatively low temperature oxidation. They observed that
the oxidation of C-P was produced even at ambient temperature (as
samples were auto-heated in contact with air after the inert atmosphere
thermal treatment), and only after all the C-P groups were oxidized (by
the effect of higher temperatures or time) another carbon-oxygen group
appears on the carbon surface [245]. Moreover, those phosphorus
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groups can be used as “anchor” points to functionalize the carbon with
nitrogen groups [246] or with some active metal phases [247].

Another important point of those phosphorus groups is their catalytic
behavior. Professor Cordero et al. observed the dehydration activity of
those acidic phosphorus containing carbons in the dehydration of
several alcohols, like isopropanol and ethanol [248,249]. They also used
those activated carbons in the production of DME from methanol, but
their activity strongly decayed unless an oxidant atmosphere was used.
Puziy and Poddubnaya [250], on their behalf, also observed catalytic
activity in the synthesis of ethyl-tert-butyl from isobutene.

1.5. Catalyst deactivation

Deactivation is the process by which the catalyst reduces its activity as
the time on stream goes by. The mechanism of deactivation depends
on the reaction submitted to study. Deactivation is one of the main
problems in industrial catalysis and force to replace the catalyst after
certain working time. This deactivation can be reversible or irreversible,
depending on its possibility to recover the initial activity or not.
Conversely, it can also be uniform or selective, if the whole catalyst is
affected or only a part of the active site [251].

1.5.1. Classification of catalyst deactivation

Although every reaction has their own mechanism of catalyst
deactivation, several common type of deactivation can be named
[252,253].

1.5.1.1. Poisoning

This happens when an impurity present in feed is adsorbed irreversibly
on the active site, avoiding that this active site could catalyze the main
reaction. That type of contaminations is observed in Cu/ZnO by sulfur
compounds, phosphine, methyl chloride and methyl fluoride [254].
Another example is the deactivation of Cu by its oxidation with impurities
of oxygen [142].

1.5.1.2.  Sintering

It consists of the loss of surface area by support collapse or the
aggregation of catalyst particles. Some authors [252] divided the
sintering process between the migration of the crystallites and their
coalescence and the ripening, which involve the movement of atoms to
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form larger crystallites. This deactivation process also happened in the
Cu part of the catalyst [142,255] and some general quantification of that
process has been modeled [256—-259].

1.5.1.3. Phase change

This happens in catalyst having different phases and, by the action of
temperatures, one phase is transformed into another, which may be
thermodynamically more stable. A typical case of that deactivation is the
transformation of y-Al,O3 into a-Al,O3 by the action of temperature [252].

1.5.1.4. Active phase migration

It consists of the movement of certain atoms in the active sites by the
action of other compounds present in the medium. This is what
happened in zeolites by the action of steam, which tends to dealuminate
the zeolite [260,261]. Another problem related to that is the ion
exchange between Cu?" and the hydroxyl group of zeolites in
bifunctional catalysts [142,262].

1.5.1.5. Coke deposition

This process occurred when an organic compound is adsorbed on the
active site and subsequently reacts and polymerize to form coke. Coke
has not a definite form and is a general word that describe the
deactivation by organic compounds deposition on the active site. It is
typical of acidic catalysts [263], and is already observed in the acidic
catalyst which converts methanol in DME [91,260,264].

As this type of deactivation is reversible, its quantification and the
evaluation of its effect in the catalyst is interesting. In this sense, several
models have been proposed for coke modelling. The first, and the
simplest one, was the empirical Voorhies equation [265] in which carbon
deposited over the catalyst during oil cracking was only correlated to
residence time. Chen et al. [266] and Qi et al. [267] modified that
equation changing residence time for cumulative amount of
hydrocarbon formed or cumulative amount of methanol feed,
respectively, to be applied in the methanol to olefins reaction. Some
semi-theoretical models have been developed for coke production in
different reactions [268,269]. Prof. Holmen proposed a simple method
to predict yields to different product in a relatively complex reaction
matrix, taking into account the deactivation by adding a “deactivation
vector” in every step [270]. Prof. Octave Levenspiel [251] proposed a
method for deactivation quantification, which consisted of the addition
of an “activity” factor in every reaction affected by the deactivation
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process. This factor is then quantified empirically by a constant and the
concentrations of the different possible deactivation precursors. This
methodology has been widely used in literature [260,271]. Prof. Bilbao
and his research group, based on that ideas, developed several kinetic
studies for direct DME synthesis from syngas in fixed bed reactors [272—
274], and in fixed bed reactors equipped with highly hydrophilic
membrane reactors for in-situ removal of water, allowing the
displacement of the equilibrium to selective DME production and
reverse water-gas shift [161,162,275]. They have also proposed the
obtention of kinetic parameters in complex reaction networks, including
deactivation in different reactor configurations [276—278]. Prof. Froment,
Bischoff and De Wilde [252] proposed a methodology for assessment of
deactivation by coke deposition. They relate empirically coke
concentration with decay in activity and modelled kinetically coke as any
other product. This has also been widely used in coke deposition
modeling [266,269]. Another methods can be also found in literature
[268].

1.5.2. Catalyst regeneration

Catalyst regeneration is the process by which the catalyst recovers
totally or partially its activity at zero time on stream. Not all of the
deactivated catalyst can be regenerated, and some of them could only
be recycled. Among them the most used regeneration happens on coke
deposited catalyst (and sometimes in reversible poisoned) and consists
of the contact of an oxidizing stream at high temperatures with the
deactivated catalyst, which gasifies the coke, recovering the initial
catalyst.

1.6. Objective

This thesis is focused on the study of lignocellulose waste-derived
catalysts for the production of dimethyl ether (DME), as in the Methanol-
to-DME process (MTD), as a high valuable chemical that can be used
as renewable alternative for conventional diesel or liquified petroleum
gases (LPG), given that methanol can be obtained from syngas
produced from biomass residues gasification. In this sense, a Zr-loaded
P-containing biomass-derived carbon catalyst has been studied under
severe operation conditions (high temperature and long time on stream),
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in order to achieve high methanol conversions, similar to those that
usually take place in the industrial process, to analyze the stability,
methanol conversion and selectivity to DME of the catalyst under these
extreme reaction conditions.

The active surface centers of the biomass-derived catalyst for the
methanol dehydration to DME have been defined and coke deposition
on these actives surface sites for different operation conditions has been
analyzed. Carbonaceous deposits on the active surface sites have
proved to be the main sources of catalyst deactivation and determined
the change in textural properties and surface chemistry of the catalyst
and in products distribution.

On the other hand, the regeneration of the deactivated catalyst by air
oxidation at low temperature has been also studied, analyzing the effect
of this regeneration process on the active surface sites, as well as on
the carbonaceous support properties. A kinetic model based on a
proposed reaction mechanism that predicts yields to different products
and quantify the deactivation effect of coke deposition and of presence
of water on products distribution has been stablished.
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Chapter 2

2.1. Materials preparation

2.1.1. Activated carbon preparation

The carbon used in this thesis was prepared from an abundant and low-
cost biomass waste from olive oil industry, olive stone supplied by
Sociedad Cooperativa Andaluza Olivarera y Frutera San Isidro, Periana
(Malaga), Spain. The carbon precursor, after washing with distilled
water, was impregnated at a mass ratio 2/1 (HsPOu/olive stone) with a
solution of H3PO4 (85% w/w, Panreac) and dried overnight in an oven at
60 °C. Then, it was heated at 800 °C (heating rate 10 °C/min) in a tubular
furnace with an inert atmosphere flow (150°C Ncm?3/min N2 99.999%,
Linde) and kept at that temperature for 2 h. After that, the activated
sample was washed with distilled water at 60 °C until a stable pH was
reached in the residual water. Finally, the chemically activated carbon
(ACP) was grinded and sieved between 100-300 pm.

2.1.2. Catalyst preparation

The chemically activated carbon (ACP), prepared in section 2.1.1. of this
thesis, was used as support for the preparation of the catalyst. For this
reason, it was impregnated by the incipient wetness method with
zirconium (IV) oxynitrate hydrate (N207Zr-xH20, purity 99%, Sigma
Aldrich). The sample was loaded with a 5.25% of zirconium, which
turned out to be the optimum amount of deposited zirconium for
methanol to DME reaction at lower temperatures. The impregnated
samples were then dried for 12 h at 120 °C and treated in a muffle
furnace at 250 °C for 2 h under air atmosphere.

2.2. Characterization

2.2.1. Porous texture

N2 adsorption-desorption at -196 °C and CO; adsorption isotherms at 0
°C were used to evaluate the porous texture of the carbon by using an
ASAP 2020 instrument (Micromeritics). Samples were outgassed, at
least, for 8 h at 150 °C before the analysis. From the N2 isotherm data,
apparent surface area (Aser) was obtained from N2 isotherm data by
using Brunauer, Emmett and Teller equation; t-method was used to
assess micropore volume (V) and external surface area (At); mesopore
volume (Vmes) was obtained as the difference between maximum volume
adsorbed (Vi) at a relative pressure of 0.995 and micropore volume.
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From the CO- isotherm data, narrow micropore volume (Vpr) and narrow
surface area (Apr) was evaluated from CO. isotherm data applying
Dubinin-Radushkevich equation. Pore size distributions were obtained
from N2 isotherms data by using 2D-NLDFT heterogeneous adsorption
models for carbon slit-shaped pores.

2.2.1. Surface chemistry by XPS

X-ray photoelectron spectroscopy (XPS) was used to determine surface
species and concentrations of different elements in the materials before
and after every process. XPS analyses were performed in a
spectrophotometer 5700C (Physical Electronics) with MgK a radiation
(1253.6 eV). Cys peak, set at 284.5 eV, was used as a reference for the
rest of the peaks. Peaks were deconvoluted using Gaussian-Lorentzian
curves and Shirley type background line.

2.2.2. Surface chemistry by TPD

Temperature programmed desorption (TPD) was used to determine and
quantify different oxygen functional groups present on the carbon
surface. In a typical experiment, between 50-150 mg of dried carbon
was introduced in a 4 mm crucible and heated from room temperature
to 1000-1500°C at a heating rate of 10 °C/min, under a helium flow (200
Ncm®/min 99.999% He, Linde). CO and CO; released due to the
decomposition of carbon-oxygen surface groups were measured by a
mass spectrometer (Pfeiffer Omnistar).

2.2.3. Composition by MAS-NMR

3P Magic angle spinning NMR spectroscopy was carried out at room
temperature to assess phosphorus groups, using a High-Resolution
Bruker AXS Spectrometer, model AVANCEIIl HD 600 (narrow bore).
The magnetic field was 14.1 T corresponding to a 3'P resonance
frequency of 242.92 MHz. The spinning rate was 15 kHz. NH4H.PO,4
was used as a reference at 0 ppm. 3'P-'"H HETCOR-NMR spectra were
also recorded using a triple resonance 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 HPDEC with spinal decoupling sequence
64 for P) and summing up 200 scans.
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2.3. Catalytic experiments

2.3.1. Carbon oxidation

ACP was submitted to different oxygen oxidation processes. First of all,
the samples were thermally treated at 1000 °C in order to remove most
of the oxygen groups presented in the carbon surface, obtaining a “clean
surface”. After that, the oxidation was performed under a 100 cm®/min
stream of diluted air (3% oxygen, 97% nitrogen). Temperature ranged
from 30 °C to 340 °C, while oxidation times varied from 30 s to 24 h. 50
mg of silicon carbide was carefully mixed with 50 mg of carbon samples
to avoid hot spots and autothermal heating of the carbon during
oxidation. Finally, DTP were performed on oxidized carbons to quantify
the different carbon-oxygen groups presented in the carbon surface.

2.3.2. Catalytic dehydration of methanol

Catalytic performance of the zirconium impregnated P-containing
activated carbons was evaluated for the dehydration of methanol to
dimethyl ether reaction. The experiments were carried out in a fixed bed
microreactor (4 mm i.d.) located in a vertical furnace, working under
atmospheric pressure, with a catalyst mass between 50-300 mg.
Methanol (CHsOH, purity 99.9%, Carlo Erba) or a mixture of methanol
and distilled water was fed to the reactor by using a syringe pump (Cole-
Parmer® 74900-00-05 model) and the inlet stream was maintained at a
methanol partial pressure between 0.015-0.08 atm in a 70 Ncm®/min
Helium flow (purity 99.999%, Linde). The reaction temperature was
ranged from 450 °C to 600 °C, and a space time from 50-100
JeatS/mmolchzon was used. All the pipelines were heated at 120 °C to
avoid methanol or any other product condensation.

2.3.3. Products identification and quantification

Concentrations of gas reactants and products were measured by an on-
line Varian CP-4900 gas micro-chromatograph (Agilent), equipped with
capillary columns: 5A molsieve, PPQ and wax columns. This equipment
allowed sampling the gas outlet concentration every 4 minutes. 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.

Conversion, selectivity and yield were defined by the following
expressions:
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Fcrgon,—FcuzoH

X = (2.1)
ni~Fi

= STurF, (2.2)

y=X-S (2.3)

where X represents the conversion, S denotes the selectivity and y the
yield. FCHgOHOiS the methanol molar flow fed to the reactor and F¢y,on

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.

2.3.4. Regeneration experiments

Air treatment of the deactivated catalysts after reaction was carried out
in-situ by an air flow (purity 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.

2.4. Experimental set-up

2.4.1. Carbonization/Activation/Calcination

Figure 2.1. shows the experimental set-up used in the carbonization,
activation or calcination process. It consisted of:

- Nitrogen or synthetic air cylinder

- Mass flow controller (Bronkshorst High-Tech)

- Horizontal tubular furnace (Carbolite Furnace, CFT model; 75
mm inner diameter, 750 mm heated length)

57



Chapter 2

Tubular Furnace

N, /Air

X— — s

r 3

Figure 2. 1. Experimental set-up for carbonization/activation/calcination

2.4.2. Methanol dehydration

Figure 2.2. shows the experimental set-up used in the methanol
dehydration reaction. It consisted of:

- Nitrogen, helium, oxygen or other cylinders

- Mass flow controllers (Bronkshorst High-Tech)

- Syringe pump (Cole-Parmer 74900-00-05 model)

- Custom quartz tubular reactor (inner diameter 4 mm; length 400
mm)

- Vertical furnace (Hobersal, ST18VO-0A PAD P DS PAD)

- Heating cable

- Gas chromatograph (Agilent, CP-4900) equipped with molecular
sieve, PPQ and was columns.

MFC
- X
| X
0, l l Chromatograph

Syringe
Pump

Quartz

Others l l Reactor

Figure 2. 2. Experimental set-up for methanol dehydration
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2.43.TPD

The experimental set up used to carry out TPD experiments was similar
to the one observed in Figure 2.2, but instead of a chromatograph, the
detection equipment was a mass spectrophotometer (Pfeiffer Vacuum,
Omnistar).
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Chapter 3

3.1. ON THE KINETICS OF OXIDATION
AND DECOMPOSITION OF
PHOSPHORUS SURFACE GROUPS ON
CARBON MATERIALS

As was presented in the introduction (section 1.4.2.1), the most
important functional groups generated on the surface of the H3PO4
chemically activated carbons are the C-O-P and C-P type groups. Those
groups provide the carbon with a high oxidation resistance [1,2], as well
as an acidic character [3] of great interest in oxidation reactions and
heterogeneous catalysis. Nevertheless, in addition to the presence of
these phosphorus groups, those activated carbon also present the
typical carbon-oxygen surface groups on the carbon surface [4,5] that
also affect carbon properties like wettability or electrical properties [6].
Some of them have also catalytic activity, as the carbonyl one in partial
oxidation of ethylbenzene to styrene [7], or carboxylic acids, able to
catalyze methanol dehydration to dimethyl ether [8].

For all of these reasons, identification of surface groups is an interesting
task. Bohem and Potentiometric titrations, X-ray photoelectron
spectrometry (XPS), Fourier transform infrared spectroscopy (FTIR) and
thermogravimetric analysis (TGA) can be used with this purpose, but all
of these techniques have their own problems [9—-11]: Titrations can only
account acidic/basic groups; XPS and FTIR are able to identify and
quantify every group, but their interpretation could be difficult as many
interaction are detected in a small region; TGA allows an easy
quantification of mass loss, but the simultaneous emission of CO, CO»,
CH4 and water (among others) makes very difficult to associate those
mass losses to an specific group [12,13]. To solve the aforementioned
problems, TGA/Mass spectrometry (MS) [14] and TPD [4,15] can be
used to determine and quantify carbon-oxygen groups presented on the
carbon surface, being the later and easy and non-expensive alternative.
In a TPD, CO and CO; signals can be assigned to the evolution of
different oxygen groups as a function of temperature [11]. The
contribution of every group is usually quantified as isometric peaks
[12,14,16], but, that way of quantification is not strictly correct, as the
profile obtained by TPD should be the addition of the different non-
isothermal reactions produced (evolution of functional groups to COy).
A more accurate quantification can be made assuming that every
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reaction takes place independently from the others, having their own
preexponential factor and activation energy.

On the other hand, several papers look for the production of these
oxygen groups on carbon surface. Nitric acid [6,17-19], sulfuric acid
(and mixtures with nitric acid) [20,21], ozone [22—24], electrooxidation
[25,26], H20, [27], other compounds [19,28], or even air can be used for
the partial oxidation of surface carbon to produce different carbon-
oxygen groups. Moreover, the study of the production and the
decomposition of those oxygen surface groups, provides meaningful
information about their behavior in the gasification or combustion
process [29]. In our research group, Valero et al. [15] used the inert
atmosphere TPD to study the oxidation of a P-containing biomass-
derived carbon. After the TPD, the initial C-O-P groups present on the
carbon surface were reduce to C’-P, but those groups were reoxidized
to C-O-P groups when they were exposed to air, even at 20 °C.
Moreover, several cycles reduction-oxidation were undergo without any
phosphorus loss and obtaining the same carbon-oxygen surface
groups.

This chapter, deepen in the reduction-oxidation process of the tandem
C-P/C-O-P groups, and how it affects the production of other carbon-
oxygen surface groups. With this goal, a non-isothermal kinetic model
of the decomposition of the C-O-P groups and of the carbon-oxygen
surface groups was used to predict and quantify the groups produced
after diluted air oxidation at different times and temperatures on the
clean surface (thermal treated at 1000 °C in a 150 cm®min of helium
flow) of a phosphorus acid activated carbon. With the data obtained, the
Elovich equation was used to obtain the activation energy and the
preexponential factor of every carbon-oxygen functional group produced
on the surface.

The preparation of the P-containing activated carbon was described in
section 2.1.1 and the characterization techniques in section 2.2. The
oxidation process to those activated carbon has been submitted is
described in section 2.3.1.

3.1.1. Carbon characterization

Table 3.1 collects the textural parameters obtained from N2 adsorption
isotherm at -196 °C and CO; adsorption isotherm at 0 °C. Ager shows a
high development of porosity on this kind of carbons, as was already
reported on similar activated carbons [30,31]. This carbon also shows a
ratio V¢/Vpr higher than one (2.7) which means a higher prominence of
wide microporous (0.7 — 2 nm) versus narrow ones (around 0.7 nm) [32].
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The high value of the external surface area (A:) suggests a high
presence of mesopores, which is in agreement with the higher
mesopore volume compared to the micropore volume [33].

Table 3. 1. Textural parameter values derived from N2 at -196 °C and
CO; at 0 °C adsorption isotherms.

