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OBJECTIVES

The aim of this thesis is the preparation of binderless
ACMs from lignin and olive stones. The first one derived
from the pulp and paper industry and new biorefineries
for bioethanol production (from lignocellulosic
biomass); and the second one obtained from the olive
industry. Kraft and Alcell® lignin, and olive stones,
impregnated with HsPOs, are extruded, and subsequently
activated. The obtaining of disks and monoliths with
different amount of channels are also evaluated. In order
to minimize the possible fusion and swelling of lignin
during activation, different approaches have been tested.
Furthermore, the electrochemical properties of the ACMs

are analyzed.

On the other hand, this type of ACM were also evaluated
as catalyst for the DME production. The activity and
stability of these ACMs were analyzed for methanol
dehydration reaction in air atmosphere. The influence of

the presence of water on the dehydration of methanol

Vii



were also studied. A kinetic model was also proposed to

reproduce the experimental results.
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CHAPTER 1

INTRODUCTION






1. INTRODUCTION

Biomass is renewable organic material that comes from plants and
animals. This includes crop residues, wood, crops and animal waste,
among others. The estimated biomass production in the world is
approximately 100 billion metric tons of carbon per year, about half in
the ocean and half on land. Biomass is the most common form of
renewable energy, widely used globally in most third world and
developed countries, which can provide high-energy outputs to replace
conventional fossil fuel energy sources. Biomass can be transformed into
clean energy and/or fuels by a variety of technologies, ranging from
conventional combustion process to advanced biofuels technology.
Besides recovery of substantial energy, these technologies can lead to a
substantial reduction in the overall biomass waste quantities requiring
final disposal, which can be better managed for safe disposal in a
controlled manner while meeting the pollution control standards [1, 2]

specifically, biomass sources for energy include:

v" Wood and wood processing wastes—firewood, wood pellets, and

wood chips, black liquor from pulp and paper mills, etc.



Agricultural crops and waste materials—corn, soybeans, sugar
cane, switchgrass, woody plants and crop and food processing
residues.

Municipal solid waste-paper, cotton, and wool products, food,
etc.

Animal manure and human sewage.

Forestry residues.

Food processing waste.

Figure 1.1 summarized the different type of biomass sources. There are

several commercial and industrial advantages and disadvantages of the

use of biomass for energetic applications.

Advantages:

Biomass is more widely available than fossil fuels.

In most countries, growing biomass might provide a mechanism
for financing the restoration of degraded land.

Biomass energy can provide rural development and employment
in developing countries, which can help to curb urban migration.
Biomass as renewable energy can take something that is harming

to the environment and convert it into something useful. For



example, garbage can be burned and converted into energy from
biomass.

e Efficient use of wood waste resulting from wood can serve as an
alternative source to fossil fuels for many homes.

e For sustainability, biomass production and use can lead to zero
build-up of CO2 in the atmosphere, because the CO> released
during combustion is offset by the CO, extracted from the
atmosphere during photosynthesis.

e Delocalized nature of biomass resources.

e For most developed countries, biomass for energy on excess

farmland can provide livelihood for farmers [3].

Disadvantages:

The disadvantage of biomass during the production processes of biomass
energy through combustion, pyrolysis, biogas fermentation, chemical

transformation, etc., can be found as follows:

e It is expensive to carry out these processes because of the care
for living things.
e More lands are needed because combustion products are required

to be burned easily.



e Low energetic density.
e Environmental problems are created especially when the use of
trees and tree product to power car is ineffective leading to more

fuel consumption.

AGRICULTURAL
CROPS & RESIDUES

FORESTRY : SEWAGE

CROPS & RESIDUES

BIOMASS
SOURCES

INDUSTRIAL
RESIDUES

MUNICIPAL
SOLID WASTE

ANIMAL
RESIDUES

Figure 1.1 Biomass sources for energetic applications.

Biomass has been used as primary source of energy before fossil fuels
and is still the dominant source of energy for the poorest people. In fact,
the use of biomass fuels for transportation and for electricity generation
is increasing in many developed countries as a means of avoiding carbon
dioxide emissions from fossil fuel use. Biomass can be used for heating

applications (such as wood stove) or electricity generation in a power
6



plant, just like burning coal. Specifically, the EU member states with a
share of solid biomass used for electricity and heat production over 12%
in 2018 were ranked. As can be seen in Table 1.1, Latvia was in the first
place with a 31.9% share. Spain was ranked among the lagging countries

with a solid biomass share of 5.1 %, very far from the target.

ble 1.1 Gross final energy consumption (GFEC) of solid biomass in EU

countries [4].

Leading countries Intermediate Lagging countries
(>12%) group (<6%0)
31.9 Latvia 11.9 Bulgaria 5.6 Germany

31.1 Finland 11.7 Portugal 5.3 Greece
26.3 Sweden 10.3  Slovenia 51 Spain
26.2 Estonia 10.2  CzechR. 4.6 Belgium
22.1  Denmark 9.8 Hungary 4.1 UK
20.1  Lithuania 7.6 Poland 35 Cyprus

16.4 Croatia 6.7 France 2.7 Netherlands
15.0 Austria 6.5 Italy 2.2 Luxembourg

13.9 Romania 6.0 Slovakia 2.1 Ireland




However, the potential residual biomass resources in Spain are very high
but are not yet exploited, mainly coming from forestry/farming activities
and agricultural industries as can be seen in Table 1.2. In particular, the
largest producers of residual biomass in Spain [5] are mainly derived
from wood and furniture industry, followed by, in less extent, olive
industry. The latter is the main contributor to residual biomass in

Andalusia.

Table 1.2. Potential residual biomass in Spain in 2020 [5, 6].

Existing forest Remains of felling 2984243
masses Full tree use 15731116
Agricultural Herbaceous 14434566
remains Woody 16118220
Total 49268145

Therefore, among the different biomass waste available in Spain, this
thesis is focused on the use of wood industry residues, in particular,

lignin and olive stones.



Olive stones

Olive stone is a lignocellulosic material, with hemicellulose, cellulose
and lignin as main components. The olive stone and seed are an
important byproduct generated in the olive oil extraction and pitted table
olive industries. It represents roughly 10% by weight of olive fruit and
the amount of fixed and elemental carbon content within olive stone are
around 16 and 47 wt%, respectively, which is considered as one of the

highest values of carbon among various stone fruit [7].

In this sense, in an average season Spain produces around six million
tons of olives, which are comprised of 15 percent pit. Between the
seasoning and olive oil pressing industries, which pit most of the fruit
they process, more than 450,000 tons of these seeds are amassed.
Widespread olive stone use is directed towards its use as a solid fuel or
its derivatives fuel as renewable source of energy [8]. However, many
current studies aim to develop methods of recovering the lignocellulosic

material or biomass in order to produce solid, liquid or gas biofuel.

Lignin

Specifically, lignin is one of the three basic components of wood and

other lignocellulosics. Lignin is primarily a structural material to add



strength and rigidity to cell walls and constitutes between 15 and 40 wt%
of the dry matter of woody plants. In addition, it can be considered as a
three-dimensional amorphous aromatic polymer composed of a random
network of phenylpropane groups. Three basic structures can be
identified: p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S); lignin
can occur in a multiplicity of structures with different percentage values
of H/G/S composition and by the types of bonds in which these units are
connected. The total lignin amount of lignin present in the biosphere

exceeds 300 billion tons and increases by approximately 7% every year.

Native lignin contains various types of functionalities. Common
functional groups in lignin include methoxyl, phenolic, aliphatic,
hydroxyl and other carbonyl groups in different percentages. Differences
depends on: the plant family and species, part of the plant, age, and

climate, and specific biomass treatment (“technical lignins™).

One of the most important technical lignins is “Kraft lignin”. This lignin
is produced as byproduct of the paper/pulp industry and is the most
dominant pulping process (black liquor). It constitutes approximately

630 kt (85%) of total lignin production [9].