N> Isotherm CO: Isotherm
Aget A Vi Vimes Viot Abr Vbr
(m?g)  (m?g)  (cm’g)  (cm%g)  (cm®g) | (m’g)  (cm®/g)
1232 437 0.41 0.64 1.05 363 0.15

Table 3.2 collects the XPS surface concentration of the initial activated
carbon. The main component was carbon with a 91.3%. Although it was
heated at 800 °C during the preparation process, it also showed a
considerable amount of oxygen, around 6.9%. This is typical on that kind
of phosphorus-containing activated carbons, as was observed before
[15]. Some nitrogen was also detected (0.7%), probably originating from
the biomass precursor. Moreover, around 1.1% of phosphorus was
detected on the carbon surface, produced because of the activation
process with phosphoric acid. These phosphorus groups are strongly
bonded to the surface and remained in the surfaced even after several
washes with water at 60 °C [1,2].

Figure 3.1 a represents the Ois spectra of the activated carbon
ACP2800. Two main contributions can be seen: at 532.6 eV the most
prominent one, which was associated to oxygen linked to carbon, like in
C-OH, C-O-C and C-O-P groups; and the other one at 530.9 eV,
associated to an oxygen doble bond, like in C=0 and P=0. The band at
532.6 eV, attributed to chemisorbed water or O, was only hardly
detected in the sample [15].

Figure 3.1 b shows the P2, spectra of the initial activated carbon. A wide
peak can be observed, formed by different contributions: a very small
band at 131.1 eV, associated to CsP groups; a band at 132.1 eV
associated to CsPO groups; a contribution at 133.2 eV from C-PO; and
C,-POg; and the peak at 134.1 eV associated to C-O-P groups (like C-
0-PO3, (C-0)2-PO: or (C-0)3-PO) [34]. The most important contribution
was associated to C-PO3z and C»-PO2 groups, which is an intermediate
compound between the reduced phosphorus, in which phosphorus is
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directly linked to carbon (except for the double bonded oxygen) and the
oxidized group, in which, except for the double bond oxygen,
phosphorus is linked to oxygen.

Table 3. 2. Atomic surface concentration determined by XPS analysis.

Atomic surface concentration (%)
Cis Os1s P2y Nis o/P
ACP2800 91.3 6.9 1.1 0.7 6.3
ACP2800-TT 91.2 6.6 1.7 0.5 3.9
ACP2800-OX50 89.7 8.3 1.8 0.3 4.6
ACP2800-OX180 89.4 8.4 1.7 0.4 4.9
ACP2800-OX340 86.5 11.5 1.7 0.3 6.8

Sample

a) 532.6 eV | 5326eV | 1530.9 eV
0,/H,0 | C-OH/C-O-C { C=0
Oy ; c-0-P | ' p-0
—ACP2800 0X340
" —ACP2800 0X180
= ACP2800 OX50
= —HA2800 TT
—HA2800
\
n e
539 537 535 533 531 529 527

Binding Energy (eV)

65



Chapter 3

b) 134.1eV | 1133.2€V  {131.1eV
P COPO, | {GCPO; | CP
2p

i CPO, !
’ 132.1 eV

| GPO _ acp2800 0x340
w . —ACP2800 OX180
— ACP2800 OX50
—HA2800 TT
—HA2800

139 137 135 133 131 129 127
Binding Energy (eV)

c) ACP2800-0X50

—Experimental
----Fitted curve
—C;P
—C;-P=0
—C-P0O,/C,-PO,
—C-0-PO;

139 137 135 133 131 129
Binding Energy (eV)
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d) ACP2800-0X340

—Experimental
----Fitted curve
Ci:P
—C;-P=0
—C-P0O;/C;-PO,
—C-0-P0O;

139 137 135 133 131 129
Binding Energi (eV)

Figure 3. 1. XPS spectra of a) O1s and b) Py, of fresh, thermal treated
and samples thermal treated and oxidized for 12 h at different
temperatures and deconvolution of P2, curves of sample oxidized 12 h
at ¢) 50 °C and d) 340 °C (0.03 atmo:)

Figure 3.2 represents the TPD profile for the ACP2800 activated carbon.
As already commented in the introduction section, the concentration of
CO and CO; obtained during the heating of a carbonaceous sample at
a controlled heating rate in an inert atmosphere, can be directly
correlated to the oxygenated group presented in the carbon surface.
Moreover, in activated carbons without phosphorus, the evolved CO>
account for the number of acidic groups on the carbon surface [6].

In this sense, to avoid any error in the experimental set-up, two
consecutive TPD were performed on the same carbon. This second
TPD is represented in Figure 3.2 as ACP2800-TT, showing only a small
CO and CO: evolution. This evolution can be related to small quantities
of oxygen presented in the inert stream that, during the cooling and
subsequent heating process was adsorbed mainly by the C’-P group
[15], evolving to CO at high temperatures. With only small trace
concentrations of oxygen, at such high temperatures, the carbon
surface can be oxidized. Another explanation is related to the possible
oxygen spill-over, as some groups are still stable at temperatures above
1000 °C (like some pyran or benzopyran groups [35,36]). Those groups,
remain unaltered after the TPD process, and then, during the cooling
process, the high reactivity with oxygen of CsPO groups [15] can take
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those oxygen atoms from those high stable carbon-oxygen groups and
then, during the second heating process, evolve as CO.

According to the literature, several contributions can be detected in the
CO and CO; TPD profile. Focusing on the CO profile, the most
prominent peak is observed at 870 °C, and this peak can be associated
to C-O-P groups [37]. At lower temperatures, at 800 °C, a shoulder can
be seen related to carbonyl or quinone groups. At 655 °C, a small peak,
associated to phenol or ether groups can be detected. At 450 °C, a small
interaction can be hardly seen that is associated to anhydride groups
[4,15]. Finally, around 350 °C, a minimal evolution can be seen, that can
be associated to a-substituted aldehyde or ketone groups [38,39], but
other authors suggest that those interactions were produced by
decomposition of carboxylic acid groups, as their evolution temperature
is similar to the one for those groups in CO- [28,40].

Focusing on the CO. evolution profile, the most important change
compared to CO profile is the difference in concentration. The main peak
for CO groups was around 3.5 pymol/g-s, for CO2 groups the maximum
was around 0.2 ymol/g-s. This implies that those kinds of carbons do
not present much carbon-oxygen acidic groups (except for the C-O-P)
as acidic groups appear in the CO, profile [6]. As happened in the CO
profile, the profile is the sum of several interactions. At 870 °C, the main
peak observed was related to C-O-P groups, as happened for the CO
evolution profile. That could be associated to the reaction of a CO
molecule with an oxygen surface group to produce a CO; molecule and
carbon deposited [37]. Another explanation is the evolution of C-O-P
groups next to a carbon-oxygen functional group, like stable O=C-O-P
groups, evolving as CO; instead of only CO [15]. At lower temperatures,
at 690 °C, the evolution of lactones to CO, groups can be detected. After
that, at 450 °C, the evolution of anhydride groups can be seen [4]. The
disposition of that kind of groups promotes its evolution to both CO and
CO; at the same time. Nevertheless, although in this work both CO and
CO; evolution has been considered coincident, some authors suggest
that their evolution should not be simultaneous, as they are linked to the
carbon with different strength [41]. Finally, at 280 °C a peak, higher than
the two latter can be seen, that was associated to carboxylic acid
groups. Moreover, that peak can be again divided into two, one smaller
at 230 °C and another one at 330 °C, which means that there is a labile
(Low stability) and a strong (high stability) carboxylic acid group
[28,35,36].
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Figure 3. 2. TPD evolution profile for initial and thermal treated

ACP2800
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3.1.2. Non-isothermal decomposition of oxygen surface groups

In the previous section, CO and CO, TPD profile were described as the
sum of different functional oxygen-carbon groups evolution to COx.
Moreover, every kind of functional oxygen group evolved at different
temperatures, which suggest that different kinetic parameters could
described those evolutions. In this sense, a kinetic modelling of the non-
isothermal decomposition of oxygen surface groups has been
performed, following the methodology used in previous papers [42]. The
assumptions taken into account for the development of the kinetic study
were a negligible heat and mass transfer limitations and ideal flow,
without radial gradients of concentrations. The experimental conditions
used for the kinetic model were: inlet inert atmosphere flow of 200
Ncm®min, 100 mg of sample and increasing temperatures from 70 to
1000 °C at a heating rate of 10 °C/min.

Taking into account the aforementioned conditions, and the
independence of each functional group to evolve to COx, a batch reactor
can be used to describe the data and the mass balance equation for
every functional group take the form of eq. 3.1.

(=R)) = Nyp 22 (3.1)

where X; represents the conversion of the functional group and —R; is
the kinetic rate of consumption of the i functional group (umol/g-s), t is
the time (s) and N;, is the molar amount of the functional group i
(Mmol/g). Temperature dependence of kinetic constant is considered to
follow Arrhenius law (eq. 3.2), while relation between temperature and
time follow eq. 3.3.

1 —Eg,i
ki =ky;-exp (F) (3.2)
T=Ty+p-t (3.3)

where k; is the kinetic constant, k;; is the apparent preexponential
factor, E,; is the activation energy of reaction i, R is the universal gas
constant (J/mol-K), T is the temperature (K), T, is the initial temperature
(K), B is the heating rate (K/s) and t is the time (s).

All of the functional groups are supposed to react to COyx without
interaction among each other, this way, equations 4-11 collects all of the
functional groups presented in the carbon surface (see section 3.1) and
its evolution to CO,.
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Carboxylic acid —COOH - CO0, (3.4)
Aldehyde —CHO - CO (3.5)
Anhydride —CO0—-0—-0C—>CO+CO, (3.6)
Phenol/Ether —~C—-0H/—C—-0—-C—-CO (3.7)
Lactone —C00— - CO, (3.8)
Carbonyl/Quinone —C0— - CO (3.9)
Phosphorus (CO) —C—-0—-P—>CO (3.10)
Phosphorus (COy) 0=C—-0—-P—CO, (3.11)

Assuming all of the reactions were simple steps, their reaction rate can
be described as first order equations (eq. 3.12).

—R;=k-N;=k Ny -(1-X) (3.12)

where R; is the reaction rate (umole/g-s), k is the kinetic constant (s),
N; is the amount of functional group i (umol/g) and N;, is the initial
amount of the functional group .

Taking into account eq. 3.1-3 and eq. 3.12, the equation that describes
every reaction is collected in eq. 3.13.

ax;

s kio- exp(

—Eq,i
R(To+pB-t)

)41—m) (3.13)

where X; is the conversion of group i, k; o is the preexponential factor
and E,; is the activation energy of group i.

To obtain the kinetic parameters of every reaction, the objective function
was minimized (eq. 3.14), which consisted of the square difference
between the experimental CO or CO; concentration and the sum of the
calculated CO or CO- evolved from the different reactions.

2
OF = Z(COX,exp - Cox,calc) (3.14)

Table 3.3 collects the best fit parameters for the different carbon-oxygen
functional groups present on the carbon surface. The first thing that can
be observed is that the activation energy for the decomposition of every
group ranged from 30 to 100 kd/mol, except for the phosphorus group,
whose value is around 250 kJ/mol. That can be associated the high
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thermal stability of those phosphorus groups in comparison with the
others.

On the other hand, for a specific group, as the temperature for their
maximum rate of decomposition increases, their activation energy also
increases. That does not happen for lactone groups, and that can be
attributed to the decomposition of several type of lactone groups, which
distort its activation energy [43,44]. A similar behavior can be seen for
the carboxylic acid group, as the “high stability” group presented a lower
activation energy than the “low stability”. That can be associated to the
temperatures used in this study. Probably, “low stability” carboxylic
groups started to decompose at temperatures below room temperature,
so, at the temperatures starting temperature used in this work, the peak
was deformed, and the activation energy was not adequately
associated.

Comparison of those activation energies obtained in this work with
bibliography shows different activation energies for the same groups,
that can be associated in a first step to the different kinetic models used
on their calculation, as some of them proposed a changing activation
energy as a function of oxygen coverage. For example, Barton et al. [45]
observed an E; of 75 to 420 kJ/mol (average 275 kJ/mol) for evolution
of carbon-oxygen surface groups to COy for oxidized thermal treated
graphite. Similar to this, Kelemen et al. [46,47] proposed an E, ranged
from 242 to 334 kJ/mol (average 272 kJ/mol). Focusing on activating
energy for the evolution of different carbon-oxygen groups, Marchon et
al. [44] proposed a three activation energies for CO groups
decomposition of 238, 267, 309 kd/mol and for CO- groups of 108, 138,
163, 192 and 222 kJ/mol, although they associated those CO groups to
semiquinones and CO: to lactones. Perrard et al [19] proposed an E,
for carboxylic and anhydride evolution to COx of 142 kJ/mol. Finally,
Chernyak et al [48] proposed decreasing activation energies as a
function of increasing oxygen coverage for different functional groups:
46-74 keto/hydroxyl acids, 79-101 kJ/mol for carboxylic acids, 92-160
kJd/mol anhydrides and 106-234 kJ/mol for phenol, pyran and carbonyl
groups. All of the activation energies obtained in this work for the
evolution of the different carbon-oxygen functional groups are lower
than the one already shows by Chernyak but are not far from the values
obtained at the highest coverage (lower E.). This can suggest that the
groups obtained in this work has a similar behavior than high oxygen
coverage on his work. Nevertheless, a more logic explanation is that
phosphorus groups (presented on this carbon but not on the carbons on
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the bibliography) somehow distort the evolution of those groups, as
phosphorus has a high appetence for oxygen.

Table 3. 3 Best fit parameters for the decomposition of different
functional groups

Group E, (kJ/mol) ko (s)
L Carboxylic acid 42 456
H Carboxylic acid 30 1.0
Aldehyde 45 395
Anhydride 62 66
Phenol/Ether 93 386
Lactone 55 1.2
Carbonyl/Quinone 97 94
Phosphorus (CO) 249 9.22-108
Phosphorus (CO) 259 4.60-10°

Figure 3.3 collects the experimental and the calculated profile of the
TPD for the ACP2800 with the best fit parameters collected in Table 3.3.
A good agreement between the experimental and the calculated curve
can be observed. The most prominent group was the phosphorus one,
followed by the carbonyl/quinone groups. They both showed a big
difference between their width, as phosphorus groups decomposed
forming a thinner peak than the carbonyl/quinone groups. This was
already observed in previous works [15] as carbonyl/quinone groups
presented a wide profile in the absence of phosphorus.
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Figure 3. 3. Experimental TPD evolution profile and the calculated
profile for the initial ACP2800 with the best fit parameters for the
decomposition of every functional group

3.1.3. Carbon oxidation

In a previous paper [15], a biomass-derived P-containing activated
carbon was submitted to several oxidation processes. As the oxidation
temperature increased, the evolution of CO and CO; at temperatures
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around 860 °C also increased. When the oxidation treatment was
performed at temperatures above 300 °C, the peak related to
carbonyl/quinones could be clearly observed as an increasing shoulder
around 750 °C. Nevertheless, in that work, the oxidation took place on
the initial catalyst, so interaction between different carbon-oxygen
surface groups could happened. To avoid those interaction between
groups, a different methodology has been used in this study. In a first
place, an inert atmosphere thermal treatment at 1000 °C was performed
on the activated carbon, sample that was called ACP2800-TT. After that,
the oxidation process took place and then, the TPD was performed on
the oxidized sample. It is worth mention, that those type of experiment
needed to be done using a small amount of sample diluted with silicon
carbide under a diluted air stream. This way, only <5 °C of temperature
increase in the first minutes of oxidation was observed. Otherwise, the
temperature increase when the oxidizing stream was in contact with the
sample could be higher than 100 °C. That happened because
phosphorus oxidation from C-P groups to C-O-P groups is a highly
exothermic reaction that is carried out even at low temperature.

Figure 3.4 collects the data of the TPD profiles after the oxidation of
ACP2800-TT for 30 minutes (Figures 3.4 a and c) and 12 h (Figures 3.4
b and d) at different temperatures. As described before, when the
temperature increased, the peak at 860 °C associated to phosphorus
groups increased. Moreover, an evident shoulder appears at oxidizing
temperatures above 300 °C, although, this shoulder was also observed
at 240 °C for longer oxidizing times (12 h). Itis also interesting that, after
an oxidation of 12 h at 300 °C and at 340 °C, the peak at 860 °C,
associated with phosphorus, did not increase (as happened with the
increase of the oxidizing temperature below 300 °C). That could suggest
the saturation of oxygen in the phosphorus groups, which means that all
of the C-P groups susceptible to be converted into C-O-P were already
converted. However, that saturation was not observed when the
oxidizing time was only 30 minutes, meaning that 30 minutes was not
enough time to saturate all of the C-P sites. The most interesting part is
that, only after saturation of the C-O-P group, the shoulder observed at
lower temperatures started to increase. This suggests that phosphorus
increase the oxidation resistance by its preferential oxidation versus the
formation of other carbon-oxygen groups that evolved at lower
temperatures and could begin to gasify the carbon.

Focusing on figures 3.4 ¢ and d, a clear delay in the evolution of groups
can be seen as the oxidizing temperature increased. That could be
explained due to the evolution temperature of those labile groups, which

75



Chapter 3

was similar to the one used during the oxidation process. In that case,
at the same time that those groups were formed, they were volatilized
and decomposed as CO or CO..
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Figure 3. 4. TPD profiles after oxidation of ACP2800-TT at a) and c) 30
min and b) and d) 12 h at different temperatures

As was said before, the oxidizing time was an important factor to
produce the different carbon-oxygen surface groups. For this reason, a
series of experiments were performed, in which the oxidizing time was
varied from 30 seconds to 24 h at different temperatures. The results of
those series of experiment were collected in Figure 3.5. Figure 3.5 a,
shows that, only after 30 s of oxidating treatment at only 30 °C, a certain
uptake of oxygen was observed. Nevertheless, it takes more than 24 h
to double the amount of oxygen uptake. Conversely, both in CO and
CO; profile, only the peak located at 860 °C, associated to C-O-P groups
could be clearly seen, an no other carbon-oxygen groups were
produced at 30 °C (except for a small quantity of carboxylic acid).

On the other hand, in Figures 3.5 ¢ and d, the oxidation was performed
at 300 °C and, apart from the C-O-P peak, a big shoulder, that increased
with time of oxidation, could be seen. These shoulders were associated
with carbonyl/quinone and phenol/ether groups in the CO profile.
Nevertheless, as the sample were oxidized in absence of a hydrogen
source, those groups could not be phenols and must be
carbonyl/quinone and ethers. The shoulders in the CO; profile could be
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associated to lactones and anhydrides. Low stability groups, like
carboxylic acid, did not appear due to the high temperature of the
oxidation. This behavior of increasing functional groups with increasing
time of oxidation was the same described when the temperature was
increasing.

Some authors also observed the increasing carbon-oxygen groups
formation as temperature or time was increased [15]. Nevertheless,
depending on the oxidation treatment, different functional groups were
detected on the carbon surface. Li et al. [49] compared the formation of
carbon-oxygen groups on the carbon surface by titration after treatment
with  ammonia, sodium hydroxide, nitric acid, sulfuric acid and
phosphoric acid. Ammonia treatment reduced phenolic groups; sodium
hydroxide removed phenolic groups while increased lactones; treatment
with those three acids produce similar groups, with a high amount of
carboxylic groups, while lactone and phenolic groups were also
increased with respect to the initial carbon. Moreno-Castilla et al. [27]
treated activated carbons with nitric acid, hydrogen peroxide and
(NH4)2S20s. Nitric acid added the higher amount of oxygen to the carbon
surface (mainly as carboxylic acids, anhydride and lactones, but also as
carbonyl/quinone and phenol/ethers), while (NH.),S20s only added a
low amount of oxygen to the surface, similar to the results obtained by
Salame et al. [9]. Hydrogen peroxide showed an intermediate effect.
Zhuang et al. [11] studied the carbon-oxygen surface groups during
carbon gasification with air by TPD and showed a higher evolution of
CO than CO2 (10 times higher), as happened in our work. This
observation was also supported by Otake et al. [6]. Berenguer et al. [25]
compared the chemical methods of oxidation with electrochemical
methods, showing with the latter an easy selectivity of different carbon-
oxygen groups. Valdés et al. [24] detected a high increase in carboxyl
acid with ozone treatment, as well as an increase in anhydride and
lactones while basic groups where decreased. Finally, Jaramillo et al
[50] compared wet and dry oxidations and found that nitric acid and,
especially, ozone increased the oxygen content (mainly as carboxylic
acids) in the carbon surface in a high degree than O, or H2O5.