This process involves treatment of wood chips with a hot mixture of

water, sodium hydroxide (NaOH), and sodium sulfide (Na2S), known as
10



white liquor that breaks the bonds that link lignin, hemicellulose, and
cellulose [10]. The most common features of Kraft lignin achieved
through the acid precipitation process of the black liquor is related to the
small amount of sulfur (1-2% due to the use of NayS) and it is

contaminated with carbohydrates from (hemi)cellulose [11].

The other type of technical lignin used in this thesis is “Organosolv
lignin™. This process is based on the hydrothermal treatment of biomass
with a mixture of water, an organic solvent (methanol, ethanol, acetone)
or a mixture and additional additives (often acids). The main
characteristics of this lignin are its low molecular weight (1000-6000 g
mol) with relatively low dispersity, negligible content of sulfur, and low
ash content (<1%). Compared to kraft lignin and lignosulfonate, it

presents a more hydrophobic character.

In 2015, the worldwide production of lignin was 100 million tons, being
most of the produced lignin consumed as a fuel in the pulp—paper
industry to recover energy and chemical reactant, and only the 2% was
actually being commercialized. The annual lignin production is expected
to increase by 225 million tons per year in 2030 because of the increase

of biofuel production [12, 13].

11



In fact, lignin is an ideal substitute for crude-oil-derived naphtha as a raw
material for the synthesis of aromatic compounds, which ensures
sustainability. Aromatic compounds serve as essential intermediates for
the production of polymers, representing a healthy growth potential for
aromatic lignin derivatives. The lignin market size from benzene-
toluene-xylene (BTX) downstream potential surpassed USD 165 million
in 2020 and is likely to grow at a CAGR of around 4% through 2027. In
this sense, lignin serves as a renewable source of benzene that is
conventionally produced from fossil fuels, offering ample growth

potential [14].

Alternative uses of lignocellulosic waste

On the other hand, there is need for greater synergies between the
circular economy and various biomass uses, particularly given the fact
that biomass waste can be used for a range of products with higher added
value than just energy. In this context, the conversion of lignocellulosic
biomass waste into bio-based materials can be an interesting route for its
valorization, and a further benefit for biomass waste-generating
companies. Among the different possibilities, the preparation of

activated carbon from these lignocellulosic biomass waste presents many
12



advantages, such as the great versatility and their exponentially
increasing demand. Furthermore, it supposes an opportunity to obtain

low-cost materials and to reduce environmental impacts.

The preparation of activated carbons from different lignocellulosic
biomass waste such as olive stone, hemp residues, hazelnut shells, etc.
has been extensively studied [15-19], but only a few papers analyzed the
use of lignin as raw material for the production of activated carbons [20,
21]. This fact can be associated to the plastic and swelling behavior
observed when lignin is pyrolyzed under N2 atmosphere [22]. In spite of
these technical problems, which have to be solved, isolation of lignin
from pulping black liquors and the study of multiple applications for
them has attracted considerable interest within a biorefinery context,
overall due to the large amounts of lignin which could be generated in
future wood-to-ethanol bio-refineries [23]. Therefore, the development
of value-added lignin-based products, such as activated carbons, carbon
fibers, carbon catalysts could be crucial to the economic success of the

bio-ethanol production by this process.

In particular, ACs usually have a well-developed porous structure with a
large internal surface area ranging from 500 to 2000 m?/g, high thermal

and chemical stability in both highly acidic and alkaline media and, in

13



addition, the chemistry of the carbon surface can be easily modulated.
Furthermore, as aforementioned, they can be obtained from many
diverse materials including different types of lignocellulosic waste. All
these properties make them very suitable materials as adsorbent and

catalyst supports [24-28].

There are different methods to prepare activated carbons. Among them,
chemical activation is an enhanced approach in the preparation of
activated carbon, which involves carbonization and activation. Chemical
activation converts the raw precursor to a porous carbon material with
elevated micropore and mesopore volume. The methodology consists of
the impregnation of the raw material (for example: lignocellulosic
waste), with certain chemical agents, which are thermally decomposed.
The reagents most commonly used are zinc chloride, phosphoric acid or

sulfuric acid.

Specifically, HsPO4 activation is a common method for the preparation
of activated carbon due to its low energy consumption [29, 30], low
pollution, and high yield. The raw material is usually mixed with
different H3PO4 concentrations ranging from 30% to 60% in a certain
impregnation ratio of 0.5 to 2.5, [31, 32] and then, activated at higher

temperatures.

14



Phosphoric acid catalyzes the hydrolysis of the glycosidic linkages in
hemicellulose and cellulose and it cleaves aryl ether bonds in lignin,
obtaining many transformations that include dehydration, degradation
and condensation. These reactions promote the release of H.0O, CO, CO-

and CHa at low temperatures [33, 34].

In general, activation with phosphoric acid presents several advantages:
(@) it occurs in a single or multiple thermal treatment process and leads
to a high carbon vyield, where the acid can be also economically
recovered, (b) it is effective at relatively moderate temperatures, and (c)
it results into materials with mixed porosity that widen the scope of its

application.

Activated carbons are usually in form of powder; however, they can be
present in different morphologies (powder, pellet, monolith, fiber). The
application of the activated carbons and their cost will determine the

most adequate morphology in each case.

Activated carbon monoliths preparation

The word "monolith” means "one stone™ and refers to compact structures

such as monoliths of the cylindrical and honeycomb types. The latter are

15



unit structures crossed lengthwise by parallel canals and constitute a new
concept in the design of catalysts and adsorbents. These new structures
offer low values drop to the passage of gases, facilitating the uniform
flow of the same, excellent mechanical properties, a large surface area
per unit weight or volume and they also behave like most adiabatic
systems and reduce the constraints generated by the phenomenon of

internal diffusion [35].

In addition, activated carbon monoliths (ACMs) offer several potential
advantages over the granular activated carbons. For instance, they offer
improved long-term stability due to reduced attrition, which in turn
permits greater versatility in future equipment design. Furthermore, the
monoliths present high thermal conductivity, as well as they are

electrically conductive [36].

Many researchers have come up with different approaches to produce
ACMs. Porous carbon monoliths can be prepared by different techniques

and from different reagents:

X Template method: this method uses a selected material as a
template, the reagent (carbon precursor) is imported into voids and
reaction is initiated. Oftentimes, carbon monoliths prepared by this

procedure reveals microporosity that comes from the carbon precursor,
16



and macro/mesoporosity that is formed upon the removal of either the
solvent or the template, leading to a hierarchical porosity. At this way, it
is able to prepare new type of material with controllable porosity.
Template methods can be classified as hard and soft template method
[37].

» Soft template method: this methodology uses surfactants as
templates and the porous structure is formed by organic-organic
self-assembly between the template and the carbon precursor.
Finally, the ACM is obtained by the removal of the template.
Fewer steps are needed compared to the hard templating route.
This method also avoids the use of hazardous materials, thereby
decreasing the negative impact on the environment However, the
obtained ACM has limited pore size with low presence of large
pores. This methodology can be difficult due to soft template is
unstable.

» Hard template method: this method uses inorganic porous
materials as template and the carbon precursor is filled into the
voids by liquid phase impregnation or vapor deposition. Finally,
the mixture is carbonized at high temperature to remove template.
At this way, the ACM is the reverse of the inorganic template,

showing high surface area, large pore volume and ordered
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mesopores. Therefore, the pore size range is wider with this
method, and easily tuned by changing the template, ensuring its
applicability. In contrast, it requires several synthetic steps and
they are costly due to the preparation of the inorganic colloid.
Moreover, using chemicals such as hydrofluoric acid (highly
dangerous) or sodium hydroxide solution (corrosive and
environmentally unfriendly) for template removal is totally
undesirable.
X Hydrothermal carbonization of biomass precursors in the
presence of an activating agent, which acts as in-built template that
prevents the adjacent cell walls from fusion/agglomeration during the
carbonization and for the construction of porous carbon framework [38].
This methodology presents some drawbacks such as difficulty in scale-
up, fairly long reaction time, and the nature of the batch processes
involved [39].
X Preparation of ACM from natural monolithic biomaterials, such
as pieces of wood, bone, etc., by physical activation [40] or chemical
activation [41]. The obtained ACMs present poor mechanical properties
and the availability of the precursors is much lower.
X Mold conforming under pressure of activated carbons or a carbon

precursor followed by its carbonization. The main difficulty of this
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methodology comes from the fact that compaction of powdered activated
carbons does not lead to self-standing monoliths, but requires the use of
a binder, which usually implies a reduction of pore sizes due to partial
blocking, or in less extent in absence of any type of additive by applying
a very high pressure [42-46].

Other alternative method is the extrusion of an impregnated material with
different activating agents, such as H3PO4, KOH and ZnCl,, until

obtaining the adequate rheological conditions to be extruded [47-54].

Specifically, the preparation of binderless ACM from some kind of
biomass waste has been already reported. For instance, ACM in form of
disks were obtained from coconut shell and African palm by chemical
activation with HsPOs solutions [55-57]; ACM with six hexagonal
parallel channels were prepared from African palm shells with HzPOs,
ZnCly and CaCl> solutions [58]; disks from coconut shells with zinc
chloride [59]; honeycomb monoliths from orange peel with H3POs,
KOH, ZnCl, and water vapor (neither image was reported in this case)
[60]; and pellets from olive stones with HsPO4 [61]. These previous
works used the activating agent as a binder to proceed with the extrusion,
followed by the activation of the ACM. Other methods proposed in the

literature prepared disks from fibres of oil palm empty fruit bunches and
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rubber wood sawdust by direct carbonization, compression and further
activation with CO», respectively [62]; and disks from olive stones with
KOH activation, followed by compression in the presence of

polyvinylalcohol as binder [63].

1.1 Catalytic applications of ACM

Monolithic configurations usually present large geometric surface area,
which results in a low-pressure drop when there are high flow rates,
making them very useful materials to be used as adsorbents and supports
for catalysts in environmental applications. Specifically, monolith
conformation presents diverse advantages in catalytic applications, due
to the fact that they offer better mass transfer, low pressure drop, thermal
stability, and good mechanical strength [64]. In this sense, the use of
carbon materials as catalysts and/or catalyst supports is receiving great
attention [65]. Within this context, the use of this type of materials for

the production of dimethyl ether (DME) is not extensively studied.

DME production
DME is the simplest aliphatic ether (CH3-O-CHs). DME is a chemically

stable colorless, non-toxic, non-carcinogenic, and environmentally
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friendly compound presenting a characteristic odor. At standard
conditions, it is a gas, but can be easily liquified, obtaining properties
similar to liquified petroleum gases (LPG). The importance of DME lies
in the fact that it is recognized as a clean diesel substitute, due to its high
cetane number (CN= 55-60), being environmental friendly with zero
ozone depletion potential and a key intermediate for other important
chemicals, such as olefins.
DME can be produced by two alternative processes: (a) a two-step
process (namely indirect process), which consists of a first stage of
methanol production from synthesis gas, followed by a its dehydration
on a solid acid catalyst, (b) a direct process, where synthesis gas produces
directly DME using a bifunctional catalysts.
This thesis is focused on the second step in the indirect DME synthesis.
This formation is governed by the following equilibrium reaction:
2CH;0H < CH30CH; + H,0  AH? = —21.3 kj /mol
This reaction takes place in the temperature range of 250-400 °C, at
atmospheric pressure, in a fixed bed reactor, with solid acid catalysts.
The most studied catalysts are zeolite materials, y-Al203, and acid
modified y-Al,03. However, most of these solid acid catalysts suffer
from fast deactivation due to coke deposition over strong acid sites, and,

in addition, their catalytic activities are usually negatively influenced by
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the presence of water [66,67]. Therefore, the look for alternative
catalysts with improved levels of performance is considered to be an
important challenge.

In this sense, only few works analyzed the use of activated carbons for
methanol dehydration due to their lowest surface acidity. This acidity
can be eventually increased by different methods [68-70], but no
outstanding results were obtained due to the low stability of the acidic
surface sites produced. In this regard, our research group has reported
the preparation and characterization of activated carbons from different
lignocellulosic biomass waste by chemical activation with phosphoric
acid at specific preparation conditions [71, 72]. This preparation method
provides activated carbons with a high development of the porosity,
relatively high oxidation resistance [73, 74], and a relatively large
presence of low to moderate acid strength sites [75, 76]. These activated
carbons were used as catalyst supports [72, 77, 78], and even directly as
acid catalysts for alcohols dehydration reaction [75, 79-81], including
methanol dehydration. In the absence of oxygen, this type of catalyst
showed a gradual deactivation due to coke deposition. However, high
stability and selectivity to DME was reached under the air atmosphere,

due to the fact that oxygen prevented the acid carbon catalyst from coke
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deposition, without gasification of the carbon catalyst was noticeable

[76].

1.2 Electrochemical applications of ACM

A supercapacitor is a type of capacitor that can store a large amount of
energy, typically 10 to 100 times more energy per unit mass or volume
compared to electrolytic capacitors. It is preferred to batteries owing to
its faster and simpler charging, and faster delivery of charge, long cycle
life, etc. A supercapacitor is also known as ultracapacitor or double-layer

electrolytic capacitor.

They are made of different porous materials such as metallic and carbon-
based porous materials immersed in an electrolyte. Most supercapacitors
are categorized into two kinds: pseudocapacitive and Electrochemical

Double Layer Capacitor (EDLC) [82].

When voltage is applied to a supercapacitor, ions in the electrolyte
solution diffuse into the pores of the electrode of opposite charge. Charge
accumulates at the interface between the electrodes and the electrolyte,
forming two charged layers (double layer) with a small separation
distance, which is the distance between the electrode surfaces to the

center of the ion layer. Capacitance (c) value is proportional to the
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surface area (a) and is the reciprocal of the distance (d) between the two
layers (c=a/d) [83]. Figure 1.2 shows a schematic representation of a

supercapacitor.

Activated Carbon
Electrode

Seperator Electrolyte

Figure 1.2. Supercapacitor -EDLC

ACMs have also shown promising results as electrodes for
supercapacitors, due to their three-dimensional framework of
interconnected carbon particles that lead to high electrical conductivity
and good accessibility of the electrolyte. The contact between adjacent
particles in all-carbon monoliths is much better than that observed in
pellets made from compaction under pressure of a powdered carbon and
an inert polymer [84-85].
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Another advantage of the carbon monoliths is their hierarchical porous
structure, derived from the connectivity of macro (>50 nm), meso (2-50
nm) and micropores (< 2 nm), which can work as reservoirs and feeders
of the electrolyte and provide a large double layer as a result of their large
specific surface area. All the carbon present in the monoliths can
contribute to the capacitance. Furthermore, the bimodal pore size
distribution of ACMs presents the advantage that small pores offer high
effective surface area for electrochemical reactions, whereas large pores
facilitate electrolyte ingress throughout the structure. In particular, the
importance of these macropores is increased when employing an
aqueous electrolyte because of the hydrophobic surface of carbon [86].
Additionally, they present relatively higher energy density than powder

activated carbons.

In addition, the use of ACMs avoids the use of additives, such as binder
and conductive agents. In this sense, the electrodes processed as
compacted pellets of powdered carbon and polymeric binder can present
isolated portions of the carbon, which are embedded in the binder and do

not contribute to the capacitance.