77



Chapter 3

25 0.18

a) 0X30 o6 | D)OX30

—24h
—12h
0.12 4 —20min
& 5 min |
1 —30s

—24h
—12h
—20 min
5 min
—30s

~n

0.14 4

s)

n

o
o ©
& o

CO (pmol/g's)
CO; (pmol/g:
o
=)
=1

o

o
e
=}
B

e
o
5]

o

o

= -
200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C)

o

Temperatures (°C)

>
o

0.35
c) OX300 d) OX300
0.3 A

w
[ IS
L
~
-

0.25

©
|
@
8
3
5

0.2

[5)
o

CO (umollg-s)
P I -

0.15 4

CO; (umol/gs)

0.1 4

05 0.05 -

/’.
0 200 400 600 800 1000 0 200 400 660 560 1000
Temperature (°C) Temperature (°C)

Figure 3. 5. TPD profiles after oxidation of ACP2800-TT at a) and b) 30
°C and c¢) and d) 300 °C for different times

Figure 3.1 shows the O+ and P, spectra of ACP2800, ACP2800-TT
and ACP2800-TT after oxidation for 12 h at 50 °C, 180 °C and 340 °C.
It is difficult to distinguish between oxygen bands in the O+ spectrum,
but a clear increase in the oxygen amount with the oxidation
temperature can be observed. That was also shown in Table 3.2, in
which surface atomic concentrations of oxygen follows the same trend.
One of the most remarkable things is the high amount of oxygen
presented in the ACP2800-TT. This behavior was already described in
a previous paper [15], but was easily explained as only 30 s of oxidation
with diluted air at 30 °C was necessary to present an important amount
of CO evolved during the TPD, specially at temperatures where C-O-P
groups were decomposed. For this reason, although a careful handling
of ACP2800-TT was done, it was impossible to avoid its contact with air
before the XPS analysis and, therefore, the oxidation of a high amount
of C-P to C-O-P. In particular, similar profiles for ACP2800 (initial
catalyst) and ACP2800-TT (thermal treated at 1000 °C) were observed.
That could be explained with the activation temperature of the initial
activated carbon, that was 800 °C. For this reason, when the carbon was
removed from the furnace, it should present reduced C-P species, that
in contact with the air were transformed into C-O-P groups, the same
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procedure that happened after ACP2800-TT was handled to obtain the
XPS spectrum.

Focusing the P2, spectrum, and due to the oxygen uptake when
ACP2800-TT was being handled, ACP2800 and ACP2800-TT
presented a similar profile, only with a higher amount of phosphorus
presented in the thermal treated sample, mainly in the form of C-POs,
C2-PO; and C3-PO. That could be associated to the elimination of some
carbon-oxygen groups presented in the sample that, initially, hindered
some phosphorus, and, after the remotion of those carbon-oxygen
groups, more phosphorus could be detected in the XPS. Sample after
oxidation at 50 °C (ACP2800 OX50) shows an almost identical profile
than ACP2800-TT, having only a slightly high amount of C-O-POs. This
could be attributed to the similar temperature of oxidation, as ACP2800
0OX50 was obtained after exposure to diluted air at 50 °C and ACP2800
TT was exposed to air while handling to obtain the XPS spectra.
Moreover, ACP2800 OX50 was also exposed to air while handling, with
the possible modification of its carbon surface.

More differences can be found by seeing samples oxidized at 180 °C
and 340 °C. As the temperature increased, the maximum of the peak
was shifted to more oxidized species. For this reason, after oxidation at
340 °C, more than a 55% of the phosphorus was in the form of C-O-PO3
and only a 10% remains as C3-P=0. This was in concordance with TPD
analysis, by increasing the temperature, the peak at 860 °C related to
C-O-P groups was increased.

With the aim of a better description of the different carbon-oxygen
groups presented after the different oxidizing treatments, the best fit
parameters collected in Table 3.3, obtained with eq. 3.13, were used to
predict the rate of decomposition of those surface groups and its
quantity. The amount of every functional group after the oxidation of
ACP2800-TT at different operation conditions was collected in Figure
3.6. This figure also includes the oxygen desorbed, which correspond to
the sum of all of the groups that evolve to COx.

After the oxidation at 30 °C for 30 minutes (Figure 3.6 a), C-O-P appears
as the main peak, and only a small quantity of carbonyl/quinone were
also presented in the CO profile; in the CO; profile (Figure 3.6 ), C-O-
P appears again as the main group, but small quantities of lactone and
high stability carboxylic acid were observed. If the ACP2800-TT was
submitted to 12 h of oxidation at 30 °C (Figure 3.6 b) in the CO profile,
apart from the main peak of C-O-P groups and the small contribution of
carbonyl/quinone, the peak related to ether was also observed, although
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in a small amount. In the CO; profile (Figure 3.6 f) a small increase in
every group can be observed, and low stability carboxylic acid and
anhydrides can be detected, although at a low concentration.

Figure 3.6 c shows the CO profile of the ACP2800-TT oxidized for 30
min at 300 °C. C-O-P is the highest peak, but carbonyl/quinone and
ether are presented in a high amount. Anhydrides are also detected, but
no aldehydes, because they evolved at temperatures lower than 300 °C.
In the CO, profile (Figure 3.6 g), again C-O-P groups are the most
prominent, but a relatively high number of lactones and anhydrides are
observed. At those temperatures only a small amount of high stability
carboxylic acids was observed, because they started to evolve, but the
time was not enough to be completely eliminated. Figure 3.6 d shows
the same sample than Figure 3.6 ¢ but oxidized during 12 h. This profile
shows the same functional groups than the sample oxidized at shorter
times, but all of the groups presented a higher amount. That is also what
happened between Figure 3.6 g and Figure 3.6 h, the latter showing
higher amount of C-O-P, lactones and anhydrides, but in this case, the
time was enough to completely convert carboxylic acid groups into COa..
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Figure 3. 6. Experimental TPD evolution profile and the calculated
profile for the oxidized ACP2800-TT after different times and
temperatures, using the best fit parameters for the decomposition of

every functional group

The same methodology used to predict the rate of decomposition of
every carbon-oxygen group and their amount, was applied to every
oxidized sample. To confirm the correct quantification of those groups,
XPS and TPD analyses after oxidation of 340 °C were compared. The
oxygen desorbed by the C-O-P groups in the TPD was 0.12 mmol/g-s
while the oxygen associated to those phosphorus groups by XPS was
0.11 mmol/g's, both similar values. This suggests that the TPD
quantification of C-O-P groups was adequate.

3.1.4. Kinetics of surface carbon oxidation

Several authors have looked for the kinetics of carbon surface oxidation.
The more commonly used models were Sestak-Berggren [51], pseudo
n'" order [43,52,53] or Elovich equations [54,55]. Both three equations
were employed to predict the kinetic data of the production of carbon-
surface groups, nevertheless, in our case, with Sestak-Berggren or
pseudo n" order, the parameters obtained did not have physical
meaning. For this reason, in this work, to describe the amount of every
group formed as a function of time and temperature, the semiempirical
Elovich equation [56] (eq. 3.15) has been used.
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dq;

“i=a;-exp(=b; - q;) (3.15)
where q; is the amount of the functional group i, t is the time (min), ai is
the initial rate of the formation of group i and b; is a constant that
accounts for the non-uniformity of the surface.

This eq. 3.15 can be integrated in the form of eq. 3.16, where a;, as the
initial rate, takes the form of eq. 3.17.

qi=7-In(a;-b;-t+1) (3.16)

a =l;—i:~exp(—%) (3.17)

where ki is the apparent preexponential factor, E5 is the activation
energy for the production of this carbon-oxygen surface group, R is the
universal gas constant (J/mol-K) and T is the temperature (K).

As was mentioned before, the constant b; refers to a constant related to
the non-uniformity of the surface where those carbon-oxygen groups
were formed. In particular, if the surface was divided into “patches” with
the same activation energy for the production of those groups and
assuming that, at certain time, patches with activation energies below a
certain E; were saturated, while patches with activation energies above
that E: value were empty, the constant b; takes the form of eq. 3.18.
b; = o (3.18)

where a is a constant that accounts for the step between activation
energy of two consecutive patches.

To obtain the kinetic parameters of the formation of the different surface
groups, and considering eq. 3.16-18, the OF2 has been minimized (eq.
3.19).

2
OF2 = Z(Qexp - QCalc) (3-19)
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85



Chapter 3

Table 3.4 collects the kinetic parameters for eq. 3.16-19 and lines in
Figure 3.7 represents the curves predicted by those parameters and
equations. As was mentioned before, kinetic parameters for carboxylic
acids and aldehydes have not been obtained because they
decomposed at temperatures so low that they were not present after the
oxidized treatment when it was above 250 °C. Moreover, at lower
temperatures, their amount was low and, thus, the experimental error
was high. An analogous behavior happened with ether, anhydride and
lactones groups at temperatures below 120 °C, as their amounts at
those low temperatures were not high enough to describe a clear
tendency, with a high experimental error. For this reason, only amount
at temperatures above 120 °C has been taking into account to obtain
their kinetic parameters. Oxidation process above 300 °C have not
neither be taken into account due to their appreciable gasification during
the oxidation process. This way, the activated carbon mass could not be
supposed constant.

As can be seen, Figure 3.7 shows a good agreement between
experimental and calculated data. It also describes the sum of all of the
oxygen desorbed and the data at different order of magnitude.

Activation energies collected in Table 3.4 shows a small value for the
production of C-O-P groups from C-P ones, more similar to an enthalpy
of adsorption value. This is in agreement with their experimental
behavior, as they are able to be fast oxidized at low temperatures (as
Figure 3.6 a shows). Anhydride and lactone groups present a similar
tendency as well as similar activation energies (58 and 61 kJ/mol,
respectively). Their amount is always low compared with other groups
and are not present below 120 °C. Ether groups present an activation
energy of 79 kJ/mol, higher than carbonyl/quinone groups (73 kJ/mol),
which also corresponds with their experimental behavior. As shows the
TPD profile after oxidation at 30 °C for 30 min (Figure 3.6 a),
carbonyl/quinone groups were already present in the sample, while
ether needed higher times (Figure 3.6 b) or temperatures (Figure 3.6 c)
to be detected. That explain their higher value of activation energy.
Finally, the activation energy for the sum of all groups shows an
intermediate value of 42 kJ/mol. This value is quite low because C-O-P
groups are the most abundant groups presented in the carbon, and their
activation energy is quite low.

Several authors obtained the kinetics of carbon surface oxidation.
Hotova et al. [51] proposed, on a carbon cryogel, an activation energy
for the production of those carbon-surface groups of 77 kd/mol, while
Cheng et al. [53] obtained a value around 133 kJ/mol for different
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carbons. Zabuga et al. [57] compared the oxidation of carbon black with
nanodiamonds, obtaining an activation energy of 168 kd/mol and 98
kd/mol respectively. Kelemen et al. [47] obtained 134 kJ/mol on a glassy
carbon with a high oxygen coverage, but this value decrease to 54
kJ/mol at low oxygen coverage. The latter being a more similar value
than the one obtained in this work (42 kJ/mol), in which the coverage of
oxygen is low due to the thermal treatment carried out before oxidation.
In this sense, Hart et al. [43] obtained an activation energy on well
cleaned graphon surface of 31 kdJ/mol, also closer to the one obtained
in our study. This similarity in activation energies when carbon surface
has a low oxygen coverage could suggest that, after the remotion of
oxygen from the carbon, several edge carbons, easy to be oxidized,
remain on the carbon surface. Another explanation was the presence of
phosphorus, with a high appetence for oxygen, that could act as an
anchor point for oxygen that, subsequently, is displaced to the surface.

The comparison of activation energies for the production and the
decomposition of the C-O-P group presented inverse tendency. As their
decomposition showed the higher value (249 kJ/mol) and their
production shows the lower activation energy value (13 kJ/mol). That
corroborate the high appetence of phosphorus for oxygen, as the
stability of the C-P bond is very low in the presence of oxygen while the
reduction of C-O-P groups again to C-P groups needed a high
temperature even in the absence of oxygen. This explain the high
oxidation resistance of those P-containing activated carbon, as only
after the C-P groups is completely oxidized, no other low stability
carbon-oxygen surface group is produced, and due to the high stability
of those C-O-P groups, no gasification is produced on those carbons.

Table 3. 4. Best fit parameters for the formation of different carbon-
oxygen groups with time under oxidized atmosphere

Group E, (KJ/mol) ko o

Sum of all 42 2.36-10° 2.39-10*
C-O-P 13 1.30-107 4.36-10*
Carbonyl/Quinone 73 4.74-10" 1.05-10°
Ether 79 1.50-108 5.12-10*
Anhydride 58 3.54-10% 3.38:10°
Lactone 61 1.85-104 1.05-10°
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3.1.4. Conclusion

The oxidation-decomposition of phosphorus groups on the surface of P-
containing activated carbon has been carried out. The influence of this
phosphorus groups on the oxidation of the carbon surface has also been
addressed. For this reason, it has been performed a non-isothermal
kinetic study of the decomposition of carbon-oxygen surface groups in
inert atmosphere. XPS showed that the phosphorus present in the
carbon, thermically and chemically stable, was linked to the carbon in
the form of C-P or C-O-P groups due to the chemical activation process
with H3PO4. Reduction of C-O-P bonds, by inert atmosphere thermal
treatment, and reoxidation of those C’-P to C’-O-P bonds, by air flow,
was observed. In addition to the phosphorus groups, the carbon present
other carbon-oxygen groups, like carboxylic acids, anhydrides, lactones,
phenols, ethers, carbonyls and quinones, as was shown by XPS and
TPD. The proposed non-isothermal first order kinetic model was based
on the fact that the decomposition of a determined group does not affect
the others and this model reproduced successfully the experimental
data. The activation energies for the reduction of C-O-P groups to C’-P
showed a high value, around 250 kJ/mol, which is in concordance with
the high temperature needed to carry out that reduction (around 860 °C
in TPD). Activation energies for the decomposition of the other carbon-
oxygen surface groups ranged from 30 to 97 kJ/mol.

Oxidation of thermal treated carbon (whose most of the carbon-oxygen
surface groups were removed) as a function of time and temperature
was carried out. By means of TPD analysis and using the kinetic
parameters obtained for the decomposition of each carbon-oxygen
group, the amount of every group was quantified. The Elovich equation
was used to obtain the kinetic parameters of the oxidation and
successfully reproduces the experimental points. The activation energy
for C-P oxidation to C-O-P was the lowest obtained, around 13 kJ/mol,
which explain the high oxidation of those groups in contact with air even
at low temperatures. The activation energy for the production of the
other carbon-oxygen groups ranged from 58 to 79 kd/mol. This fast
oxidation of C-P groups (low Ez) in contrast with their high
decomposition from C-O-P to C-P (high Ea), much higher than the other
groups decomposition, could explain the high oxidation resistance that
those groups provide to the activated carbon. For this reason, only after
total oxidation of C-P to C-O-P groups, no other low stability groups are
formed.
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3.2. STUDY OF DEACTIVATION
PROCESS OF AN ACTIVATED CARBON
CONTAINING ZR AND P IN THE
METHANOL TO DIMETHYL ETHER
REACTION

Problems associated to fossil fuels consumption have driven the
research for the implementation of a new sustainable scenario, in which
non-pollution renewable fuels, chemicals and materials were used [1].
In this sense, valorization of industrial waste and lignocellulosic
biomass, through waste refineries and biorefineries [2—6] could mean
interesting alternatives achieve a circular economy.

In the context of those biorefineries, dimethyl ether (DME), a promising
diesel and LPG substitute, can be obtained from syngas that has been
produced from biomass gasification [7—10], thus providing that DME
from a renewable character. That transformation from syngas to DME
can be direct using a bifunctional catalyst [11—-16] or indirect, producing
methanol in a first stage and, subsequently, DME by dehydration of that
methanol [17]. One of the main disadvantages of those catalyst in the
industrial environment is the deactivation with time on stream [18-21].

Another important biorefineries product could be activated carbons, that
can be used as adsorbent, catalyst supports of catalyst themself [22—
24]. Chemical activation of lignocellulosic residues with HsPO4 [25,26]
under certain operating conditions produce activated carbons with a
high porosity, and different thermally stable phosphorus surface groups,
responsible for their high oxidation resistance and acidic character [26—
29], that can be used as catalyst for alcohol decomposition, and, even
in the methanol to dimethyl ether reaction [30-33].

On their part, zirconium phosphate has shown also activity in methanol
and other alcohol dehydration [34—38]. For this reason, the addition of
zirconium to a P-containing activated carbon allows the production of a
highly disperse zirconium phosphate on a carbon support that can be
also gasified to obtain syngas and to recover the active phase at the end
of its life cycle. This Zr-loaded P-containing activated catalyst showed a
stable yield to DME around 50 %, without any other byproduct detected
at 350 °C [39,40]. However, industrial production of DME was performed
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at higher temperatures in which coke deposition was observed [41-44]
on acidic catalyst, especially influenced by temperature [45].

In this chapter, it was assessed the performance of a Zr-loaded P-
containing biomass-derived carbon material as catalyst for the methanol
dehydration to DME under severe reaction conditions to achieve high
methanol conversions. Analyzing both selectivity and stability, as well
as, textural properties, surface chemistry and coke content of the
catalyst after 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.

The catalyst preparation was described in section 2.3.1 and 2.3.2, and
the techniques used for characterization in section 2.2. Catalytic
experiments were presented in section 2.3.2 and 2.3.3, as well as
regeneration experiments in section 2.3.4.

3.2.1. Properties of the catalyst

Figure 3. 8 represents the N2 adsorption-desorption isotherm at -196 °C
of the fresh 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 medium-high range of relative pressures,
associated to the adsorption in mesopores of an in-bottle shape [46].
Table 3. 5 collects the textural parameters derived from the N2 and CO
adsorption isotherms. CO; adsorption at low relative pressure (< 0.3)
and 0 °C was used to characterize narrow microporosity (pores lower
than 0.7 nm) due to 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
N2 (V1) significantly higher than the one determined by CO; adsorption
(Vor), which also suggests the presence of broad microporosity. In
addition, the relatively high values of external surface area (A:;) and
mesopore volume (Vmes) are also indicative of the large contribution of
mesoporosity found in this sample. Table 3. 6 summarizes the atomic
surface concentrations of the catalyst derived from XPS analysis. The
results showed the presence of mainly carbon and oxygen species and,
in less extent, phosphorus and zirconium surface groups. In this sense,
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, like Zr-C/Zr-(O-C). groups,
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which were also observed in a previous work [40], close to those of
zirconium phosphate species, as well as phosphorus-carbon surface
groups.