The main drawback of the activated carbon monoliths is their low

density, typically below 0.4 g cm™, that leads to low volumetric
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capacitances, usually below 100 F-cm™ in aqueous electrolyte and below

50 F-cm™ in organic electrolytes [87].
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2. EXPERIMENTAL
2.1. ACM preparation

The ACMs were prepared from different biomassic precursors: Alcell®
lignin (AL) (Repap Technologies Inc.); eucalyptus Kraft lignin (KL);
and olive stone (OS) supplied by S.C.A. Olivarera and Frutera San
Isidro, Periana (Malaga). The raw materials were milled and sieved to

particle size range of 50-80 um.

These precursors were impregnated with HsPO4 in an impregnation ratio
of 1 (HsPOs/raw material), and kept in a vacuum dryer for 24 hours, at
60 °C. In order to study the effect of the impregnation ratio, olive stone
was also impregnated with an impregnation ratio of 2. The dried
impregnated samples were mixed with distilled water to obtain the
adequate rheological properties and plasticity to permit their extrusion.
Therefore, the impregnated samples, without any kind of binder, were
extruded in an extruder designed by our research group, using a
cylindrical mould with an internal diameter of 2 cm, at room temperature
and 0.8 MPa. The extruder is composed of different high quality
designed die elements (internal diameter of 1 c¢cm), with the aim of
obtaining different type of monoliths (compact disc; 25 and 120

channels/cm?; respectively). When both lignin were used as raw
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materials, a stabilization step of the impregnated samples, previous to the
extrusion, was necessary to partially avoid the swelling problems. The
optimized methods consist of a thermal treatment at 250 °C, under air
flow (150 cm®/min), for 1 h. Then, 50% of the stabilized material was
milled and mixed with 50 % of non-stabilized impregnated lignin,

obtaining a paste that finally is extruded to form the monoliths.

Subsequently, the obtained monoliths were activated in a tubular furnace
at 700 °C for 2 h, with a heating rate of 10 °C/min, under nitrogen flow.
Finally, activated monoliths were washed with distilled water at 60 °C,

until constant pH in the eluate.

2.2. Characterization

Ultimate analysis of the samples was performed using a LECO CHNS
932 system, and the corresponding oxygen content was calculated by
difference. The ash content of the ACMs was calculated from the weight

of the solid residue after being gasified in air at 900 °C.

The porous texture of the ACMs was evaluated by N. adsorption—
desorption at -196 °C and CO> adsorption at 0 °C, using a micrometrics
instrument (ASAP 2020 model) and by Hg porosimetry (Autopore 1V

model). The ACMs were previously outgassed for 8 h at 150 °C. The
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corresponding textural parameters were calculated by applying the BET
equation and the t-method from the N2 isotherm data; and the Dubinin—
Radushkevich equation from the CO: adsorption data. Narrow pore size
distribution of the ACMs was obtained from the N adsorption isotherms
by using 2D-NLDFT heterogeneous adsorption models for carbon slit-
shaped pores [35]. Macropore size distribution was calculated from Hg

porosimetry data.

Surface chemistry of the ACMs was analyzed by temperature-
programmed desorption (TPD) and X-ray photoelectron spectroscopy
(XPS). CO and COz profiles were obtained in a custom quartz fixed bed
reactor placed inside an electrical furnace and quantified by non-
dispersive infrared (NDIR) gas analyzers (Siemens ULTRAMAT 22).
The samples were heated from room temperature to 930 °C at a heating
rate of 10 °C/min in N2 flow. XPS analyses of the samples were obtained
by a 5700C model Physical Electronics apparatus, with Mg Ka radiation
(1253.6 eV). For the analysis of the XPS peaks, the maximum of the C1s

peak was set at 284.5 eV and used as reference for the other peaks.

Acid-base characterization was carried out by analyzing dehydration-
dehydrogenation of 2-propanol (IPA-Isopropyl Alcohol) as a model

reaction test. The decomposition of IPA was performed under inert

47



atmosphere and at atmospheric pressure in a quartz fixed bed
microreactor (6 mm i.d.) that was placed inside a vertical furnace with
temperature control. IPA was fed to the reactor by a syringe pump (Cole-
Parmer® 74900-00-05 model, Vernon Hills, IL, USA), ensuring a
constant controlled IPA flow, using a partial pressure of IPA of 0.03 atm
and a space time of W/FOIPA = 0.1 g-s/umol. The concentrations of
reactant and products were analyzed by gas chromatography (490 micro-
GC equipped with PPQ, 5A molsieve, and Wax columns, Agilent

Technologies, Santa Clara, CA, USA).

Non-isothermal thermogravimetric analyses were carried out under air
atmosphere in a gravimetric thermobalance system, CI electronics. The
sample temperature was increased from room temperature up to 900 °C

at a heating rate of 10 °C/min.

The real density of the ACMs was measured by helium pycnometer using
an AccuPyc Il 1340 equipment. The evaluation of the mechanical
properties of the ACMs (maximum compression strength) was carried
out by compression test by using a Deben Microtest tensile stage. The
compression rate was 0.003 mm/s. The surface texture and structure of

the ACMs were characterized by scanning electron microscopy (SEM),
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with a JEOL JSM-6490LV instrument, obtained at a high voltage of 20—

25 kV.

The electrochemical performance was studied by wusing an
electrochemical analyzer, model SP- 200 (Bio-Logic Int.) and a standard
three electrode cell comprising of a platinum wire as counter electrode,
Ag/AgCI electrode as reference electrode and a working electrode that
contains the corresponding ACM, which was cut (thickness= 200 um)
and dried at 100°C in a vacuum oven. Counter collector consists of a
stainless steel mesh. Working and counter electrodes were placed face-
to-face and tested in 1 M H2SO4 electrolyte. Samples were characterized
by cyclic voltammetry technique at a scan rate of 1 mV s and by
galvanostatic charge discharge (GCD) technique from 0 to 0.8 V vs
Ag/AgCI/CI" 3M until current densities of 1000 mA/g. The capacitances
from GCD experiments (Cg®“P and CvC®P) were calculated from the

GCD discharge profile.

The decomposition of methanol was performed in the same microreactor
used for IPA decomposition test. The reaction was carried out with 200
mg of ACM, under air atmosphere, at temperatures between 150 and 375
°C. All lines were heated up to 120 °C in order to avoid any

condensation. The inlet methanol partial pressure was 0.03 atm and the
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water partial pressures were varied from 0 to 0.08 atm, at a space time of

0.1 g-s/pumol.

The outlet gas concentrations were quantified by gas chromatography
(490 micro-GC equipped with PPQ, 5A molsieve, and Wax columns,

Agilent Technologies, Santa Clara, CA, USA).

The conversion was defined as the ratio of the amount of methanol that
was converted to the amount of methanol added to the reactor. The
selectivity (in mol%) was defined as the molar ratio of a specific product
to the amount of methanol converted. The carbon balance was reached

with an error lower than 3% in all cases.
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3. ACTIVATED CARBON MONOLITHS FROM
LIGNOCELLULOSIC BIOMASS WASTE FOR

ELECTROCHEMICAL APPLICATIONS

The valorization of lignocellulosic biomass waste into bio-based
materials is proposed in this work in order to obtain low-cost materials
and to reduce environmental impacts. Cylindrical activated carbon
monoliths (ACMSs) were prepared from Alcell®, Kraft lignin and olive
stone by chemical activation with HsPO4. To our best knowledge, there
is no previous information about the preparation of ACMs from any type
of lignin. In this sense, the development of value-added lignin-based
products could be crucial to the economic success of the bio-ethanol
production within a biorefinery context.

Therefore, the objective of this chapter is the preparation of binderless
ACMs from lignin and olive stones. The first one derived from the pulp
and paper industry and new biorefineries for bioethanol production (from
lignocellulosic biomass); and the second one obtained from the olive
industry. Kraft and Alcell® lignin, and olive stones, impregnated with
H3POs, are extruded, and subsequently activated. The obtaining of disks
and monoliths with different amount of channels are also evaluated. In

order to minimize the possible fusion and swelling of lignin during
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activation, different approaches have been tested. Furthermore, the

electrochemical properties of the ACMs are analyzed.

3.1. ACMs preparation

The extrusion of the adequate mixing, without any kind of binder, was
carried out in a home-made extruder with different dies. Figure 3.1
shows a representation of this extruder designed by our research group
for the preparation of the ACMs. The extruder consists mainly of a
cylindrical mould of stainless steel with an internal diameter of 2 cm, and
different die elements (internal diameter of 1 c¢cm), operated at room
temperature. The set-up is able to provide a maximum of 1.6 MPa,
although in the preparation of these ACMs, the pressure has not
exceeded, in any case 0.8 MPa. Two different die elements were also
designed with 19 and 72 pins to obtain monoliths with 25 and 120

channels/cm?, respectively.
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1. Pressure regulator 2. High pressure plastic tube 3. Fixed tubular pipe 4. Iron pressing rod

5. Detachable tubular pipe 6. Monolith paste mixture 7. Die element 8. Fixed pipe-holder
9. Switch 10. Extruder board 11. Die casing
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Figure 3.1. a) Components of the home-made extruder designed for the
ACM preparation; b) die element with 19 pins and c) with 72 pins,

respectively.

3.2. ACMs characterization

Table 3.1 summarizes the ash content and ultimate analysis of the
different raw materials. KL presents a high ash content, about 12.4 %, in
contrast to AL and OS with very low proportions. AL shows the highest
percentage of carbon content (about 65 %). Furthermore, no trace of

sulphur is observed in samples AL and OS. In the case of KL, the
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significant S (%) is derived from its preparation procedure (Kraft pulping

or sulfate process).

Table 3.1. Ash content and ultimate analysis of the different precursors

in dry ash free (daf).

Precursor ﬁ;jor)‘ C(%) H(%) N(©@) S(@%) O (%)
0S 04 | 4804 732 030 nd 4433
AL 04 | 6480 630 020 nd 2870
KL 124 | 5822 628 011 18 3356

*by difference

The circular shaped monoliths obtained before the activation step present
a cross section with a diameter of 0.9 cm. Figure 3.2 shows some SEM
micrographs of the different types of AL monoliths. As can be seen, the
configuration of the extruder allows for obtaining disks and monoliths
with 25 and 120 channels/cm? at very low pressure (0.8 MPa) compared
to those reported in the literature obtained at 130 MPa [1,2]. ACMs
undergo shrinkage of their sizes after the activation step. For instance,
the diameter of the cross sectional view in the monoliths OS and AL at
the same impregnation ratio, are reduced to approximately 25%. In
general, the density cell of the different ACMs varies from 30 to 125

cell/cm?, the wall thickness was from 250 to 800 um, the hydraulic
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diameter was from 0.7 to 4 cm, the open frontal area was between 5 and
25 %, and the geometric surface area varies from 0.7 to 1 cm?/cm?,

Figure 3.3 represents some SEM micrographs of the ACMs disks for the
different raw materials: OS, AL, KL. It is important to mention that the
ACMs obtained from lignin needed a previous stabilization treatment to
avoid swelling during the activation step. As can be seen, OS and AL
monoliths appeared to be very similar. In contrast, Kraft lignin monolith

shows more similar xerogel-like morphology as shown in Fig. 3.3(c).

20KV X10 2mm 50 50 SEI | 20kV X10 2mm 50 50 SEI I,

Figure 3.2. SEM micrographs of the Alcell lignin monoliths a) carbon
disk; b) monolith with 25 channels/cm?; c¢) monolith with 120

channels/cm?.
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Figure 3.3. SEM micrographs of the activated carbon monoliths disks

from OS1; AL1; and KL1, respectively. Bar length: 2 mm.

Table 3.2 shows the yields and ultimate analyses of the ACMs. Yield is
related to the composition of the raw material, i.e. hemicellulose,
cellulose and lignin content. The highly aromatic and carbon-rich
molecular structure of lignin devolatilizes to a lesser extent than cellulose
and hemicelluloses [3]. In this sense, olive stones contain approximately
26-32% of lignin [4], which explains the lower yield of this monolith
compared to that of Alcell lignin. In the case of Kraft lignin, the high ash
content of this precursor is a probable explanation of its yield, which can
be also directly related to the lowest carbon content obtained by the
ultimate analysis. On the other hand, yields of OS, AL and KL monoliths
are similar to those reported for different AC by Yakout et al., from OS
[5]; Rosas et al., from AL [6], and Montane et al., from KL [7]
respectively. Although these last ACs were obtained at different

impregnation ratios. As expected, the yield of OS monoliths decreases
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with the impregnation ratio, as a consequence of a deeper dehydration of
the carbonaceous structure of the precursor [8], and the corresponding
carbon content increases [9-10]. These results suggest that the
conformation into monoliths does not produce any significant influence

of the yields of the obtained ACMs.

Table 3.2. Yields and ultimate analyses of the ACMs in dry ash free

(daf).

Monoliths 22}:)'0' C(%) H(%) N(%) S (%) (Oo -
0s1 395 | 7896 373 031 nd 1699
082 288 | 8172 326 042  nd. 1460
AL1 205 | 8626 395 031 nd 947
KL1 320 | 7822 347 022 098  17.12

*by difference, includes P content.

Figure 3.4 represents the N2 adsorption-desorption isotherms of the
ACMs disks at -196 °C. It is important to mention that no significant
differences were found in the N2 adsorption-desorption isotherms of the
different type of monoliths (disks; 25 and 120 channels/cm?) from the
same precursor. ACMs obtained from both Kraft and Alcell lignin show
type | isotherms characteristic of typical microporous solids, where
almost all N2 volume adsorbed takes place at low relative pressures.
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Specifically, Kraft lignin-derived monolith presents a more pronounced
horizontal plateau, starting at very low relative pressure, indicating the
presence of narrower microporosity. The monoliths obtained from olive
stone show a type IV isotherm with an increase of the adsorbed volume
in the entire relative pressure range, in general, the sample obtained at
higher impregnation ratio presents a large amount of porosity with
microporous and mesoporous structures. As it is well known, the
increase of the relative amount of activation agent generates a higher
development of porosity, widening the porous structure of the monoliths
[1].

On the other hand, the porosity development of the ACMs, at the same
impregnation ratio, follows the sequence: OS>AL>KL, probably due to
the presence of cellulose in OS. In this line, Guo and Rockstraw pointed
out the great influence of the precursor in the porosity development,
showing higher surface areas in carbons obtained from cellulose than
those from Kraft lignin, at impregnation ratios equal or higher than 1

[11].
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Figure 3.4. N, adsorption-desorption isotherms of the ACMs disks at -

196 °C.