Table 3. 5. Textural parameter values derived from N> adsorption
isotherm at -196 °C and CO; adsorption isotherm at 0 °C of fresh and
spent catalyst with different coke content, obtained at different reaction
temperatures and TOS, at a methanol partial pressure of 0.04 atm and
a space time of 75 gcat'S/mmolchson

N, Isotherm CO; Isotherm
Coke
Sample content AE’ET [32” V; V";“ Vg‘“ A? R VgR
(%) (m7/g) (m7/g) (cm’/g) (cm’/g) (cm’/g) | (m7/g) (cm’/g)
Fresh - 1130 271 0.44 0.42 0.86 476 0.19
450°C 60 h 18 644 215 0.22 0.38 0.60 238 0.10
500°C 12 h 18 767 248 0.27 0.43 0.69 281 0.11
550°C4.5h 18 757 246 0.26 0.43 0.69 273 0.11
500°C3h 11 909 282 0.32 0.47 0.79 314 0.13
500°C7h 14 806 257 0.28 0.44 0.72 286 0.11
500°C 51 h 23 600 154 0.23 0.26 0.48 236 0.09

Table 3. 6. Atomic surface concentration (%) obtained by XPS of fresh
and spent catalysts with different coke content, 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 gcat'S/mmolchzon

Sample Cis O1s P2y Zr3q P/Zr C/p C/Zrx

Fresh 61.2 30.5 4.4 3.9 1.1 13.9 15.7

3h 75.1 18.5 4.5 1.9 24 16.5 39.5

7h 81.2 13.8 33 1.7 1.9 24.5 47.4

12 h 87.0 9.4 2.3 1.3 1.8 37.8 68.1
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Figure 3. 8. N2 adsorption-desorption isotherms at -196 °C of fresh and

spent catalyst 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 gcat'S/mmolchzon

3.2.2. Catalyst assessment in MTD

Methanol conversions as a function of time-on-stream (TOS) at
temperatures between 300 °C and 600 °C are represented in Figure 3.
9 for a methanol partial pressure of 0.04 atm and a space time of 75
Jeat'S/mMmolchson. Steady state conversions of methanol were 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. 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).
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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 [47]. On the other hand, H3PW12040 heteropolyacid 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 W/Fcrson=7.33 gcat'S/mmolchson (although some deactivation
was already detected at 150 °C) [44].

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
dash lines in Figure 3. 9), which suggests that side reactions were been
carried out, like those involved in coke production.
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Figure 3. 9. 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 gcat's/mmolcrson. Dash line shows the
equilibrium Methanol-DME conversion at 450 °C.

Figure 3. 10 shows the gas outlet concentrations, as well as, the
selectivity as a function of TOS at different reaction temperatures,
including also the selectivity to coke. DME and water were the only
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products observed at reaction temperature of 400 °C (Figure 3. 10a),
with trace methane at very short TOS, and so with a very high selectivity
to DME (99%) with TOS (Figure 3. 10b). Figure 3. 10c 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 3. 9). However, the selectivity to DME (Figure 3. 10d)
remained stable at this temperature, with values higher than 90% for
more than 20 h. A small amount of methane and coke and, in less extent,
CO could also be detected. At 550 °C (Figure 3. 10e and f), DME and
water outlet concentrations decreased faster and methane and coke
formation become more important than at 450 °C, although DME
selectivity was still quite high, showing 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 the operation conditions were also different (space time). For
example, a y-Alumina showed a selectivity to DME of 85% at 400 °C
[48], selectivity to DME in several kinds of HZSM-5 decayed almost
totally as the temperature increased up to 320 °C [49], selectivity to DME
was also reduced to 80% at 400 °C for a K-modified H-ZSM5 [50] and
that of Hs3PW 12040 decreased to 70% after 2h at 250 °C [44].
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Figure 3. 10. Gas outlet concentrations (a,c,e) and selectivity (b,d,f) to
carbon products as a function of TOS at: (a,b) 400 °C, (c,d) 450 °C and
(e,f) 550 °C, respectively. Methanol partial pressure of 0.04 atm and a
space time of 75 gcat's/mmolcnson. Figure legend: methanol (*), DME
(<), methane (™), carbon monoxide (<), carbon dioxide (*), hydrogen
(=), water (=) and coke (*).

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.
[48] associated CO and CH4 production to a change in mechanism due
to the increase in temperature. They reported that CO and CH4 were
produced due to the evolution of surface formate groups, which were
formed instead of metoxi groups at high temperatures. In order to
evaluate the possible thermal decomposition of DME under the
conditions studied, an experiment with 3%v 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 CH4 and CO. Therefore, the formation of methane via
thermal decomposition of DME was neglected. On the other hand,
Akarmazyan et al. [48] proposed that DME adsorbed species could
decompose to CHs, H2 and CO, but this would require the stoichiometric
formation of methane and CO. Other authors suggested also the thermal
decomposition of DME into CO and CH.s or formaldehyde (that
decomposes into CO+H,) [51].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 reaction of methoxy species with methanol through a six-
member ring electron transfer process), as suggested by Cheng et al
[38]. Formaldehyde would decompose further to CO and H; or to coke
(C) and H20, probably on different acid sites. The results observed in
Figure 3. 10 e and f suggest that the second route (producing coke and
water) seems the one that occurs to a greater extent. In this sense, the
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concentration of produced water and DME were very similar at 450 °C,
except for initial TOS (probably due to water can be desorbed easier
than DME), evidencing that mostly all 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 to 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 (Figure 3. 10e and f ) indicate that coke production and
growth (through reaction of coke with oxygenated compounds
(methanol and/or DME) seem to be the main responsible for the excess
observed in the water production [52].

3.2.3. Deactivated sample characterization

The catalyst was characterized after reaction at different temperatures
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 3. 8. Lower
adsorption uptakes at low relative pressures were observed for the
spent catalyst samples as compared to that for the fresh one, with the
adsorption isotherm profile remaining similar, which suggests that coke
deposition took place preferentially in micropores at all the evaluated
temperatures. A slightly larger reduction in 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
favour the diffusion of methanol inside the narrow micropores, producing
a higher decrease of the microporosity. The results show that
microporosity was reduced by half (Vi from 0.44 to 0.22 cm?®4g), but
mesoporosity remained practically the same (Vmes 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, so the coverage
of active site should also play an important role in this process.

The pore size distribution of these samples is collected in Figure 3. 11.
The catalyst presents a bimodal distribution, showing two main peaks
with two maxima located at 0.63 nm 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
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preferentially deposited in narrow micropores rather than in wider
micropores or mesopores.
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Figure 3. 11. Pore size distribution of fresh and spent catalyst 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 gcat'S/mmolchzon

Porosity of the catalyst after reacting at 500 °C for different TOS was
also studied. Figure 3. 12 collects their corresponding N2 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. Percentage of deposited
coke was added to the legend of Figure 3. 12. The isotherm profile
remained the same, but there was a significant reduction in adsorbed
volume at low relative pressures with the increase of the amount of coke
deposited on the catalyst, associated to the preferential deposition of
the carbonaceous solid on the narrow micropore surface. Table 3. 6 lists
the textural parameters of the spent catalyst after reaction at 500 °C for
different TOS. A reduction in the BET surface area and micropore
volume measured with N2 was mainly observed at low TOS, meanwhile
mesopore volume slightly increased. With the increase of TOS, the
deposition of coke augmented too, taking place on both micropore and
mesopore surfaces, as evidenced the reduction observed of about 50%
for all the textural parameter values. These results suggest that, initially,
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coke was deposited mainly on the surface of the micropores and with
the course of the reaction, the deposition took place uniformly on all the
catalyst surface, reaching an apparent surface area of 600 m?/g and
mesopore volume of 0.26 cm?/g after ~50 h of reaction at 500° C. Pore
size distribution of the spent catalyst at different TOS (Figure 3. 13) 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 (Figure 3. 11).
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Figure 3. 12. N2 adsorption-desorption isotherms at -196 °C of fresh
and spent catalyst with different coke content, obtained at 500 °C and
different TOS, at a methanol partial pressure of 0.04 atm and a space

time of 75 gcat'S/mMmolchson

106



Experimental results and discussion

0.8 : :
 0.56 i 1.70
0.7 . I
] |
] ] —
0.6 : i Fresh
5 . . 500°C 3h / 11% Coke
'g 0.5 : | —500°C 7h / 14% Coke
% 04 ! ! —500°C 12h / 18% Coke
s v : I —500°C 51h / 23% Coke
1
5 0.3 '
> :
0.2 !
0.1
0 L ——
0.25 2.5 25

Pore diameter (nm)

Figure 3. 13. Pore size distribution of fresh and spent catalyst at the
same reaction temperature (500 °C), obtained at different reaction
TOS and with different coke content, at a methanol partial pressure of
0.04 atm and a space time of 75 gcat'S/mmolcrzon

XPS analyses were performed to assess how coke deposition took
place on the catalyst surface. Table 3. 5 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 oxygen surface
concentration, which seems to indicate that the composition of coke
deposited was made up preferentially of less oxygenated species.
Phosphorus and zirconium concentrations also decrease with TOS. In
this sense, fresh catalyst showed a P/Zr ratio next to 1, but this ratio
increases after reaction. Specifically, the P/Zr ratio come 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) indicate that the loss of surface
concentration of zirconium is much higher than the one of phosphorus
at the first stages.

Figure 3. 14 shows XPS spectra of P2, and Zrss of fresh and spent
catalyst. P2, spectrum (Figure 3. 14a) of the fresh sample showed a
broad band that suggests the presence of different phosphorus species.
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The peak located at 133.2 £ 0.2 eV was attributed to C-PO3/C,PO;
surface groups; other appearing at 134.0 + 0.2 eV to C-O-PO3 surface
groups [31]; and a last contribution at 134.6 + 0.2 eV was associated to
zirconium phosphate surface groups, like in Zr(HPO4)2-H20 [53]. 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-PO3/C,PO; and
C-O-P groups by coke. These results are in concordance with those
reported by Valero-Romero et al.[33] with a catalyst similar to the one
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
strength, which are very fast deactivated by coke under methanol
dehydration reaction, even at lower temperatures.

Focusing on the Zryg spectrum of the fresh catalyst (Figure 3. 14b),
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 [54]; another one at 183.0 + 0.2 eV associated to
Zr-OH bonds, like in Zr(HPO4)2-H20 [53], which seems to be the most
relevant; and the last one at 184.2 + 0.2 eV attributed to the presence
of Zr(IV) bound to an electroactive species, such as phosphorus in form
of pyrophosphates groups [55]. 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 to
these two species almost disappeared after reaction at 450 °C, shifting
to higher binding energies, which suggests the formation of zirconium
pyrophosphates-like species, probably due to the attack of oxygenated
compounds to the —OH group of zirconium phosphate forming methoxy
and other organic groups [56], which would be the precursors of the
formed coke.
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Figure 3. 14. XPS spectra of a) P2, and b) Zrsq4 of fresh and spent
catalyst with different coke content, obtained at 450 °C for 15 h, at a
methanol partial pressure of 0.04 atm and a space time of 75
Jeat'S/mMmolchson and after an air treatment at 350 °C

3.2.4. Deactivated catalysts partial regeneration

By using the catalyst at different temperatures and TOS, catalysts with
different degree of deactivation by coke deposition were obtained.
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These deactivated catalysts were treated under air atmosphere with the
goal of oxidizing the coke deposits and regenerating the catalyst. Thus,
the catalysts deactivated at 450 °C (partially) and at 550 °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
compared to the ones 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 lost, around 4.0%. This value was practically the same than the
one 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 °C and 550 °C
and those of the corresponding deactivated samples followed by the
oxidative air treatment are represented in Figure 3. 15. The methanol
conversions for the air-treated deactivated catalyst at 450 °C (second
part of Figure 3. 15a) was almost restored (as can be compared to that
of the fresh catalyst; first part of Figure 3. 15a) but only initially,
decreasing very fast and reaching similar conversion values than 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
than the one 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 to the
deactivated catalysts followed by this oxidative treatment, (results
included in Figure 3. 15a and b). In this sense, Rosas et al. reported the
preferential oxidation of C-P-O groups to C-O-PO ones (to that of other
surface groups) on phosphorus-containing activated carbon surfaces
under air atmosphere and similar temperature conditions [28]. This C-
O-PO surface groups presented also moderate-strength acidity, as
reported by Valero-Romero et al. [33]. On the other hand, Palomo et
al.[39,40] suggested that Zr-O-P sites, present in zirconium phosphate
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surface species of carbon-based catalysts, were responsible for the
activity of these catalysts for the dehydration of methanol to DME.

Figure 3. 15b show that oxidized catalyst support showed a very fast
deactivation for methanol dehydration at both reaction temperatures,
showing a conversion profile (in both cases) similar to the one 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 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 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 to 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 lost its residual
activity, conversion will have the same tendency than that observed for
the catalyst without air treatment.
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Figure 3. 15. Methanol conversion profiles a) 450 °C and b) 550 °C as
a function of TOS of carbon support, fresh and air-oxidized spent
catalyst, at a methanol partial pressure of 0.04 atm and a space time
of 75 gcat'S/mmolchzon

On the other hand, no differences were found regarding the selectivity
of methanol towards the different products for the samples before and
after reaction at 450 °C and 550 °C, except for a slightly increases of the
selectivity to CH4 observed for the catalyst deactivated at 550° C with
subsequent treatment in air (higher than 60% at 550 °C), which can be
associated to 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 3. 16) in which
the fresh catalyst was used in reaction at 450 °C, with a 4% methanol
partial pressure and a space time of 75 gcat's/mmolcrson, 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 3. 16), but now
the catalyst was submitted to a regeneration process by air treatment at

112



Experimental results and discussion

350 °C for 2 h every 15 h of TOS. It was observed that the catalyst was
partially regenerated, due to 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 than the fresh catalyst (without any regeneration
air treatment during the long TOS experiment) after 5 h of reaction, in
all the cases, due to the slow but irreversible deactivation of Zr-O-P
active surface groups by deposition of more oxidation resistance coke
that cannot be burn-out by the air treatment at 350 °C.
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Figure 3. 16. 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. Reaction

conditions: 450 °C at a methanol partial pressure of 0.04 atm and a
space time of 75 gcat's/mmolcrson. Air treatment conditions: 350 °C 2 h

All 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 due to 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 sample was subjected to a helium treatment at 550
°C for 15 hours was performed. No change in conversion or selectivity
was found between the fresh and the thermal treated sample, ruling out
the possibility of a change in crystallinity as responsible for catalyst
deactivation.

3.2.5. Air-treated sample characterization

N2 adsorption-desorption isotherms of the partial and almost totally
deactivated catalyst at 450 °C and 550 °C, respectively, followed by the
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oxidative treatment in air at 350 °C are presented in Figure 3. 17. Their
corresponding textural parameters are gathered in

Table 3. 7. For the sake of comparison, N2 adsorption-desorption
isotherm of fresh catalyst after the oxidative treatment was also included
in Figure 3. 17. The mild conditions of the oxidation treatment resulted
into minimal differences between the isotherms of the fresh and the air
treated catalyst. These results are in concordance with the low burn-off
observed for the carbon support and the deactivated catalysts (<4 %),
associated to the high oxidation resistance of the carbon support due to
the presence of phosphorus groups on the carbon surface [28].
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Figure 3. 17. N2 adsorption-desorption isotherms at -196 °C of fresh
and spent catalyst at 450 °C and 550 °C for 15 h, at a methanol partial
pressure of 0.04 atm and a space time of 75 gcat'S/mmoichzon, and the

same samples after air treatment.

The isotherms of the catalyst used in reaction, before and after the
oxidation treatment, presented fairly similarities, showing only a low
increase in the N adsorbed volume at low relative pressures. On the
other hand, the results presented in

Table 3. 7 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 the external area, suggesting that the
oxidation of C-P bonds of the catalyst carbon support to C-O-P ones
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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 micropore measured with
CO: and, to a lesser extent, in the volume of micropore measured with
N2, 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 due to diffusion limitations to these reaction
temperatures.

Table 3. 7. Textural parameters values extracted from N2 adsorption
isotherm at -196 °C and CO; adsorption isotherm at 0 °C of fresh and
deactivated catalyst after reaction at 450 °C 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
Jeat'S/mMmolchson, and followed by air treatment at 350 °C

N; Isotherm CO; Isotherm

Sample éBET ét V;ot V§nes V; ?DR V3DR
(m7/g) (m7/g) (cm’/g) (cm’/g) (cm’/g) | (m7/g) (cm’/g)

Fresh 1130 271 0.86 0.42 0.44 476 0.19
Fresh + AT 1153 262 0.84 0.38 0.46 446 0.18
450 °C 816 221 0.62 0.32 0.30 290 0.12
450 °C + AT 852 223 0.64 0.32 0.32 348 0.14
550 °C 614 187 0.48 0.27 0.22 242 0.10
550 °C + AT 634 189 0.49 0.27 0.22 273 0.11

TPD experiments were performed for the fresh and deactivated
catalysts before and after the oxidizing treatment (Figure 3. 18). The CO
TPD profile for the fresh catalyst showed three main peaks. A CO peak
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evolving around 860 °C, which was related to decomposition of C-O-P
groups; a peak 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 around
1300-1350 °C, which was correlated to zirconium-carbon/ZrO- species
and/or to the ZrO, carboreduction, occurring at such high temperature
[39].

The CO evolution at around 860 °C, associated to decomposition of C-
O-P groups, almost disappeared after reaction at 450 °C 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 ones [33]. After the
air treatment (AT), only some of these groups were regenerated,
suggesting that the complete recovering of the C-O-P groups was not
possible, presumably of those groups that were on the surface of the
narrower micropores that ended up blocked during the reaction. The CO
peak associated to decomposition 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 around 700° C. Interestingly, the peak
associated to decomposition of C-O-Zr bonds present in zirconium
phosphate groups, which in the fresh catalyst was the largest one,
remained practically the same for the profiles of deactivated catalysts
and also for 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 ones and that these C-O-Zr surface species were not active for
the dehydration of methanol to DME.

On the other hand, the CO, TPD profile of the fresh catalyst mainly
indicated the presence of anhydrides groups (decomposed 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, due to their acid character [47], they are not
stable at temperatures higher than 350 °C.
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Figure 3. 18. Amount of CO and CO; evolved as a function of
temperature during TPD of fresh, used samples and air-oxidized
samples, at a methanol partial pressure of 0.04 atm and a space time
of 75 gcat'S/mmolchzon
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Surface chemistry of deactivated catalysts was studied by XPS
analyses (

Table 3. 8). After reaction at 450 °C and 550 °C, the catalyst surface
oxygen, phosphorus and zirconium concentrations decreased, while
carbon content increased due to coke deposition (as was 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 one could be responsible for this increase.

Table 3. 8. Atomic surface concentration by XPS of fresh and spent
catalyst 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 gcat'S/mmolchzon

Samples Cis Ois P2y Zr3q P/Zr 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 25 1.1 27.8 31.0
450 °C + AT 49.8 37.5 8.3 4.4 1.9 6.0 11.4
550 °C 86.0 10.5 23 1.2 2.0 37.1 72.9
550°C + AT 57.4 30.9 8.1 3.5 23 7.1 16.2

Further information can be obtained from individual XPS spectra. Figure
3. 14 shows also the XPS spectra of Zrsy and Py, of the deactivated
catalysts after the air treatment. P2, spectrum after the air treatment (450
°C+AT) showed an increase of the bands associated to zirconium
phosphate, as well as, to C-O-P groups, probably due to the migration
of these compounds to the external surface and to the oxidation of C-P-
O groups into C-O-PO ones, 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 [57]. Zrs4 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
pyrophosphates group, with a higher polarization of the environment

119



Chapter 3

(Figure 3. 14b) [57]. 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 °C
and 550 °C and one of the air oxidized samples (450 °C+AT) are
presented in Figure 3. 19. Two main peaks can be seen in the spectrum
of the carbon support, as well as in that of the fresh catalyst. First, a
broad band between 20 ppm and -10 ppm was observed, which could
be associated to the sum of several species with similar intensities, such
as phosphonates, around 20 ppm, and P-esters, around 3 ppm [25,58].
In addition, a narrow peak highlighted at -4 ppm appeared, which could
be associated to zirconium phosphate species or some P-esters, like
Zr(HPO4)2-H20O [59] or (C-O)«-P-OH [60]. The spectrum significantly
changed after reaction at 450 °C and 550 °C and the broad peak
between 20 and -10 ppm, associated to 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 agreement
with the findings reported by Valero-Romero et al. [33]

For the catalyst used at a reaction temperature of 450 °C, the sharp
peak at -4 ppm was considerably reduced and it 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 methanol
dehydration reaction. However, after reaction at 550 °C, the catalyst was
practically exhausted, suggesting that zirconium phosphate species was
the main 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, appeared as a consequence of oxidation of C-P-O groups to C-
O-PO ones, as the results of TPD also indicated, 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 P2
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
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around -28 ppm, which can be associated with non-hydrogenated
phosphate (pyrophosphate) [61,62] or species like P.Os [63]. These
results seem to indicate that zirconium phosphates surface groups were
converted into zirconium pyrophosphates ones under these operation
conditions. The formation of zirconium pyrophosphates groups can be
related to the residual conversion of these samples for long TOS.

Catalyst Support Zr(HPO,),-H,0
—Fresh (C-0)-P-OH
—450°C
—450°C + AT
—550°C
phosphonates
pyrophosphate

Figure 3. 19. NMR 3'P spectra for carbon support, fresh, partially and
almost totally deactivated catalyst at 450°C 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 gcat'S/mmolchzon

In order 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 3. 20. A clear connection between the
peak of phosphorus at -4 ppm and hydrogen was observed for the fresh
catalyst, which is associated to 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.
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Figure 3. 20. 2D-NMR 3'P-'"H HETCOR of a) fresh and b) spent

catalyst after reaction at 550 °C 15 h, a methanol partial pressure of

0.04 atm and a space time of 75 gcat'S/mmolcrson

3.2.6. Reaction scheme

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 MTD reaction on a similar catalyst at low
temperatures (250-350° C) and low methanol conversions (<50%) [40].
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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 by 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 the 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, based on the experimental catalytic results obtained at
higher temperature and the characterization of the catalysts used in
reaction, a modified reaction pathway has been proposed, which
explains the coke production and deactivation of the catalyst. The higher
DME production observed at reaction temperatures above 400° C could
lead to a greater stability of the adsorbed DME species, favouring 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 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 [64] 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 bonded to zirconium. In this sense, XPS results also pointed out
that zirconium atomic concentration was firstly 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[33]. Cheng et al. also indicated
that P-methoxy species (P-CHs) 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

123



Chapter 3

irreversible produce methane and formaldehyde. These findings also
support the reaction scheme proposed in this work (see Scheme 3.1)
that accounts for the gas product distribution and the production of coke
that generates the deactivation of the catalysts.
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Scheme 3. 1 Reaction pathway for the deactivation of the catalyst in
the MTD process.

3.2.7. Kinetics of coke formation

Finally, in order to predict the coke formation experimental results, a
kinetic model initially proposed by Froment, Bischoff and De Wilde was
used [65]. With this goal, coke content of the catalyst at different reaction
temperatures and TOS was quantified. The kinetic model takes into
account a deactivation function, which depends on coke content.

=10 B (3.20)
CDC = (1 —-—a- Cc)z (321)

where C. is the percentage of coke deposited, t the time on stream, rg
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:

C, = l[1 L ] (3.22)

- 0
1+arg-t
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where r and a are the fitting parameters. It should be pointed that a is
considered to be constant in all the experiments [65]. The fitting
parameters were calculated by using a Nelder-Mead simplex algorithm,
which minimizes the objective function (Eq. 3.23), defined as the sum of
quadratic differences between experimental coke content and the
calculated values:

2
OF = 2?21(Ci,exp - Ci,cal) (323)

where nr is the total number of experiments and Ciex and Cica, the
experimental and calculated coke content of the i experiment,
respectively.

The initial rate of coke formation, r8, 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:

where Pgyy. oy is the fed partial pressure of methanol and k is a kinetic
constant that follows Arrhenius law:

Eq Eq
18 =ky e RT-Ploy = ki e RT (3.25)

being ko the preexponential factor, ko the apparent preexponential
factor, E, the activation energy, R the ideal gas constant and T the
reaction temperature. In these experiments, 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 3. 21. 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 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 3. 9. The activation energy value obtained for coke formation was
124 kJ/mol, slightly higher than the activation energies reported for other
catalysts at similar experimental conditions [45,66,67]. Experimental
and calculated coke contents are represented in Figure 3. 21, showing
a good agreement between both values.
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Coke content (%)

Figure 3. 21. Experimental (points) and calculated (line) coke contents

Table 3. 9. Coke formation kinetic parameters.

Kinetic parameter Value
Deactivation constant, & 0.038
Coking activation energy, 124

E, (kJ/mol)

Apparent pre-exponential factor, 9.5-10°
k’o

R2 0.97

10 20 30 40 50
TOS (h)

60

as a function of TOS at different reaction temperatures, at a methanol
partial pressure of 0.04 atm and a space time of 75 gcat'S/mmolcrson.

3.2.8. Conclusions

Dehydration of methanol to produce dimethyl ether (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.
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However, harder operation conditions, closer to those of the industrial
process, were evaluated to analyze the changes of the catalyst surface
properties with 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 to 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,3'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 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 time on stream that
successfully represents the experimental results was also proposed,
which yielded a value for the activation energy for the production of coke
of 124 kJ/mol.
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3.3. KINETIC MODEL CONSIDERING
CATALYST DEACTIVATION FOR
METHANOL-TO-DIMETHYL ETHER ON A
BIOMASS-DERIVED ZR/P-CARBON
CATALYST

Dimethyl ether (DME), as an interesting renewable low soot emission
diesel substitute, has been widely studied in recent years [1-3]. This
DME production can be carried out by one-step syngas to DME process
in a bifunctional catalyst or by the two steps process, in which syngas is
firstly converted to methanol (in a metallic catalyst like Cu-ZnO/Al,O3)
[4] and then, methanol is dehydrated to DME (in an acidic catalyst [5,6]
like y- Al,O3[7] or zeolites[8]).

In this sense, activated carbon from a non-expensive biomass waste
can also be used as catalyst or catalyst support for the methanol to DME
reaction [9-13]. This thermal and chemically stable carbonaceous
materials move forward a sustainable economy with the advantage of
being able to be tailored for different applications [14]. A detailed study
of the involved reactions can be very useful in order to optimize the
synthesis and stability of the catalysts.

A detailed study of the involved reactions can be very useful in order to
optimize the synthesis of the catalysts. The kinetic study of dehydration
of methanol to DME has been previously reported in the literature for
different inorganic catalysts. In this sense, the determination of the
kinetic parameters of this reaction goes from very simple empirical
equations, which only fit experimental data to mathematical equations
as a function of temperature, to semiempirical equations [15-17] or even
more complex models, based on the reaction mechanisms. Several
models are derived from Langmuir-Hinshelwood (LH) [17-21] and Eley-
Rideal (ER) mechanisms [22-26], also taking into account dissociative
or molecular adsorption of methanol [27,28]. In addition, some authors
also took into account the influence of water in the inlet stream [11,29].

Deactivation by coke deposition is one of the most common causes of
deactivation on these catalysts. For this reason, quantification of coke
deposited [30, 31], as well as its effect on the catalyst activity [32-37]
has been already addressed in literature.
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In this chapter, a kinetic model including deactivation for methanol to
dimethyl ether reaction over a Zr-loaded P-containing carbon catalyst
was proposed. To predict the DME and other products decay with time
on stream, a deactivation function determined as a function of coke
content was used.

The catalyst preparation was described in section 2.3.1 and 2.3.2, and
the techniques used for characterization in section 2.2. Catalytic
experiments were presented in section 2.3.2 and 2.3.3.

3.3.1. Catalyst characterization

Table 3. 10 collects the textural parameters obtained from N2 adsorption
isotherm at -196 °C and CO, adsorption isotherm at 0 °C. The catalyst
exhibited an Ager value of 1105 m?/g, this value is much higher than
other inorganic catalysts reported in the literature [7,20,28]. In addition,
the contribution of mesopores to the total pore volume is also very
significant (almost a 50%), which is favorable for catalytic reactions. On
the other hand, the micropore volume measured by N, Vi, was more
than twice the micropore volume determined by CO; adsorption, Vprg,
which indicated a high preponderance of wide microporosity [39]. Figure
3. 22 shows the N adsorption-desorption isotherm at -196 °C of the
fresh catalyst, that can be associated with a type 1V(a) isotherm with a
H4 hysteresis loop, evidencing the presence of in-bottle shape
mesopores [40].
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Figure 3. 22. N, adsorption-desorption isotherm at -196 °C of fresh
catalyst
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Table 3. 10 also shows the atomic surface concentration obtained from
XPS analysis. Carbon and oxygen were the main compounds detected
on the surface, but phosphorus and zirconium were also observed. As
can be seen, P/Zr ratio was close to 1. This ratio was quite lower than
the theoretical ratio found in zirconium phosphate species, suggesting
the possible formation of other Zr surface groups, not bounded to
phosphorus. In this sense, Figure 3. 23 shows the individual XPS
spectra of P2, and Zrsq of the catalyst. The P2, spectrum (Figure 3. 23a)
showed a broad band associated to the presence of different
phosphorus compounds, such as C3;PO, C-PO3/C,PO,, C-0O-PO3; and
zirconium phosphate surface groups, like in Zr(HPQO4)2-H20. On the
other hand, the Zriy spectrum (Figure 3. 23b), also presents a broad
band attributed to the presence of mainly zirconium-phosphate groups
and in less extent Zr—carbon/ZrO, species and Zr (IV) bound to an
electroactive species, like pyrophosphate groups.

—~Fresh a)
-~ -C4PO
- -C-P0O,/C,PO,

_ C-0-P0O,/(C-0);PO

; - -Zr-0-P

=

‘o

c

g

£

140 138 136 134 132 130

Binding Energy (eV)

137



Chapter 3

—Fresh

= =Zr-C/Zr,0

- =Zr-0-P

- ~Zr-Pyrophosphate

Intensity (a.u.)

188 186 184 182 180
Binding Energy (eV)

Figure 3. 23. XPS spectra of a) P2p and b) Zr3d of fresh catalyst

Table 3. 10. Textural parameter values derived from N2 adsorption
isotherm at -196 °C and CO- adsorption isotherm at 0 °C and atomic
surface concentration determined by XPS analysis of the catalyst.

N: Isotherm CO; Isotherm

A ABeT Vi Vines Viot Apr VbR
(m?/g) (m?g)  (cm’g) (cm®g) (cm®g) | (m*g) (cm®g)

279 1105 0.43 0.38 0.80 509 0.20

Atomic surface concentration (%)

Cis Os1s P2p Zr3g P/Zr

65.1 27.0 3.9 3.5 1.1

3.3.2. Dehydration of methanol

This Zr-loaded P-containing biomass-derived catalyst has been already
tested at temperatures below 400 °C for the methanol to DME (MTD)
reaction (0.02 atmchson and space time of 75 geat's/mmolchson) [13]. This
catalyst showed a stable and selective DME production for more than
24 h. However, its performance at higher temperatures, where the
methanol conversion is very high (100%), closer to that of the industrial
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process, has been evaluated in this work. Figure 3. 24a shows the gas
outlet concentration and Figure 3. 24b represents the product yields as
a function of TOS at 500 °C, 0.04 atmchson and a space time of 75
geatS/MmolcHson. As can be seen, initial methanol concentration is near
to zero (very high methanol conversion), being this value even higher
than that predicted by methanol-DME equilibrium, possibly due to the
presence of side reactions. At higher TOS, methanol concentration
slowly increased. In spite of that conversion decrease, methanol
conversion was kept higher than 25%, for more than 24 h. This decay in
conversion was attributed to catalyst deactivation by the formation of
coke.

The main gas products obtained in that reaction were DME, water,
methane, CO and hydrogen, with only traces of CO;, ethane, ethylene,
propane and propylene. DME yield reached a maximum around 50% at
3 h. After that TOS, DME yield was gradually reduced. Nevertheless,
that yield remained higher than 20%, for more than 24 h, evidencing the
high selectivity of this catalyst to DME (around 85%), even in these
harder operating conditions. In this sense, the yield to coke and methane
was initially significant, but they did not exceed 10% after 5 h. The CO
and hydrogen evolution was similar to that found for methane and coke.
However, the concentration of water did not present the same tendency
as that of DME at the earlier TOS, suggesting that water is also
produced by other side-reactions, associated to the formation of coke
and methane.

Same trends can be observed at different reaction temperatures (450
°C and 550 °C), concentrations (1.5 % and 8%) and space times (50
Jeat'S/MmMOlchzon and 100 geat's/mmolcrzon), as it was observed from
Figure 3. 25.
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Figure 3. 24. Gas outlet concentration (a) and yield to different
products (b) as a function of TOS in the MTD reaction. Reaction
conditions: temperature of 500 °C, methanol partial pressure of 0.04
atm and a space time of 75 gcat'S/mmolcHaon.
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Figure 3. 25. Yield to different products as a function of TOS at
different operating conditions in the MTD reaction. a) 450 °C, 0.04
atmchson and 75 gcat/mmoICHgoH b) 550 °C, 0.04 atmchzon and 75
gcat/mmoICHsoH C) 500 OC, 0.015 atmchson and 75 gcat/mm0|c|-|3o|-| d) 500
OC, 0.08 atmchson and 75 gcat/mmoICHaoH e) 500 °C, 0.04 atmchzon and
50 gcat/mmoICHgoH f) 500 OC, 0.04 atmchson and 100 gcat/mm0|c|-|3o|-|

142



Experimental results and discussion

To explain the main product distribution shown in Figure 3. 24, the
following reactions were considered: methanol dehydration to DME
(equation 3.26); methane formation, which takes into account the
additional formation of water (equation 3.27); CO formation (equation
3.28) and coke production (equation 3.29)[12].

CH50CH; + H,0 (3.26)

2 CH;0Hgag) =
CH, + HyO0(ags) + CHpOaag)  (3-27)
CO + H, (3.28)
CHZO(ads) 3 29
Ccoke + HZO ( . )

The coke production was considered to take place by an intermediate
similar to formaldehyde, as some authors have already reported [41].
This formaldehyde would decompose instantaneously at the operating
conditions used in this study, yielding CO and H; or coke and water. To
validate this assumption, an experiment in which methanol was cofed
with formaldehyde and water was carried out and compared to an
experiment in which the same partial pressure of methanol and water
were added without formaldehyde. Figure 3. 26 collects the coke content
as a function of TOS at 500 °C and 75 gcat'S/mmolcrson, cofeeding 4%
methanol and 2% water without and with 1.5% of formaldehyde. The
quantity of coke deposited on the catalyst was 15% higher, in the
presence of formaldehyde in the inlet stream, suggesting the significant
role of formaldehyde in the coke formation.
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Figure 3. 26. Coke content as a function of TOS for methanol+water
fed and methanol+water+formaldehyde; temperature 500 °C and
space time of 75 gcat-s/mmolCH30OH. Experimental data (points) and
calculated (lines).

3.3.2.1. Effect of inlet water vapor

Water has been reported to compete with methanol for the active sites
of the catalyst, causing a decay in DME production [13,42—44]. The
inhibition effect of water is relevant in the experimental conditions here
reported, as its concentration is similar to the concentration of DME
observed in this work. In this sense, Figure 3. 27a collects the
conversion obtained cofeeding methanol (4%) with different water
concentrations. When water concentration did not exceed 2%, there
were not clear signs of decay in the methanol conversion, probably due
to the low differences between the water produced from methanol
dehydration and water cofed with methanol. However, a decrease in
conversion of around 30% was observed, when a 5% of water was cofed
with methanol and, an even higher decay was noticed, when water cofed
reached 10%. This data was in concordance with the competitive
adsorption of water.
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Figure 3. 27. Methanol conversion (a) and DME selectivity (b) as a
function of TOS in the MTD reaction with different water concentrations
cofed. Reaction conditions: temperature of 500 °C, methanol partial
pressure of 0.04 atm and a space time of 75 gcat'S/mmolchson.

The influence of water has been also analyzed in terms of yield and
selectivity. Figure 3. 27b shows the selectivity to DME and Figure 3. 28
shows the effect of water concentration on the yields to different
products in MTD reaction. The inhibitory effect of water could be clearly
seen, if only selectivity or yield to DME was considered. In that case,
selectivity or yield to DME decreased as water concentration in the
reactor inlet increased. In fact, the maximum of DME yield diminished
from 52%, when only methanol was fed, to 25% when a 10% of water
was cofed. In this sense, Akarmazyan et al. [7] with a y-Al.O3 catalyst,
observed more than a 20 % of methanol conversion decay, after 5 h on
stream, when 10 % of inlet water was cofed; Xu et al. [44] with different
inorganic solid-acid catalysts observed a decay in more than a 50%,
when 3% of water was added; Palomo et al. [13] with a Zr-loaded P-
containing activated carbon catalyst, reported a reversible 10% of
activity loss, when 2 % of water was cofed with methanol, suggesting,
in this case, that the inhibition effect is more related to competitive
adsorption, rather than an irreversible deactivation of the active site.

On the other hand, coke yield remained practically the same, when
water was cofed, suggesting that the mechanism of coke production was
not greatly influenced by the presence of water, probably because the
main coke precursor was methanol rather than DME (whose
concentration decreased in the presence of water). These results can
be apparently in opposition to other results reported in the literature,
where the presence of water reduced the coke production. However, as
Gayubo et al. reported [45], this reduction can be associated, for
example, to a lower reactivity, due to the dealumination of zeolitic type-
catalysts.
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With regard to the formation of methane and CO, their corresponding
yields are not affected by the cofeeding of water, independently of the
inlet water partial pressure used, which is in agreement with the
proposed equations 3.27-29, since coke and CO were probably formed
from the formaldehyde intermediate, whose formation implies the
simultaneous release of methane, and water is not involved.

All these results seem to point out that the reduction in methanol
conversion when water was cofed, shown in Figure 3. 27, can be mainly
attributed to the reduction in the selectivity to DME, since no other
relevant changes were observed. In this sense, the equilibrium reaction
of methanol dehydration could be shifted to the methanol formation from
DME in the presence of large quantities of water.
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Figure 3. 28. Yield to DME, Coke, Methane and CO as a function of
TOS in the MTD reaction with different water concentrations cofed.
Reaction conditions: temperature of 500 °C, methanol partial pressure
of 0.04 atm and a space time of 75 gcat'S/mmolchzon.

3.3.2.2. Stoichiometric study of MTD reaction

A study on the stoichiometry of the MTD reaction has been performed
taking into account only the main compounds obtained, in order to
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validate the reaction pathway proposed in equations 3.26-29. The
proposed reaction pathway considers that water release was attributed
to methanol dehydration (eq. 3.26) and coke production (eq. 3.51).
Olefins production could also produce water, but it has been disregarded
because they were detected at very low concentrations (traces) as
compared to the formation of DME and coke. Based on these equations,
experimental outlet water concentration must be equal to the water
released by DME production (equimolar to DME concentration) plus the
water released by coke deposition (equimolar to coke precursor). Figure
3. 29a collects experimental and calculated water in the MTD at 450 °C,
500 °C and 550 °C. Both profiles are very similar at every TOS, at 500
and 550 °C and the slight deviation found at 450 °C could be related to
the lower coke production observed at this temperature, which can
induce more experimental error. In any case, these similarities
supported the assumption that water was mainly released by DME and
coke production.