With regard to the macroporosity, shown in the right side of the figure,
the features observed in SEM micrographs are corroborated in the PSD,
and the monolith from Kraft lignin exhibits the highest contribution of
macroporosity. In contrast, the presence of macropores in monoliths
from olive stone is lower than that in monoliths from lignin. The left side
of the figure shows the PSD obtained from N2 adsorption-desorption at -
196 °C. A broad pore size distribution was observed in all cases. All the

ACMs present a predominant peak center around 0.7 nm and a second
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peak at pore sizes between 1.4 and 2.0 nm. The monoliths prepared from
Kraft and Alcell lignin show a bimodal distribution in the micropore
range. In the case of ACMs prepared from olive stone (OS1 and OS2), a
wider pore size distribution is observed, obtaining mesopores up to 4 nm.
This effect is more noticeable in the sample OS2 due to the higher

impregnation ratio, which produces a broadening of the porosity.
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Figure 3.5. Pore size distribution (PSD) of the ACMs disks derived from

both the N2 adsorption-desorption at -196 °C and Hg porosimetry.
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Table 3.3 summarizes the textural parameters of the ACMs. The porosity
percentage, true density and the maximum compression strength were
also collected in this table. The monoliths exhibit apparent surface areas
(AgeT) between 700 and 1500 m?/g, which indicate the well-developed
porous structure produced after the activation step. ACMs prepared from
lignin (AL1 and KL1) present lower values of external area (A:) and
mesopore volume (Vmes). On the other hand, when olive stone is used as
precursor, higher external surface area and mesopore volume are
observed, obtaining at the impregnation ratio of 2, A=300 m?/g and
Vmes=0.35 cm®/g. Micropore volumes derived from CO2 adsorption at
0 °C are quite similar in all monoliths, ranging around 0.25 cm®/g. For
the sake of comparison, activated carbons obtained at the same
experimental conditions than those used for monoliths were also
prepared. The analysis of the porosity suggests that the extrusion does
not modify substantially the porous structure of the activated carbon,
even in some cases, a slight increase of the apparent surface area was
observed.

As aforementioned, there is certain lack of knowledge about the
preparation of ACM from lignin. However, there are some works related
to the obtaining of ACM from olive stones. In this sense, the values of

the apparent surfaces area are higher than some pellets reported in the
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literature [12], and the micropore volumes are in the same order than
others [13]. In any case, the possibility of obtaining monoliths not only
with higher porosity development, but also with different amount of
channels, is an additional advantage compared to pellets, since the
pressure drop associated to some applications, such as like adsorbents or
catalysts, could make these ACMs into quite attractive materials.
Specifically in electrochemical applications, the contact between
particles in monoliths is much better than that observed in pellets made
from compaction under pressure of a powdered carbon [14].

The density of monoliths is also of great interest, overall, in the gas
storage applications, where adsorption on a volumetric basis is an
important design parameter [15]. The true density of the monoliths is
around 1.75 g/cm?, but an increase of this value can be observed from
OS to KL, at the same impregnation ratio. The true density of OS also
increases with the impregnation ratio, as a consequence of the
dehydration reaction at low temperature that would facilitate further
repolimerization and condensation reaction and conversion to carbon
[13]. The values obtained from the different precursors are quite similar
to those reported in the literature from different lignocellulosic
precursors [2, 13]. It is important to point out that the monolith (from

Kraft lignin) with higher true density also shows the highest porosity
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percentage, 64%. A relevant parameter in electrochemical applications
is the bulk density, which can be calculated from the porosity and the
true density. The values here obtained are ranging from 0.7 for KL1 to
1.4 g /cm? for OS1, these values are considerably higher than others
reported in the literature with monoliths obtained by compression of a
powdered carbon [16-17]. With regard to the mechanical strength of
ACMs, the compression strength values observed are in the same range
than those reported for different raw materials, with the highest value

found for that obtained from Alcell lignin with 7.56 MPa [14,18,19].
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Table 3.3. Textural parameters, true densities and maximum compression strength values of the ACMs.

N2 adsorption CO2 adsorption

Sample ABET Vi At Vmes AbR VbR compression

. (9/cm®)  strength (MPa)
mzlg)  CM9)  (mrg)  (em¥g) (mug) (cm3g)

Os1 1147 0.50 115 0.12 622 0.25 17.5 1.69 5.88

0S2 1489 0.59 297 0.35 638 0.26 48.0 1.82 7.36

ALl 1054 0.49 29 0.02 734 0.29 38.9 177 7.56

KL1 682 0.28 23 0.09 569 0.23 63.8 1.85 412
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Figure 3.6 shows the CO (a) and CO: (b) evolution from TPD analyses
of the different ACMs. The activated carbon monoliths show most of the
CO evolution at high temperatures, which can be attributed to the
presence of C-O-POs groups formed during the activation of phosphoric
acid, as reported by our research group in previous studies [6, 20]. Wu
and Radovic also reported the formation of this kind of groups by
impregnating carbon/carbon composite samples with a methanol
solution of methyl-phosphonic acid or phosphorus oxychloride and
heating at ca. 600 °C [21]. A lower amount of CO is desorbed at
temperatures below 700 °C, due to decomposition of anhydride, phenol
and ether groups. The amount of CO> evolved (Fig. 3.6.b) from the
ACMs is significantly lower than that corresponding to CO evolution,
indicating a lower concentration of carboxyl, lactonic and anhydride
surface groups. The monolith with the highest presence of CO- evolving
groups is that from Kraft lignin. This feature is quite relevant, because
the surface oxygen groups that decompose as CO are reported to be more
electrochemically active than CO.- evolving groups, which can actively
contribute to charge storage by pseudocapacitive reactions [22]. The total
amounts of CO and CO: released during the TPD analyses are also
summarized in Table 3.4. As can be seen, the amounts of CO desorbed

are significantly higher for the sample KL1, and very similar for the AL1
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and OS2 carbon monoliths. This table also collects the weight surface
composition of the ACMs determined from XPS analyses. The ACMs
show carbon surface concentrations higher than 78%, oxygen
concentrations from 7.8 to 18.8% and phosphorus concentrations higher
than 2%, with the highest value found for the KL1 monolith.

Figure 3.7 shows P2p spectra of the different ACMSs. Three main species
of phosphorus can be detected at 134.1 eV related to the presence of —
C-0-P0O3z, —(CO)2-PO, 0r -(C0O)3—PO species; at 133.1 eV associated to
—C—PO3 or —Co—PO; species and; at 132 eV attributed to reduced —Cs—
PO species [23]. As can be seen, KL1 monolith presents the highest
contribution of the more oxidized phosphorus species; meanwhile AL1

monolith shows the highest proportion of the more reduced ones.
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Figure 3.6. CO (a) and CO2 (b) evolution during the TPD of the different

ACMs disks.
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Table 3.4. Weight surface concentration determined by XPS and CO and

CO; evolved from TPD analyses

XPS TPD
ACM C 0 P S co CO>
(Yowt) (%owt) (%owt) (%Yowt) (mmol/g) (mmmol/g)
0OS1 87.2 11.6 2.8 0.0 55 0.6
0S2 89.0 7.8 3.2 0.0 6.4 0.4
ALl 87.3 9.0 3.7 0.0 6.1 0.5
KL1 784 167 45 0.3 9.5 0.7
COPO, —=-0S1
o <. o

Intensity (a.u.)

1 1 1

136 135 134 133 132 131 130
Binding Energy (eV)

Figure 3.7. P2p spectra for the different ACMs.
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In order to further analyze the behavior of these ACMs under oxidizing
conditions, non-isothermal oxidation experiments were carried out.
Figure 3.8 shows the non-isothermal oxidation resistance profiles or the
different ACMs. In general, all the ACM s started to oxidize significantly
at temperatures below 500 °C. As it was previously reported, the
presence of thermally stable phosphorus complexes that remain on the
carbon surface after the activation process is the responsible of the high
oxidation resistance of these ACMs [6, 20]. In this sense, the weight gain
noticed between 350 and 500 °C can be related to the oxidation of the
more reduced phosphorus species (—C3—PO groups) into C-O-POs
species, which is subsequently followed by a significant weight loss
associated to the carbon gasification [6]. The KL1 monolith presents a
slightly lower oxidation resistance compared to the other ACMs. The
majority presence of oxidized species in the parent KL1 can be a possible

explanation of this tendency.
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Figure 3.8. Non-isothermal oxidation resistances profiles for the

different ACMs.