On the other hand, methane release seems to be associated to the
formation of CH,O(ads) intermediate by eq. 3.27. This CH.O(ads),
subsequently, evolves to CO (eq. 3.28) or coke (eq. 3.29). Figure 3. 29b
compares the experimental methane concentration with the sum of CO
concentration and coke production (equimolar to coke precursor), at
different temperatures. Similar tendency can be seen in both
concentration profiles, endorsing, this way, the reaction pathway
proposed in equations 3.28 and 3.29. In addition, it is important to
highlight that the formation of methane is very low (concentrations lower
than 0.3%) from a TOS of 10 h.

Finally, the similarity between the concentrations of hydrogen and
carbon monoxide, observed in Figure 3. 24a, was also in accordance
with the reaction proposed in eq. 3.26, which predicted the
equimolecular release of both compounds. The slight higher release of
CO in the earlier times compare to hydrogen evolution can be attributed
to the decomposition of oxygen surface groups present on the activated
carbon surface, which are evolved as CO at the range of temperatures
used in this work [46].
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Figure 3. 29. Experimental (symbols) and calculated (dashes lines)
molar concentrations of water and methane, respectively, as a function
of TOS, at different reaction temperatures. Reaction conditions:
methanol partial pressure of 0.04 atm and a space time of 75
Jcat'S/MmMOlcH3on

3.3.3. Kinetic modelling and parameters estimation

Taking into account the aforementioned analysis, a kinetic study was
carried out over the ACPZr catalyst for the MTD reaction. With this goal,
the reaction pathways previously reported for this catalyst at different
experimental conditions were considered. In this sense, Palomo et al.
following a Langmuir-Hinshelwood mechanism, proposed a 4 step
mechanism for DME production, in which 2 methanol molecules were
sequentially adsorbed in the active sites and, then, reacted with each
other to produce DME and adsorbed water, which was desorbed to
regenerate the initial active sites [11]. On the other hand, at higher
temperatures(between 450 °C and 550 °C), two adsorbed methanol
molecules could also react through a six-member ring, producing
methane and an intermediate that evolved mainly to coke and water or
CO and hydrogen [12].

For this reason, this model included DME formation, but also coke,
methane and CO as the main carbonaceous byproducts. Nevertheless,
olefins and paraffins production are not considered, as they are only
found in trace levels at the reactor outlet.

Initially, the reaction rate at zero time on stream was predicted by a
kinetic study [11,12]. The operating conditions used for the kinetic study
were: inlet methanol partial pressure from 0.015 to 0.08 atm and inlet
water from 0.02 to 0.1 atm; space times from 50 to 100 g-s/mmol eactive;
and temperature from 450 °C to 550 °C. The assumptions taken into
account for the development of the kinetic study were:
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A uniform distribution of active sites on the catalyst surface
Homogeneous distribution of the catalyst in the catalytic bed
Ideal flow, without radial gradients of concentration

Isotherm catalytic bed

Negligible heat and mass transfer limitations

For this reason, plug flow integral reactor can be used to describe the
experimental data. The mass balance equation for methanol, DME,
methane and CO can be defined in the form of eq. 3.30.

aXx;

—_—_ =7
()
d
FMeOH,

where X; is extent of reaction, which could account for methanol
conversion or DME, methane and CO yield; W is the catalyst mass (g);
Fumeon, accounts for the inlet methanol molar flow (mol/s) and r; is kinetic
rate of consumption or formation for the i species (atm/(g-s)).

(3.30)

Temperature dependence of kinetic constants, k;, is considered to
follow Arrhenius law (eq. 3.31), while adsorption and equilibrium
constants, K;, followed Van't Hoff law (eq. 3.32).

ki = ko, - exp (—24) (3.31)
K; = Ko; - exp (=) (3.32)

where k,; and K,; are the apparent preexponential factor; R is the
universal gas constant (J/mol-K); T is the reaction temperature (K); E, ;

is the activation energy of reaction i (J/mol) and AH; the adsorption
enthalpy of the equilibrium i.

A detailed description of the reactions taking place at higher
temperatures, (summarized in eq. 3.26-29), and based on the already
described mechanisms, are collected in eq. 3.33-3.39.

CH;0H ++&x M (3.33)
CH;0H+*M & M« M (3.34)
M * M & W + CH;0CH; (3.35)
* W &= +H,0 (3.36)
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M +M —-*1+ CH, + H,0 (3.37)
* | &*x 4+CO + H, (3.38)
*] -x C+ H,0 (3.39)

In this scheme, * stands for free active site; * M represents one
adsorbed methanol molecule on the active site; M+« M means two
adsorbed methanol molecules as described in previous works [11,12];
* W corresponds to an adsorbed water molecule; whereas =1 and = C
represents a formaldehyde intermediate and coke deposited on the
active site, respectively. Eq. 3.33, 3.34 and 3.36 represent methanol and
water adsorption equilibria, respectively, while eq. 3.35 accounts for
DME formation reaction; eq. 3.37 for the formaldehyde intermediate
formation with methane and water evolution; eq. 3.38 for the
decomposition of formaldehyde to CO and hydrogen; and eq. 3.39 for
the decomposition of formaldehyde intermediate to coke. Moreover, no
adsorbed DME step has been taking into account as DME desorption
has been considered very fast.

Assuming fast equilibrium for the adsorption of methanol and water, the
concentration of adsorbed species can be estimated as follows:

C*M == KM,l . PM . C* (340)
Cmsm = Kmz2 - Pu - Com = Km2 - Kmp - P - Co (3.41)

Where C, is the concentration of free active sites available for adsorption
of methanol or water molecules (mol/g); C,y and Cy.y are the
concentration of active sites with one or two methanol molecules
adsorbed, respectively (mol/g); C.., is the concentration of active sites
with water adsorbed; Ky ; and Ky, , stands for the adsorption equilibrium
constants of single methanol and a second methanol molecule on the
active site (atm™); Ky represents water equilibrium adsorption constant
(atm™); and Py and P, represent the partial pressures of methanol and
water (atm). The site balance is described in eq. 3.43.

C*t = C* + C*M + CM*M + C*W + C*I (343)

In it, C,; represents the total concentration of active sites (mol/g). This
equation can be simplified assuming that the surface concentration of
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the intermediate, C,;, is negligible compared to the other products, as
this specie must be similar to an adsorbed formaldehyde, and this
molecule is a highly reactive specie that quickly decomposes into
products.

The rate equations for each surface reaction step are shown in eq. 3.44-
47.

’ K/sr
ri3 =K Cpum — Ksr - PomE - Cow (3.44)
r1s = K'sr2 - Cpum (3.45)

1 K/srs o K/sr3 2
Iig = Koz - Gy == Poo " Pu, - G = Koz - Gy — == - Pgp - €. (3.46)
SR3 SR3

ry7 = k,sr4 - Gy (347)

where K';, K's12, K'sr3 and k', are the kinetic constants of the surface
reactions (s); Ksg (atm'), Ksgs (atm?) are the equilibrium constant of
surface reactions; Py, Pome, Pw, Pco, Py,the partial pressures of
methanol, DME, water, CO and H: (atm) respectively and C,; the surface
concentration for the intermediate species, presumably adsorbed
formaldehyde, formed on the catalytic site (mol/g). r;, has been
simplified assuming that the partial pressure of hydrogen must be equal
to CO partial pressure, since it is the only reaction in which CO and H-
are formed, and they are obtained in equimolecular ratio. This
assumption has been previously verified in Figure 3. 24a. Thus, the
surface concentration of the intermediate was calculated assuming that
rys is equal to ryg + ry7:

k’sr3.p(2:

Krgrz-Kym 1-Km 2P+
sr2'B™M,1"BM,2°'t' M Ksr3

Cu = -C. (3.48)

K/sr3+K/srq

Combining the site balance equation, Eq. 3.43, with the surface
concentration equations, Eq. 3.40-42 and 3.48, the site balance can be
rearranged to provide an expression of the free fraction of active sites,
0., as eq. 3.49 shows:

=9, = ! (3.49)

Cut T 14K 1-PMm+Ky 1 -Km 2 Py +KwPw
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If surface reactions are considered as rate determining steps for every
compound, rate expressions for DME (eq. 3.50), CH, (eq. 3.51) and CO
(eq. 3.52) can be obtained by substituting the fractional coverage values
as defined in eq. 3.40-42 and 3.49.

2 _PpME KwPw
ksr+(Kwm, 1K 2Pt -

Ksr
r S 3.50
DME ™ "13 ™ 1 4 Kp1Pm+Km,1Km 2 P2 +Kw Py ( )
r =1, = ksrz'KM,l'KM,z'PIZVI (3 51)
CHy ™ 716 ™ 14 Ky1Pm+Kn 1Ky 2Py +Kw-Pw :
ker'ker'KM,l'KM,Z'Pﬁ/l ) ( Ksr3 k=L )~P2
_ _ ksr3+Ksra “\ksrg+ksrg 513/ " CO
co =T17 = (3.52)

1+Km 1Pm+Km,1Km 2P3 +KwPw

In them, all the kinetic constants (from k. to kg4, mol-g'-s™) are
redefined as the product of k;' - C,;. Finally, methanol decomposition
rate can be described attending to the formation rates of the products
and taking into consideration the stoichiometry of the MTD reaction as
follows:

IcH,0H = —2 * T'pME — I'cH, (3.53)

To obtain the kinetic parameters, a MATLAB® program based in the
Nelder-Mead simplex algorithm, was used. The program minimized the
objective function (eq. 3.54), defined as a square difference between
experimental and calculated data for every experiment.

2
OF = Z (Xi,exp - Xi,cal) (3-54)

where x; .., is the experimental conversion/yield of the i species, and
X; cal IS the conversion yield of the i species estimated from the solution
of their respective mass balance equation.

Figure 3. 30 compares the calculated data versus the experimental
results at zero time on stream, at different operation conditions. As it can
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be seen, the model successfully reproduced the experimental data. Only
low deviations were found for methane yield obtained at high methanol
partial pressures, where the model over predicted the methane
conversion, and for the DME yields and methanol conversions obtained
at the lowest temperature (450 °C) and the shortest space time (50
g-s/molchson). For the latter case, it looks like the inhibition effect of
water in DME formation via the promotion of DME hydration is stronger
in the catalyst than the one predicted by the model.
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Figure 3. 30. Calculated versus experimental conversion of methanol
(a) and yield to DME (b), Methane (c) and CO (d) at zero time on
stream for the different operating conditions (temperatures of 450 °C,
500 °C and 550 °C; methanol partial pressure of 1,5 %, 4 % and 8 %;
space time of 50, 75 and 10 gcat'S/mmolct:oH)
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Table 3. 11 collects the kinetic data at zero time on stream for the
reactions proposed in the mechanism. As can be seen, Kinetic
parameters related to DME formation (kg., Ky, and Ky ;) and water
desorption (1/Ky/) are very similar to the kinetic parameters proposed
by Palomo et al. [11] at lower temperatures, which corroborated that the
same mechanism of DME production takes place at the higher
temperatures used in this study. Only some discrepancies can be seen
for Ksg, as the high preexponential factor and the low adsorption
enthalpy reported in their work produced a negligible value of DME
hydration reaction. The authors stated that the reverse DME formation
reaction can be considered negligible for the operation conditions used
in their study [11]. Nevertheless, at the conditions herein tested, this
reaction has an important role, as discussed in section 3.2.1. It is also
noteworthy that, at these experimental conditions, methanol adsorption
on the active site is favored over water adsorption, as suggested by the
higher value of Ky, compared to that of Ky, explaining why coke
formation was barely affected by water adsorption (see Table 3. 11).
Thus, the inhibitory effect of water on DME formation seems to be
established via the DME hydrolysis reaction. The evaluation of DME
formation rate and the reverse reaction rate (at 500 °C, a methanol
partial pressure of 0.04 atm and methanol conversion of 50%) shows
reaction rate values of 1.14-10° and 4.02:10° atm/g-s, respectively.
These results suggest that, even in the absence of water in the inlet
stream, nearly 40% of the DME would react to produce methanol at
these conditions.

On the other hand, activation energy for k., (methane formation) has a
lower value than DME formation, which implies that the deactivation rate
(triggered by reaction r;g, which runs in series with methane formation)
is less sensitive to temperature changes. This result indicates that DME
formation prevails over deactivation by coke at the highest reaction
temperature. Finally, k'value (which corresponded to the ratio
k¢4 /Ksr3, @and was related to the selectivity towards coke formation in
the decomposition of the intermediate) indicates that activation energy
for coke production is higher. Again, this result is in accordance with the
experimental data, where coke formation rate becomes faster than CO
formation as reaction temperature increases.
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Table 3. 11. Kinetic parameters of best fit for Eqs. 28-30 and constant

value at 500 °C
ky or K Units E,orAH Constant
(kd/mol) value at
500 °C
Kgr 1.3 mol-gea''s” 65 5.3-10°
Kz 56107  atm 123 0.01
key, ~ 2.7-107 mol-geat '™ 51 9.2:10¢
s 6.6 mol-gear's”' 15 0.7
Kk’ 69.5 - 19 3.7
Km: 3.0 atm-! 15 31.1
K2 3.6 atm’’ -10 171
Kw 0.01 atm’ -41 8.5

Several kinetic studies have been performed for the MTD reaction.
Specifically, Hosseininejad et al. [23] with an Amberlist 35 as catalyst,
reported an activation energy of 98 kJ/mol at temperatures between
110-135°C. Lower values of E,, around 75 kd/mol, were proposed by
Bercic et al. [17] using y-Al.Os, at temperatures between 320-360°C.
This value was similar to the E. reported by Mollavali et al. [26], for
another y-Al;Os, ranged between 57-62 kJ/mol, but far from the value
provided by Sierra et al. [29], 264 kJ/mol, for the same reaction. Migliori
et al. [47] with a H-FMI catalyst, proposed different activation energy
values, between 50-68 kJ/mol, at temperatures between 170°C to
250°C, and they related these values with the ratio Si/Al of the zeolite.
Pop et al. [21], with H-SAPO-34, obtained an activation energy value of
80 kJ/mol at temperatures between 80-250 °C. On ZSM-5, Ortega et al.
[20] obtained a E, between 80-130 kJ/mol. Ha et al. [19], with a modified
ZSM-5, obtained an activation energy around 55 kJ/mol. With activated
carbons, Moreno-Castilla et al. [9] obtained an increasing E. from 85-
115 kd/mol in the range of temperatures 140-180 °C. Finally, Palomo
obtained an E. of 70 kdJ/mol for the same catalyst, but operating at lower
temperatures. Many of these values are similar to the E, obtained in the
present kinetic study for the MTD reaction.
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All the rates above calculated only account for the zero time on stream,
so they are considered initial reaction rates. As the time on stream
increased, some loss of activity was observed, associated to the coke
deposition on the actives sites. Therefore, to describe the evolution of
reactant and product yields with TOS, a deactivation function became
necessary. This deactivation function was directly related to the amount
of coke deposited, which was described by several empirical equations,
proposed by Froment et al. [36]. Once the equation describing the coke
evolution with TOS is obtained, it will be used as the model input for the
catalyst deactivation function, which relates coke formation with catalyst
deactivation. The empirical equations tested for the coke evolution with
TOS are collected in eq. 3.55-59.

Ceoke = éln (1+a-r%,, - TOS) (3.55)
Ceoke = = [1 = €xp (=@~ Iy - TOS)] (3.56)
Ceoke = = [1 - m] (3.57)
Ceoke = é[\[m- ro . -TOS+1— 1] (3.58)
Ceoke = %[3\/30( 0 o -TOS+1— 1] (3.59)

where C..re Stands for the percentage of coke deposited on the catalyst;
ro.1eiS the initial coke production rate and « is a deactivation constant.
To predict the data at different operating conditions, initial coke
production rl , . (without deactivation), was predicted using a pseudo n™
order equation (eq. 3.60)

! Ea
e = k' - exp (—22) - P&y o (3.60)

where k' is the preexponential factor; E, is the activation energy of coke
production; R is the universal gas constant; T is the temperature (K);
Pcy,on is the partial pressure of methanol and n is the reaction order.
The coke formed at different time on streams, inlet methanol pressures
and reaction temperatures were determined experimentally by weighing
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the catalytic bed, and the least square differences between these
quantities and the coke predicted by the different models was minimized
using the Nelder-Mead simplex algorithm in Matlab®:

2
OF = Z (Ccoke,exp - Ccoke,cal) (361)

where Ceopeexp 1S the experimental amount of coke deposited, and
Ceoke,cal IS the amount of coke estimated from the Eq. 3.55-59.

Table 3. 12 collects the least square difference (i.e. value of OF at the
end of the minimization procedure) and the best fitting parameters for
the different coke production equations (eq. 3.55-59), being the
deactivation constant (a) the one with a higher impact in the prediction
of coke content. The minimal value using as optimization parameter, eq.
3.61, was achieved with eq. 3.57, so this equation was selected as the
model input for the development of the catalytic deactivation function.

Table 3. 12. Parameters for coke deposition using different
deactivation equations obtained for temperatures between 450 °C and

550 °C
® ke (kar;ol) OF
(3.55) 0.184 1.24-10° 135 0.88  0.019
(3.56) 0.043 5.14-108 122 096  0.021
(3.57) 0.038 2.61-10° 130 079  0.015
(3.58)  5.98-10" 3.20-102' 87 0.88  0.053
(3.59)  4.16-107 1.91-10% 120 0.98  0.030

Figure 3. 31 represents the coke content as a function of TOS for the
MTD reaction and the calculated coke content by using eq. 3.57. A good
agreement between experimental and calculated data can be seen.
Independently of the equation used, all of them predict a reaction order
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near to one, which is supported by previous works reported in the
literature [48]. The activation energy obtained from the fitting (in the
range 450-550 °C) has a value slightly higher than values reported for
other catalysts at similar conditions [33,37,48], probably because this
reaction was performed at higher temperatures (450-550 °C) and the
nature of the coke obtained can be different.
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Figure 3. 31. Coke content as a function of TOS for different feeds in
the MTD reaction; Reaction conditions: space time of 75
geatS/mmolcHzon. Experimental data (points) and calculated (lines)

Once coke content as a function of TOS was successfully modeled, it
was used to obtain a deactivation function, which was added to every
rate equation, as is shown in eq. 3.62. The expression of the
deactivation function @; is represented in eq. 3.63

ry = r'io - @i (Ceoke) (3.62)
®; = exp (_O(i : Ccoke) (3-63)

Where rio is the rate at zero time on stream for the i product, i.e. DME,
CH4 or CO, and they were predicted by the kinetic model previously
developed; and ®;(C,..k.) is the corresponding deactivation function. As
can be seen, this deactivation function depends on the coke content,
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which is a function of TOS and was predicted by eq. 3.57. Finally, a; is
the deactivation constant, which represents the sensitivity of the
reaction rate towards deactivation by coke deposition.

The reaction rates for DME, CO and CH4 as a function of TOS have
been determined experimentally at different operating conditions
(temperatures, space time, methanol and water inlet pressures) and
integrated to obtain the product yields. The least square differences
between the experimental reaction rates and the ones predicted by the
coke formation model, considering deactivation (Eq. 3.62-63), were
minimized again using the algorithm previously mentioned.