3.3. Electrochemical characterization

ACMs disks were tested in a three electrode cell with H2SO4 as
electrolyte to evaluate their electrochemical performance. Cyclic
voltammetries were carried out for the potential window from 0 to 0.8
V, atascan rate of 1 mV/s. Figure 3.9.a shows the cyclic voltammograms
of ACMs and 3.9.b the corresponding galvanostatic charge-discharge
curves. ACM electrode from OS2 exhibits the highest current responses
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at this scan rate, followed by the KL1, AL1 and OS1 monolith. Based on
the mechanism of double-layer charge/discharge, the specific
capacitance of the ACMs should be directly proportional to their
apparent surface area (Aset) [24]. In that case, OS2 also presents the
highest surface area and pore volume. However, KL1 shows a
remarkable electrochemical performance in spite of its low surface area
and pore volume. This anomalous result suggests that the specific
capacitance of the ACMs was not only contributed by the double-layer
charge/discharge at the electrode—electrolyte interface but also by the
redox transitions of surface functional groups (i.e., pseudo-capacitance)
[25] and/or by the differences of the starting material [26]. In this sense,
the reversible redox peak at 0.38 V can be associated to the reversible
quinone/hidroquinone groups on the carbon surface. This peak can
correspond to the presence of quinone C=0 and P=0O polyphosphates
[27-28]. In fact, KL1 presents the highest amount of surface functional
groups, which desorb as CO during TPD (as reported in Table 3.4), and

the highest P content determined by XPS analyses (see also Table 3.4).
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Figure 3.9.(a) Voltammogram data obtained at 1 mV-s®; (b)
Galvanostatic charge-discharge curves at 50 mA/g for the different

ACMs disks.
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The constant current charge-discharge studies of the supercapacitor cell
were performed between cell voltages of 0 and 0.8 V, at different
discharge current densities between 50 and 1000 mA/g (see Figure
3.9.b). Although P- carbons have shown high electrogasification
resistance, being able to operate at potentials larger than 1.2 V [29-31],
the relatively mild conditions used in this work were selected to ensure
the stability of the electrodes, avoiding their partial electrogasification
[32]. The shape of the charge—discharge curves are closely linear and
show a typical symmetric triangular distribution, indicating a good
double layer capacitive property. Comparative values of specific
capacitance from galvanostatic charge-discharge and cyclic voltammetry
are listed in Table 3.5 for all the ACMs electrodes. The different methods
to calculate specific capacitances reveal the same tendency. There is not
a clear relationship between the specific capacitance values and the
apparent surface area, suggesting the great influence of the type of

precursor and the pseudo-capacitance.
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Table 3.5. Specific and volumetric capacitances obtained from cyclic
voltammetry (CV), at 1mV/s, and constant current charge-discharge

(GCD), at 50 mA/g, of the ACM s electrodes.

0OS1 122 134 187
OS2 191 217 205
ALl 144 161 174
KL1 151 166 111

Table 3.6 shows a comparison of the specific and volumetric
capacitances of different ACMs. The values of specific capacitances for
the ACMs are comparable or even better than others reported in the
literature with similar porosity, but the volumetric capacitances of OS2
and AL1 are considerably higher than the values obtained at similar
conditions by other authors. Furthermore, the advantage of these
materials is the use of a simple preparation method to obtain ACM

electrodes from biomass waste precursors.

76



Table 3.6. Specific and volumetric capacitances of different ACMs

reported in the literature.

Anthracite/polymer
Eucalyptus grandis wood
Ethylene-tar

Oil palm empty fruit bunches
Fir wood

Rubber wood sawdust
Self-adhesive carbon grains
Oil palm empty fruit bunches
Rubber wood waste

Phenolic resins

Olive stone

Alcell lignin

300
187
334
122
197
138
150
<100
129
206
217

161

167
80
<167

n.p.
n.p.
80
n.p.
n.p.”
104
111
205

174

[11]
[16]
[33]
[34]
[24]
[35]
[36]
[37]
[38]
[39]
This work

This work

“not provided

Figure 3.10 collects the evolution of the Cq of the different ACMs as a

function of the current density. A reduction of Cg values of

approximately 30% is observed at current densities as high as 1 A/g for

almost all ACMs, excepting for KL1, which shows a decrease of the

specific capacitance around 40%. This trend can be associated to a higher
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contact resistance between the current collector and the KL1 electrode,
associated to its xerogel-like morphology and its high porosity value (see
Table 3.3). In addition, the most stable electrode is OS2, which maintains
a capacitance value of 150 F/g at this relatively high current density (1
AJ/g). As can be seen, this value can be still considered significant, when

it is compared to the specific capacitances shown in Table 3.6.

250
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Figure 3.10. Evolution of the specific capacitance as a function of the

current density for all the ACMs.
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3.4 Conclusions

A series of cylindrical activated carbon monoliths (ACMs) were
prepared by chemical activation of different lignocellulosic biomass
waste such as olive stone, Alcell and kraft lignin with phosphoric acid at
different impregnation ratios. To our best knowledge, there is no
previous information about the preparation of ACMs from any type of
lignin. The extrusion of the adequate mixing, without any kind of binder,
was carried out in a home-made extruder with different die elements.
This method allows for obtaining disks and monoliths with 25 and 120

channels/cm?.

In the case of lignin precursors, a stabilization step becomes necessary
to minimize the problems of plasticity and swelling. Half of the
impregnated sample is treated at 250 °C in air and mixed to the rest of
impregnated sample before the extrusion. This method is valid for Alcell
lignin. In the case of Kraft lignin, a partial contraction of the size is
noticed. An activated micropore carbon monolith with an apparent
surface area of about 1500 m?/g, with micropore volume of 0.538 cm®/g
was obtained at 700 °C with an impregnation ratio of 2, using olive stone
as precursor. The bulk density of the monoliths is also very high (~1.1

g/cm? for ACM from Alcell lignin), with compression strength of 7.6
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MPa. This high density opens the whole range of possibilities for

different applications.

Electrochemical characterization was carried out by cyclic voltammetry
and galvanostatic charge-discharge techniques with electrodes from
ACMs in the absence of any type of binder and conductivity promoter.
The olive stone monolith presents the highest specific capacitance of all
the ACMs, approximately 217 F/g. (volumetric capacitance of 205
F/cm®). This value is higher than others reported in the literature for

activated carbons obtained from lignocellulosic precursors.
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4. ACID MESOPOROUS CARBON MONOLITHS FROM
LIGNOCELLULOSIC BIOMASS WASTE FOR METHANOL

DEHYDRATION

In this chapter, ACMs with axial channels were prepared from the direct
extrusion of different lignocellulosic materials, Alcell, Kraft lignin and
olives stones, impregnated with phosphoric acid, followed by activation
at 700 °C. The activity and stability of these ACMs were analyzed for
methanol dehydration reaction in air atmosphere. The influence of the
presence of water on the dehydration of methanol were also studied. A

kinetic model was also proposed to reproduce the experimental results.
4.1. ACMs Characterization

Cylindrical ACMs were obtained with preparations yields that ranged
from 30 to 40% (ACMSs mass/raw material mass). Figure 4.1 shows SEM
micrographs of the ACMs obtained from olive stone, Alcell lignin and
Kraft lignin, at an impregnation ratio of 1. The ACMs from olive stone
and Alcell lignin presented a cross section diameter of approximately 0.7
and 0.8 cm, with cell densities of 54 and 38 channels/cm?, respectively
(see Figures 4.1a,d). Details regarding the channels of both ACMs
showed quite regular circular hollows along all the length of the

monolith, with channel sizes ranging from 700 to 800 um. In case of
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Kraft lignin derived activated carbon monolith, a more similar xerogel-
like morphology was obtained, making the channels practically
indiscernible, due to their collapse during the heat treatment at 700 °C.

Accordingly, only discs were depicted in this figure.

These ACMs also present wall thickness from 250 to 800 um, hydraulic
diameter from 0.7 to 4 cm, open frontal area between 5% and 25%, and
geometric surface area from 0.7 to 1 cm?cm?®. Furthermore, the
compression strength values of these ACMs ranged from 4.12 to 7.56

MPa, with the highest value being obtained for the Alcell lignin one [1].