Figure 3. 32 shows DME, methane and CO experimental yields (points)
as a function of TOS for different reaction conditions and the calculated
ones (lines) obtained from the model using the best fitting parameters.
It should be noted that the outlet concentrations showed like an
induction period, before reaching a semi-steady state, from where the
product yield started to show a decay with TOS. The model provides a
good description of the decrease in the kinetic rate with TOS, showing
a strong reduction in yield for CO and methane, and a soft deactivation
for DME yields. It is interesting to highlight that the deactivation constant
for methane and CO presented rather similar values, 3.18:10",
meanwhile a value of 3.51:10"° was obtained for DME. This result
clearly points out that methane and CO are produced through the same
reaction pathway, which is severely affected by coke content because
coke itself is the final product. In contrast, deactivation of DME
production needs a higher amount of coke to achieve the same
deactivation degree, and the deactivation could be probably caused by
indirect mechanisms, like pore blockage by coke deposition. In this
sense, the rate decay for CO and CHys is larger with TOS as temperature
increases, whereas DME shows small sensitivity to the formation of
coke. This latter result seems to confirm that the DME reaction pathway
is unconnected to the coke formation in this catalyst. This clear
differentiated behaviour might be explained whether mainly methanol
and not DME was the main route for coke formation. However, more
studies would be needed in order to clarify this point.
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Figure 3. 32. a) DME, b) methane and c¢) CO yield as a function of
TOS at different temperatures. Reaction conditions: methanol partial
pressure of 0.04 atm and a space time of 75 gcat-S/mmolchson

3.3.4. Conclusion

An activated carbon prepared by chemical activation of olive stone
waste with phosphoric acid was used as support of a Zr catalyst. This
Zr-loaded P-containing biomass-derived activated carbon catalyst
(ACPZr) has been tested for methanol dehydration in a wide range of
temperature, including those temperatures that produce a very high
methanol conversion, closer to those used in the industrial process. The
catalyst has shown an excellent performance with high stability and
selectivity to DME at temperatures lower than 450 °C. The conversion
of methanol was very high (100%) at higher temperatures and reaction
products were mainly DME and in less extent coke, methane, hydrogen
and CO, with DME yields higher than 20%, for more than 24 h at 500
°C.

A kinetic model taking into account the production of the main
carbonaceous products (DME, methane, CO and coke) has been
proposed, including the inhibition effect of water. The stoichiometric
rates pointed out that coke could be produced through a formaldehyde
intermediate, which can also decompose into CO. Addition of inlet water
affects negatively to the DME production, with a reduction of around
50% for DME yield when a 10% of water was cofed. However, the
presence of water did not affect the coke production at temperatures
between 450 °C and 550 °C.

The model proposed in this work follows a Langmuir-Hinshelwood
mechanism, in which two methanol molecules are adsorbed with
different adsorption enthalpy values, being the surface reaction, the rate
determining step. The model successfully predicts methanol conversion
as well as DME, methane and CO yields. The activation energy for DME
production was around 65 kJ/mol and that for methane around 51
kd/mol, in the range 450-550 °C. The results of the kinetic model allowed
to conclude that the water inhibition is mainly related to the formation of
methanol through the reverse reaction.

On the other hand, coke formation as a function of TOS was also
modelled using an empirical equation, which described very well the
coke formation rate using a n order rate equation, showing an
activation energy of 130 kJ/mol and a reaction order close to one. The
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resulting rate equation of coke formation with TOS was successfully
used as the input for the deactivation function of the model, allowing to
predict successfully the DME, CH4 and CO yields in the whole range of
TOS evaluated. The similar deactivation rate values obtained for CH4
and CO confirms that both products are related to coke formation. The
lower deactivation rate observed for DME might be related to its higher
activation energy, which results in a faster increase of the DME rate with
temperature.
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Resumen

RESUMEN

Alcance de esta tesis

La busqueda de combustibles alternativos a los combustibles fosiles,
que sean renovables y no contribuyan al aumento del efecto
invernadero, es la fuerza impulsora para el desarrollo de esta tesis. En
particular, la tesis se centra en el estudio de catalizadores de origen
biomasico para la produccion de dimetileter (DME), compuesto de gran
interés industrial como sustituto del diésel convencional o los gases
licuados del petroleo. Se estudid por tanto el desempefio de un
catalizador carbonoso que contiene fésforo y circonio en su superficie,
en condiciones de trabajo de alta conversién (elevada temperatura y
largos tiempo de reaccién).

Esta tesis por tanto se estructura en 3 capitulos. El primero de ello es
una introduccién que plantea, en un primer momento, la motivacién que
ha llevado a la realizacion de esta tesis, para después mostrar el estado
del arte de este tipo de procesos. El segundo capitulo plantea los
principales métodos experimentales empleados en el trabajo, asi como
las instalaciones y técnicas de caracterizacion. El capitulo tercero,
desarrolla los resultados y la discusion suscitada tras el analisis de los
resultados. En concreto, la seccion 3.1 se fundamenta en el proceso de
oxidacion y descomposicion de la superficie de carbones activados con
fésforo en su composicion. La seccion 3.2 explora la desactivacion de
un catalizador carbonoso con fésforo y circonio, complementando este
estudio con el trabajo presentado en la seccion 3.3, en el que se
presenta un modelo cinético de dicho catalizador. Finalmente, se
concluye con un apartado que enumera las principales conclusiones
obtenidas a partir de esta tesis, asi como posibles trabajos derivados
de los resultados obtenidos.

Introduccion

El estilo de vida de la sociedad moderna requiere compuestos quimicos
y energia que, a dia de hoy, se obtienen a partir de combustibles fosiles.
En cuestiones energéticas, estos combustibles fosiles (petréleo, gas
natural y carbén mineral) representan casi un 80 % del consumo de
energia primaria. Ademas, con el desarrollo en la calidad de vida de
ciertos territorios, se espera un incremento en la demanda de energia
de alrededor de un 50 % para el afio 2050, un incremento de demanda
energética que las renovables por si solas no parece que puedan
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asumir, por lo que, sin vias alternativas, el consumo de combustibles
fésiles también se incrementara. Ademas, estos combustibles fosiles,
en especial el petrdleo, son una de las materias quimicas mas
empleadas para la produccién de plasticos, tintes, detergentes, vy
reactivos.

Por todo lo anterior, la dependencia actual de los combustibles fésiles
y, en especial, del petrdleo es muy alta. Esto conlleva una serie de
problemas. El primero de ellos es la contaminacién por la emisién de
gases de efecto invernadero, como el CO», y que esta provocando un
problema de calentamiento global. Se propone para ello la reduccion de
estas emisiones, promulgadas por el Acuerdo Internacional de Paris.
Otros importantes problemas son el agotamiento de estos combustibles
fésiles (que se estima de 30 anos para el petréleo, 40 para el gasy 70
para el carboén), asi como la concentracion de estas reservas en un
escaso numero de paises que marcan su precio, dejando que esos
paises tengan una gran influencia econémica en el resto.

Una posible solucion a estos problemas es la implantacion de
biorrefinerias, que permite obtener todos los combustibles y productos
de interés industrial obtenidos en una refineria de petréleo, pero
empleando como materia prima biomasa renovable. De esta forma no
se contribuye al incremento neto de CO. y se distribuye de forma mas
amplia entre paises la capacidad de generar la materia prima (biomasa)
para este tipo de industrias. No obstante, solo las biorrefinerias de 22
generacion, que emplean biomasa lignocelulésica residual como
materia prima podrian implantarse en un periodo breve de tiempo y de
forma que no dane las reservas mundiales de alimento.

Aplicando este concepto de biorrefineria, el DME se plantea como un
prometedor sustituto renovable del diésel convencional, pues presenta
un indice de cetano mayor al diesel, su empleo en motores de
combustidon interna no emite particulas ni humos y emite menores
cantidades de NOx. EI DME también se puede emplear como sustituto
de los gases licuados del petréleo (GLP), pues comparte caracteristicas
similares a este y podria aprovecharse de la infraestructura ya
planteada para los GLP. Debido a su volatilidad, se puede emplear
como combustible en turbinas de generacion eléctrica o como
propelente de aerosoles. Ademas, debido a su alto ratio H/C, es un
buen candidato como vector de hidrégeno. Por ultimo, el DME también
se puede emplear como molécula plataforma, siendo materia prima
para la produccion de olefinas, gasolinas y varios compuestos de
interés industrial.
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La obtencién de DME se puede realizar por la que se conoce como “via
indirecta” o por “via directa”. En la via indirecta, en una primera etapa
se obtiene metanol a partir de gas de sintesis, en catalizadores de Cu-
ZnO/Al,Os.Posteriormente, en una segunda etapa, se deshidrata ese
metanol para producir DME. Industrialmente se emplea para ello y-
Al,O3, pues este tipo de catalizadores deben presentar una acidez
moderada (si la acidez es muy fuerte, se forman olefinas y otros
hidrocarburos). Otros catalizadores que presentan gran potencial en
deshidratacién de metanol son ciertas zeolitas (en especial la HZSM5),
fosfatos metalicos de aluminio, silicio-alumino (SAPQO) o zirconio,
heteropoliacidos (HPA), resinas de intercambio i6nico, e incluso ciertos
Oxidos metalicos.

Aunque la produccién industrial se lleve a cabo por el método indirecto,
se esta promocionando en la actualidad el denominado método directo,
en el cual, en un mismo reactor, partiendo de gas de sintesis, se obtiene
directamente DME. Para este proceso se requieren catalizadores
bifuncionales que deben presentar una fase metalica y una fase acida,
consiguiendo de esta forma desplazar el equilibro hasta la formacién de
DME vy pudiendo suavizar las condiciones de reaccion. Los
catalizadores empleados para este proceso suelen ser mezclas fisicas
de los catalizadores empleados en el método indirecto, aunque se estan
estudiando nuevos métodos de preparacion (coprecipitacion, sol-gel,
electrohilado) que den mas rendimiento a DME. Destaca entre todos
ellos el concepto de “core-shell”, en el que la fase metalica se encuentra
en el interior, recubierto por la fase acida, obligando asi a que el metanol
sintetizado pase por la fase acida donde se realiza su deshidratacion.

Similar a la produccion de DME a partir de gas de sintesis, en los ultimos
afios, se esta estudiando la produccién de DME a partir de COg, lo que
permitiria obtener un combustible renovable a partir este gas de efecto
invernadero. Este es un proceso mas complejo que la conversién del
gas de sintesis, pero para el cual se emplean catalizadores similares,
modificados para maximizar la conversion de COa.

Otro de los productos de alto interés industrial que se pueden obtener
a partir de una biorrefineria son los carbones activos. Estos materiales,
empleados tradicionalmente como adsorbentes o soportes cataliticos,
presentan una porosidad muy desarrollada y cuyo proceso de
activacion (generacion de porosidad) puede modificarse para
adecuarse a unas necesidades determinadas. Los procesos de
activacion pueden dividirse entre los fisicos (gasificacion parcial con
oxidantes como CO. o vapor de agua) o los quimicos (pirdlisis en
presencia de un agente activante, como ZnCl,, acido sulfurico, KOH o
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acido fosforico). En particular, la activacion con acido fosférico a ciertas
condiciones de operacién proporciona materiales acidos, mesoporosos
y con cierta resistencia a la oxidacion que también presentan
propiedades cataliticas.

Por ultimo, cuando se trabaja en condiciones industriales, un problema
comun es la desactivaciéon de catalizadores, que puede dividirse en
varias categorias. El envenenamiento de centros activos, que se
produce por la adsorcién irreversible en el centro activo de ciertos
compuestos presentes en el gas de alimento. La sinterizacion, que
consiste en la agregacién de particulas cataliticas o en el colapso de
estructuras por accion de la temperatura. EI cambio de una fase activa
a otra no activa, también por efecto de la temperatura. La migracion de
la fase activa, por la accién de compuestos presentes en el medio que
volatilizan ciertos compuestos de la superficie del catalizador. O, por
ultimo, la deposicion de coque, producido por la adsorcidén vy
polimerizacién de alguno de los reactivos, cubriendo el centro activo e
impidiendo que realice su accion de catdlisis. Este ultimo tipo de
desactivacién, observado en catalizadores acidos, presenta por lo
general un caracter reversible, puesto que se pueden gasificar los
depdsitos de coque empleando una corriente oxidante y por ello es de
gran utilidad la cuantificacién tanto del carbén depositado como del
efecto reductor de actividad en el catalizador.

Objetivo

En la busqueda de la sostenibilidad global, el uso de catalizadores
renovables para producir combustibles renovables que no contaminen
es una alternativa interesante. Por ello, en esta tesis se ha estudiado
un catalizador carbonoso con fésforo en la reaccién de metanol a
dimetiléter (MTD) en condiciones donde la conversion sea alta.

En particular, se estudio el proceso de oxidacién-descomposicién de los
grupos C-P/C-O-P de la superficie del carbén, que presentan
caracteristicas cataliticas en la reaccion MTD, asi como la capacidad
de dotar al catalizador de una alta resistencia a la oxidacion, muy util
durante el proceso de regeneracion.

Debido a las condiciones de alta conversion estudiadas, los
catalizadores carbonosos con P y Zr sufren de desactivacion por
deposicidon de coque, desactivacion que se pretende estudiar para
mejorar el proceso de sintesis de los catalizadores y sus condiciones
de reaccion, asi como su posible regeneracion.
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Metodologia experimental

Para la preparacion del carbon activo con fosforo se ha empleado hueso
de aceituna como precursor carbonoso. Este precursor se puso en
contacto con acido fosforico (ratio masico 2:1 acido:hueso) durante una
noche en estufa a 60 °C y posteriormente se sometié a 800 °C (rampa
de calentamiento 10 °C/min) en un horno tubular con un flujo de
nitrégeno (150 cm®min) durante 2 h. Posteriormente se lavé con agua
destilada a 60 °C hasta pH constante en el agua de lavado y se tamizo
entre 100-300 um. Este carbén se impregnd con oxinitrato de zirconio
para obtener una cantidad masica final de Zr del 525 % en el
catalizador y se estabilizé en una mufla a 250 °C por 2 h.

Para la caracterizacion de los materiales se emplearon las siguientes
técnicas: isoterma de adsorcion-desorcion de nitrégeno a -196 °C y de
absorcion de CO; a 0 °C; Espectrometria fotoelectrénica de rayos X
(XPS); desorcion térmica programada (TPD) en atmdsfera inerte; y
espectroscopia de resonancia nuclear en el angulo magico (MAS-
NMR).

Los experimentos de oxidacién del carbén se llevaron a cabo en 50 mg
de carboén en un reactor de cuarzo de 4 mm de didmetro interno tras un
tratamiento térmico en 200 cm®min de He a 1000 °C. La oxidacién se
realizé con una corriente de un 3 % de oxigeno en nitrdgeno con un
caudal de 100 cm®/min. La temperatura varié de 30 a 340 °C y el tiempo
de 30 sa 24 h.

Los experimentos cataliticos de deshidratacion de metanol se
realizaron en el mismo reactor de cuarzo (4 mm d.i.) en el que se
introdujeron de 50 a 300 mg de catalizador. Se mantuvo una corriente
de 70 cm®min de nitrégeno donde se varié la concentracion de 0.015 a
0.08 atm de metanol y la temperatura de 450 a 600 °C. La cuantificacion
se realizé en un micro-GC con columnas de tamiz molecular, PPQ and
wax. El coque se cuantifico por pesada. Los experimentos de
regeneracion se llevaron a cabo con una corriente de 70 cm®min de
aire a 350 °C durante 2 h.

Resultados y discusion

En la primera parte de este capitulo, se aborda el proceso de oxidacion
de un carbdn activo con fosforo, asi como la descomposicién de sus
grupos superficiales, siendo el grupo C-P/C-O-P el de mayor interés
pues dota a los catalizadores de una elevada resistencia a la oxidacion.
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La caracterizacion mediante isotermas de estos materiales carbonosos
mostré una desarrollada textura porosa (Aser de 1232 my/g), con una
mayor predominancia del microporo ancho (0.7-2 nm) frente a los
estrechos. La caracterizacion por XPS mostro la presencia de un 1.1 %
atomico de fésforo, que permanecian en el carbon incluso tras un
tratamiento térmico a 1000 °C, y que estaban en la forma de grupos C-
P y C-O-P. Ademas, tras el tratamiento a 1000 °C aun presentaba
entorno a un 7 % masico de oxigeno, que se puede achacar a la
oxidacion de varios grupos C-P en el manejo de la muestra hasta el
analisis XPS.

Por andlisis TPD se obtuvieron los grupos superficiales del carbdn con
fosforo. Para corroborar que no hubiera problemas en la instalacion, se
realizaron dos TPD consecutivas, observandose una cantidad
despreciable de grupos oxigenados tras la segunda TPD. Los grupos
detectados y que evolucionan como CO son, en orden creciente de
maximo de temperatura de evolucién, aldehidos, anhidridos, fenol/eter,
carbonil/quinona y grupos C-O-P. Los que evolucionan como CO;
serian los acidos carboxilicos, anhidridos, lactonas y grupos de fésforo
O=C-O-P. La primera gran diferencia que se observa es la diferencia
entre las cantidades que evolucionan como CO y las de CO,, que son
unas 15 veces inferiores. Esto se relaciona directamente con la poca
presencia de grupos oxigeno-carbon acidos, frente al resto de grupos
oxigeno-carbon, siendo por tanto el grupo C-O-P el que aporta la acidez
del carbdn.

Basado en el analisis TPD se planteé un estudio cinético no isotermo
para la evolucién de cada grupo funcional en COy. Las asunciones que
se tuvieron en cuenta fueron que no hubiera limitaciones a la
transferencia de calor ni materia y flujo ideal. Para el modelo cinético se
partié de la ecuacion del reactor tipo Batch y la ecuaciéon no-isoterma
de Arrhenius.

dX;
(=R = Ny d_tL
! _E 1'
=i e (g p)

donde —R; es la velocidad de descomposicion del grupo i (umol/g-s),
N;o el numero de moles de ese grupo funcional i (umol/g), X; es la
conversién de ese grupo funcional i y t el tiempo (s) ; k; es la constante
cinética de velocidad, k; es el factor preexponencial y E,; (kJ/mol) la
energia de activacion del grupo i, R la constante ideal de los gases
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(J/mol-K), T, la temperatura inicial (K) y § la velocidad de calentamiento
(° C/min).

Asumiendo que cada una de las reacciones de descomposicidon
transcurre independiente del resto de reacciones y descritas por una
ecuacion de primer orden, la ecuacién que describe cada reaccion es:

dx;

—E. .
T kio - exp <A) (1 -Xp)

R-(To+p-t)

Las energias de activacién obtenidas para la descomposicion de los
diferentes grupos funcionales se muestran en la siguiente tabla:

Grupo E, (kJ/mol) ko (s)
L Acido carboxilico 42 456
H Acido carboxilico 30 1.0
Aldehido 45 395
Anhidrido 62 66
Fenol/éter 93 386
Lactona 55 1.2
Carbonilo/Quinona 97 94
Fosforo (CO) 249 9.22-108
Fosforo (CO-) 259 4.60-10°

Se observa que a mayores temperaturas para la maxima velocidad de
evolucion de ese grupo funcional a CO también aumenta la energia de
activacion de descomposicion de ese grupo funcional.

La oxidacién de la superficie limpia (tratada en helio a 1000 °C) mostré
que conforme se aumentaba la temperatura (de 25 a 340 °C) o el tiempo
de oxidacion (de 30 s 24 h), el grupo asociado con los C-O-P también
aumentaba hasta estabilizarse a 300 °C y 12 h de oxidacion, cantidad
que no variaba aunque se aumentara la temperatura, sugiriendo la
saturacion de dicho grupo. Ademas, a esas temperaturas se observaba
una clara presencia de los grupos carbonil/quinona y fenol/éter.
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La cantidad de los diferentes grupos oxigeno-carbon se cuantificd
mediante TPD y se realizé un estudio cinético para el cual se empled la
ecuacioén de Elovich:

_ ki Ea) . p = %
i =53, P\ "rr) b T R7

donde q; es la cantidad de ese grupo i (mmol/g), t es el tiempo (min),
a; la velocidad inicial del grupo i y b; una constante relacionada con la
heterogeneidad del catalizador; k'; es el factor preexponencial, E,; la
energia de activacion, R la constante de los gases ideales (J/mol-K), T
la temperatura (K) y a la constante de heterogeneidad. A partir de esto
las energias de activacion para la oxidacion de la superficie del carbon
y la formacién de grupos oxigeno-carbén es:

Grupo E, (kJ/mol) ko o

Suma total 42 2.36-10° 2.39:104
C-O-P 13 1.30-107 4.36-10*
Carbonil/Quinona 73 4.74-10" 1.05-10°
Eter 79 1.50-10° 5.12-10%
Anhidrido 58 3.54:103 3.38:10°
Lactona 61 1.85-10* 1.05-10°

Se observa un valor muy bajo para la oxidacion de los grupos C-P a C-
O-P, lo que explicaria su oxidacién durante el manejo hasta el analisis
XPS. Esto parece indicar que se requiere que todos los grupos C-P se
encuentren oxidados en la forma C-O-P para que el oxigeno reaccione
con la superficie del carbén y forme otros grupos oxigeno-carbon,
explicando asi por qué la presencia de estos grupos de fésforo aumenta
la resistencia a la oxidacion. En concreto, se debe a la necesidad de
una alta temperatura para que esos grupos C-O-P se descompongan y,
como se ha visto, en presencia de grupos C-P se impide la formacion
de otros grupos oxigenados que evolucionarian a COx a menores
temperaturas.
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La segunda parte del capitulo 3 aborda el empleo de catalizadores
carbonosos de fosforo y circonio en la reaccion de deshidratacion de
metanol, con la finalidad de obtener un combustible renovable como el
DME, empleando ademas un catalizador altamente selectivo a DME
obtenido a partir de biomasa residual. En concreto, se estudiaron
condiciones de elevada conversion, similares a las que se emplean en
la industria.

Este catalizador se sintetizé mediante la impregnacion con circonio de
un carboén activado que contenia fésforo. La caracterizacién del
catalizador mediante isotermas de nitrégeno mostré una isoterma tipo
IV(a) con histéresis tipo H4, con un gran desarrollo de la porosidad del
catalizador, con un area BET de 1130 m?/g, mientras que el area de
microporo estrecho era de 476 m?/g. El analisis XPS mostro la
presencia mayoritaria de carbén y de alrededor de un 4.4 % de fosforo
y un 3.9 % de zirconio atomicos. Los grupos superficiales detectados
en el espectro del P eran C-O-P-O; principalmente y cantidades
similares de C-P-O y fosfato/pirofosfato de circonio. En el espectro del
Zr se observa fosfato de circonio y pirofosfato de circonio (en menor
medida).

En los experimentos de reaccién a diferentes temperaturas (presion
parcial de metanol de 0.04 y tiempo espacial de 75 gcat'S/mmolchson) s€
observa que, a temperaturas inferiores a 450 °C, tras un breve periodo
de induccién la conversién se mantiene constante durante al menos 40
h. Sin embargo, a temperaturas mayores a 450 °C se observa una ligera
caida en la conversion con el tiempo, que se intensifica a medida que
se aumenta la temperatura. Se observa ademas como en los primeros
momentos la conversion de metanol supera el equilibrio metanol-DME,
lo que sugiere la presencia de reacciones secundarias.

Si se centra la atencién en la selectividad, se observa que a
temperaturas inferiores a 450 °C, la selectividad es total a DME. A 450
°C, esta selectividad decae ligeramente, pero se mantiene en torno a
un 90 % durante mas de 24 h. A 550 °C este valor disminuye a un 60
%, siendo apreciables las selectividades a coque y metano. Esta
presencia de reacciones secundarias se confirma observando la
cantidad de DME y agua: a 400 °C y 450 °C ambas curvas presentan la
misma concentracion, mientras que a 550 °C la cantidad de agua es
superior a la de DME. Ademas, a esos 550 °C, la concentracion de CO
e Hz es, aunque baja, similar. Ciertos estudios previos en fosfato de
circonio parecen indicar que la desactivacion podria venir por la
presencia de un intermediario similar al formaldehido que
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posteriormente descompone en coque y agua (mayoritariamente) o CO
e H..

La caracterizacion de las muestras parcialmente desactivadas
determiné que habia una disminucion en la porosidad a medida que se
aumentaba el tiempo de reaccion y con ello la cantidad de coque
depositada, y que esta perdida era mayoritariamente en el microporo.
Ademas, la concentracion por XPS muestra que disminuyen las
especies superficiales tanto de fésforo como de circonio con el tiempo
de reacciéon, a medida que aumenta la de carbono. La reaccion a 450
°C durante 15 h disminuye eminentemente los grupos C-P-O y C-O-Ps,
observables en el espectro XPS del P. En el espectro XPS del Zr se
observa también una caida de las especies de fosfato de circonio, pero
un ligero aumento de las de pirofosfato de circonio.

A fin de eliminar los depdsitos de coque presente en las muestras se
realizé una gasificacién de los catalizadores parcialmente desactivados
(a 450 °C o0 550 °C) en aire a 350 °C durante 2 h. Tras el proceso de
regeneracion de ambas muestras desactivadas a diferentes
temperaturas, los catalizadores mostraban un aumento de conversién,
pero este decaia al valor anterior a la regeneracion tras unas 3 h. Esto
se achaca a la presencia adicional de grupos de fésforo no unidos al
circonio. Estos grupos presentan también poder catalitico en la reaccién
de deshidratacién de metanol, pero pierden su actividad muy
rapidamente, como se corrobora al comparar las muestras regeneradas
con el soporte (carbon con fésforo). Sin embargo, estos grupos de
fésforo en forma de C-O-PO, aunque pierden su actividad en 2-3 h,
parecen ser regenerables mediante el proceso de oxidacién con aire.

Con todo lo anterior se supone la presencia de dos grupos activos en el
catalizador, los grupos de fosforo que se desactivan muy rapidamente
pero pueden regenerarse, y los grupos de fosfato de circonio, que son
los que dotan al catalizador de una actividad mantenida en el tiempo,
pero una vez desactivados, no se pueden regenerar. Esto se corroboré
mediante la realizacion de varios ciclos de reaccion a 450 °C-
regeneracion en aire a 350 °C, puesto que tras cada regeneracion
aumentaba inicialmente la conversién, pero volvia al valor que tendria
sin regenerar tras unas 2 h.

La caracterizacion mediante isotermas de las muestras tratadas con
aire mostré una gasificacion casi despreciable del coque. Esto esta en
consonancia con lo mostrado en los rendimientos de gasificacion,
puesto que la cantidad gasificada en la muestra desactivada (4 %)
coincide con la cantidad gasificada cuando se somete el soporte a la
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gasificacién en las mismas condiciones. Esto indica la presencia de un
coque muy estable térmicamente.

El analisis por TPD de las muestras parcialmente desactivadas a 450
°C y 550 °C muestra que no se encuentran interacciones asociadas a
los grupos C-O-PO, mientras que tras su tratamiento en aire si que se
observa un hombro achacado a esos grupos C-O-PO, pero sin llegar al
valor del catalizador fresco. Ademas, el analisis XPS muestra un
aumento del fésforo en superficie, que puede deberse a cierta
gasificacion del coque, pero también a la del soporte, mostrando nuevos
grupos de fosforo anteriormente cubiertos.

El analisis mediante 3'P MAS-NMR mostré un pico definido para el
catalizador fresco y el soporte, asociado a fosfatos o fosfatos de
circonio, asi como otro de menor tamafo asociado con P-ésteres o
fosfonatos. Tras mantener el catalizador en reaccion, el pico asociado
a P-ésteres/fosfonatos desaparece totalmente y el pico de
fosfato/fosfato de circonio disminuye en gran medida. En
contraposicion, aumenta el grupo asociado con los grupos pirofosfato.
Tras la oxidacion, el grupo de fosfato/fosfato de circonio aumenta
ligeramente, asociado a la oxidacion de grupos C-PO en C-O-PO, como
se observaba en el analisis TPD y XPS.

Con todo esto, se planteo un esquema de reaccion en el que, partiendo
del grupo Zr-O-P, se pueden presentar dos vias. La via de produccién
de DME, en el que dos moléculas de metanol reaccionan en el sitio
activo, produciendo DME, agua y la regeneracion del sitio. O la otra via,
en la que a partir de las dos moléculas adsorbidas se forma un
intermedio de formaldehido que, posteriormente, se descompone en
coke y agua, inhabilitando el sitio activo, o en CO e H:
(minoritariamente), regenerando también el sitio.

Por ultimo, empleando la metodologia propuesta por Froment, Bischoff
and De Wilde, se plante6 un modelo cinético para la cuantificacion de
la cantidad de coque depositado a diferentes temperaturas. Para ello,
la velocidad de produccion de coque (que varia con el tiempo de
reaccion) se igualé a una velocidad a tiempo cero de reaccion
multiplicado por un factor de desactivacién en funcién de la cantidad de
coque:

dc,

“dt

O =1-a-C)?

— .0
=1c - Pc
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En este modelo, la velocidad inicial se predijo con un pseudo primer
orden:

1 =kj- e RT

Empleando este modelo cinético, se obtuvieron energias de activacion
para la formacion de coque en torno a 124 kJ/mol y una constante de
desactivacién a de 0.038.

El modelo planteado, cuantifica la cantidad de coque, pero no relaciona
esta cantidad de coque con la disminucién en la produccion de DME o
de los diferentes productos secundarios obtenidos. Por ellos, en la parte
tercera parte de este capitulo se plantea un modelo cinético a los
principales productos obtenidos que incluya la desactivacién con el
tiempo de reaccion.

El planteamiento de estos estudios cinéticos puede ayudar a conocer la
secuencia de reaccion del catalizador, determinar las mejoras a realizar
durante la sintesis de catalizador y definir las mejores condiciones de
reaccion para maximizar la produccién alguno de los productos.

La caracterizacién del catalizador, un carbdn activo con fésforo y
circonio mostré una desarrollada porosidad (Aser 1105 m?/g), con gran
cantidad de mesoporo. Por XPS se observo en torno a un 4 % atémico
tanto de fdosforo como de circonio, presentando especies Cs3PO,
C-PO3/C,PO,, C-0O-PO3 y fosfato de circonio en el espectro del P y
especies Zr-C, pirofosfato y fosfato de circonio para el espectro XPS del
Zr.

Si se observa el comportamiento en reaccion de este catalizador a 500
°C, 0.04 atm de metanol y 75 gcat'S/MMOIlmetancl, iNicialmente su
conversion es total (superando el equilibro metanol-DME), pero decae
con el tiempo. El producto principal es DME, llegando a un 50 % de
rendimiento, pero que disminuye con el tiempo de reaccién. Coque,
metano, CO, hidrogeno y agua son también compuestos que aparecen
en cantidades apreciables, pero siguiendo una tendencia similar. Por
ultimo, CO., etileno, etano, propileno y propano se encuentran en
cantidades de trazas. Comportamientos similares se pueden observar
con diferentes concentraciones (1.5-8% metanol), temperaturas (450-
550°C) y tiempos espaciales (50-100 gcat'S/MMOIlmetanct)-

La secuencia de reaccion, que también explicaria la distribucién de
productos mayoritarios ya se plante6 anteriormente:
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CH;0CH; + H,0

2 CH30Haqe) =
CH, + HZO(adS) + CHZO(adS)
CO +H,
CH,O(a4s)
Ceoke T H20

A modo de comprobacion, y como el coque parecer provenir de un
intermedio similar al formaldehido, este se anadi® como reactivo,
observandose una mayor cantidad de coque depositado.

Aunque el agua no es un reactivo en la formacién de coque, se ha
reportado en bibliografia su adsorcion competitiva frente al metanol en
los sitios activos. Por ello se estudié su influencia, observandose que al
aumentar la cantidad de agua alimentada entre un 5-10 %, la
conversiéon de metanol decaia en torno a un 30 %.

En términos de rendimiento, conforme se aumentaba la cantidad de
agua, disminuia el rendimiento a DME, mientras que los rendimientos a
coque, metano y CO permanecian constantes. Esto hace pensar que el
principal precursor del coque en este catalizadore es el metanol, puesto
que la cantidad de DME disminuye al aumentar la de agua. Todo esto
parece plantear que el efecto de inhibicién del agua para la produccion
de DME se debe a la hidrdlisis del DME, reaccién en equilibrio con la
deshidratacién de metanol hasta DME.

Antes de realizar el planteamiento del modelo cinético se realizé un
estudio estequiométrico que corroborara las reacciones anteriormente
planteadas. Para ello se comparé la cantidad de agua en el medio con
la cantidad que deberia haberse producido con la produccion de DME
y de coque, siendo estas muy similares en todas las temperaturas. A su
vez, también se corrobord que eran similares la cantidad de metano en
el medio y la cantidad que deberia haberse producido de formaldehido,
que rapidamente reacciona en coque y agua o CO e hidréogeno. Por
ultimo, también se observd concentraciones similares de CO e
hidrogeno en el medio. Con estas comprobaciones realizadas, se
planteé un modelo cinético a cero tiempo de reaccion que cumpliera la
secuencia de reaccién propuesta.

El modelo planteado se basaba en un mecanismo Langmuir-
Hinshelwood en el que se incluyen la formacion a los productos
carbonosos principales (DME, metano y CO) y abarcar temperaturas
desde 450 a 550 °C, concentraciones de metanol desde 0.015 a 0.08
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atm y tiempos espaciales desde 50 a 100 gcat'S/MMOIlmetanat. Para el ciclo
de produccion del DME, en un primer paso, una molécula se adsorbe
en el centro activo. Seguidamente una segunda molécula se adsorbe
en ese mismo centro, pasando al tercer paso en el que se desorbe DME
y queda agua adsorbida en el centro activo. Finalmente, se desorbe
agua y se regenera el centro activo. Para la formaciéon del coque, se
parte desde el punto en el que dos moléculas de metanol se encuentran
adsorbidas y, en un siguiente paso se desorbe metano y se forma
formaldehido, que tiene dos posibles reacciones. La primera, y
principal, es su descomposicién a coque y agua. La segunda, su
descomposicion a CO e hidrégeno.

Las asunciones tomadas fueron distribucion uniforme del sitio activo y
del catalizador en el lecho, flujo ideal sin gradientes, lecho isotermo y
limitaciones de transferencia de masa y calor despreciables. En este
supuesto la ecuacién del reactor flujo piston toma la forma:

dx;

-~
d (FMeOHO)

Se han supuesto reacciones y adsorciones simples reversibles (salvo
para la formacion de metano y formaldehido), tomando la reaccion
superficial como velocidad determinante. Ademas, al ser el
formaldehido un compuesto altamente reactivo, se ha considerado que
su concentracién en los sitios activos es despreciable. Con todo esto,
la ecuacién para la produccion de DME es:

Poume * Kw - P
Ky, - (KM’lKM’ZPI\%I _ M)

Sr

"1+ Kn1Pu + Kn1Kn 2P + Ky - Py

IpME = TI'13

Ecuaciones similares se obtienen para la conversion de metanol y el
rendimiento de metano y CO. Con estas ecuaciones se obtienen los
parametros cinéticos, determinandose energias de activacion de 65
kJ/mol para la produccién de DME y de 51 kJ/mol para la produccion de
metano. Ademas, la reaccion de hidrélisis de DME parece tener
bastante influencia, lo que corrobora el efecto de inhibicion del agua
previamente planteado.

La segunda parte del modelo cinético es la cuantificacion del efecto en
los diferentes rendimientos de la deposicion de coque. Para ello,
inicialmente se cuantifico el coque con la metodologia propuesta por
Froment, Brischops and De Wilde. Se probaron varios modelos, siendo
el que mejor ajustaba los datos el siguiente:
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co=tlq 1
coke = 1+a-r°, -TOS

coke

En esta ecuacion, r2,,, se corresponde con la ecuacion de velocidad

inicial de produccién de coque de orden n y o con la constante de
reaccion. Realizando la obtencion de parametros, se obtuvo un orden
de 0.79 y una energia de activacion de 130 kd/mol para la velocidad
inicial, asi como un factor de desactivacion o de 0.038.

Finalmente, esas cantidades de coque se emplearon en una funcién de
desactivacién, que se ainade al valor de velocidad a tiempo de reaccion
cero:

ry = I'io - @; (Ccoke)
®; = exp (—q; * Ceoke)

Con estas ecuaciones aplicadas a los valores obtenidos anteriormente
se obtuvo una buena correlacion entre los datos experimentales y
predichos por este modelo cinético.

Tras la recopilacion y discusion de todos los datos mostrados en esta
tesis, se puede obtener como conclusién general que la posibilidad de
obtener DME es muy favorable mediante este tipo de catalizadores
debido a su alta selectividad incluso en condiciones de conversion altas.
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General Conclusions and prospects

GENERAL CONCLUSIONS AND

PROSPECTS

As a general conclusion, the use of a waste biomass activated with
phosphoric acid and loaded with Zr seems like a good alternative to
conventional inorganic catalyst in the methanol to dimethyl ether
reaction because of its high selectivity to dimethyl ether (DME) even at
high-conversion operating conditions.

The catalyst support (P-containing activated carbon) has a high oxygen
resistance, due to the presence of phosphorus groups, which needs for
a high temperature to decompose from C-O-P to C-P and do not
produce any carbon-oxygen surface groups when C-P groups are
present in the carbon surface.

Moreover, the Zr/P-carbon catalyst has good characteristics as catalyst:
high mesoporosity and high active phase dispersion. Those catalyst
also have two different types of active groups: the phosphorus group
and the zirconium-phosphate like group. Both groups were deactivated
with time on stream (TOS) with the conditions tested in this thesis, but
in a different way. The phosphorus one, is active only for a short time,
but can be regenerated only by an air treatment. The zirconium-
phosphate groups provide the catalyst with a long-term activity (as it
maintains more than 50 % of methanol conversion after 24 h of TOS),
but once they are deactivated, they cannot be recovered with an air
treatment.

On the other hand, that coke deposition was caused by the formation of
a formaldehyde type intermediate when two methanol molecules were
adsorbed on the active site. That intermediate then decomposed into
coke and water (mainly) o into CO and hydrogen. A kinetic model based
on that reaction pathway successfully predicted the experimental data,
including the competitive adsorption of water on the active site, as well
as the deactivation effect with TOS of coke deposition.
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Although this catalyst seems promising, some other points would need
to be addressed in future works:

The performance of those catalyst as acid counterpart of a
bifunctional catalyst for syngas to DME reaction and, even a
more interesting alternative, used in the reaction from CO. to
DME or in CO2-rich syngas.

The reformulation of the catalyst using the kinetic model
proposed to minimize the catalyst deactivation, but also use the
operating condition that that kinetic model proposed.

The complete gasification of the catalyst at the end of its catalytic
life to recover the active phase and deposited on another
biomass-derived support, enhancing the economy of the
process.
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