As can be seen, the preparation method here exposed allowed for
obtaining circular shaped ACMs with axial channels, at very low
pressure (0.8 MPa), in contrast to monolithic discs that were reported in
the literature, which were obtained at 130 MPa [2,3]. Furthermore, most
of these ACMSs reported in the literature were usually made by
compressing the already reported activated carbon in the presence of a
binder, obtaining the corresponding ACM in the form of solid discs [4—
8]. However, these binding components can produce a significant

reduction in the porosity of the resulting monolith.

Other authors proposed the preparation of ACMs by the extrusion of the

impregnated material with different activating agents, in a similar way
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to the one proposed in this work, but also with the goal of obtaining ACM
discs [9-14]. In this sense, the preparation of ACMs with well-defined
channels, like those here presented, was less reported and could be

considered to be very useful for different applications.

X100 100ym 50 50 SEI

X100 100um 50 50 SEI

—_ " -,
20kV X100°  100pm & 5050 SEI "pﬁv X600° 50pm 850 50 SEI

Figure 4.1. SEM micrographs of the activated carbon monoliths (ACMs)
obtained from olive stone (a—c); Alcell lignin (d—f); and Kraft lignin (g—
i), at an impregnation ratio of 1. Bar length of (a), (d), and (g) 2 mm.

Figure 4.2 collects a brief summary of some textural parameters for

different ACMs that were derived from the N2 adsorption-desorption
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isotherms at —196 °C. The values of external surface arca (Ar) were
considerably lower than those for the apparent surface area (Ager), which
suggested that the main surface area is contained in micropores. The high
values of Aget that were found for the different ACMs, which ranged
from 700 to 1500 m?/g, also indicate the high development of the
porosity that was obtained in these monoliths. Specifically, the highest
values for these textural parameters were obtained for the ACM derived
from olive stone and prepared at the impregnation ratio of 2. These
values are in the same range than those that were reported for a powder
activated carbon from olive stone prepared by chemical activation with
phosphoric acid at an impregnation ratio of 1, and a temperature of 500
°C (Aser ~900 m?/g) [15], which suggests that the extrusion of the
impregnated samples, followed by activation, does not limit the
development of porosity, when compared to the traditional method that
was carried out by the extrusion of a mixture of activated carbon with a
binder. In any case, ACMs from both Alcell lignin and olive stone
presented Ager values that were higher than 1000 m?/g; values that were

quite remarkable for catalytic applications.

94



1600 -
1400 -
1200 -
1000 -
800
600
400
200

EABET
At

Surface area (m?/g)

0OS1 082 AL1 KL1

Figure 4.2. Comparison of the apparent surface area (Aget) and external
surface area (At) derived from N adsorption-desorption data of the

different ACMSs.

Figure 4.3 shows the cumulative pore volume of the ACMs derived from
both the N2 adsorption at —196 °C by using two-dimensional-Non
Localized Density  Functional TheoryNLDFT  (2D-NLDFT)
heterogeneous adsorption models for carbon slit-shaped pores and Hg
porosimetry. Specifically, a cumulative pore volume at different pore
size intervals is represented for the different catalysts. As can be seen,
OS2 and AL1 presented a very similar volume of micropores (pore sizes
lower than 2 nm), but OS2 was the ACM with the largest contribution of
pore size, between 0 and 10 nm (in the range of micropores and narrow

mesopores). In the interval of pore size between 1 x 10% and 5 x 10° nm
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(macropores), OS1 presented the highest pore volumes. On the other
hand, OS2 showed the highest pore volume in the range of narrow
mesoporosity, which is a consequence of the larger external surface area

observed for this ACM (Figure 4.2).

40 r

80S1 m0OS2 @ALl 0OKLI

Cumulative pore volume (cm?®/g)

Pore size (nm)

Figure 4.3. Cumulative pore volume of the ACMs catalysts derived from both
the N2 adsorption-desorption at —196 °C (micropore and mesopore range) and

Hg porosimetry (macropore range).

Table 4.1 collects the mass surface concentration of phosphorus that was
determined by XPS analyses. As can be seen, the phosphorus surface
concentration values were found between 2.1 and 4.5%. The presence of
phosphorus chemically stable on the surface of the ACMs is a well-

known consequence of the activation method with phosphoric acid at
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certain preparation conditions. This phosphorus remained on the ACM
surface, even after the washing step, mainly in form of -C-O-PO3z and —
C—PO3 species [16,17]. In this sense, KL1 showed the highest P surface
concentration and also the largest contribution of the more oxidized
phosphorus species [1]. The importance of this P content was mainly
related to the fact that phosphates and polyphosphate esters that are
found on the ACM surface had hydroxyl groups (—-OH) that acted as
Bronsted acid sites, giving up protons (H+) during the alcohol
dehydration reaction [18]. Therefore, there should be a correlation
between the amount of phosphorus that remains on the catalyst surface

and the acidity of the ACMs.

Table 4.1. Mass surface concentration of phosphorus determined by X-ray
photoelectron spectroscopy (XPS) analyses and CO and CO; evolved quantities

from temperature-programmed desorption (TPD) experiments.

OS1 2.8 5.5 0.6
OS2 3.2 6.4 0.4
AL1 3.7 6.1 0.5
KL1 4.5 9.5 0.7
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On the other hand, Bedia et al. analyzed the acidity of different powder
activated carbons that were prepared by chemical activation with
phosphoric acid by NHs-TPD [15]. The total amount of ammonia
desorbed showed a clear relationship with the amount of oxygen surface
groups that decompose as CO and CO2 during the TPD experiments,
indicating the relevance of carrying this type of experiments in terms of
acidity of the catalysts. Table 4.1 also summarizes the amount of CO and
CO: that evolved from TPD experiments under inert flow. The amount
of oxygen surface groups decomposing as CO was significantly higher
for KL1, and very similar for AL1 and OS2. The presence of CO-
evolving groups was also considerably greater than that of the CO3-
evolving groups, this latter being related to the small amounts of
carboxyl, lactonic, and anhydride surface groups. The higher evolution
of CO was mainly observed at temperatures higher than 700 °C and
associated with the presence of the C—-O—POs groups that formed during
the activation of lignocellulosic materials with phosphoric acid, which
decomposed as CO at high temperatures (~860 °C) [16,17,19]. Valero-
Romero et al. associated a weak and moderate-strength acidity to these
C-O-P type species [20]. Therefore, there seems to be a close
relationship between the specific amount of CO-evolving groups and the

acidity of these ACMs.
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Isopropyl Alcohol (IPA) decomposition was used to characterize the
acidity of the ACMs. Figure 4.4 shows the steady-state conversions of
IPA and the selectivity to dehydrogenation and/or dehydration products
as a function of the reaction temperature for all of the ACMs (Poipa =
0.03 atm; W/Foipa = 0.1 g-s/umol). In general, the IPA conversion
increased with the reaction temperature and OS2 showed higher catalytic

activity than the other ACMs ones at any temperature.

The main reaction product was propylene that derived from the
dehydration reaction. The selectivity to propylene was very high at all of
the evaluated temperatures. Only small quantities of diisppropyl ether
were observed at low temperatures and IPA conversions, showing a
selectivity to propylene that was higher than 90% for temperatures higher
than 250 °C, for all the ACMs. These results suggested that these ACMs
developed a relatively large amount of surface acidity during the
preparation procedure and, thus, there would be no need for additional
treatments to increase the acidity of these catalysts, such as activated

carbon oxidation with nitric acid [21].
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Figure 4.4. (a) IPA steady state conversion and (b) selectivity to propylene
(filled marks) and diisoppropyl ether (hollow marks) as a function of the
reaction temperature for the different carbon monoliths catalysts under inert

atmosphere. Popa = 0.03 atm; W/Fopa = 0.1 g-s/umol.

Mass transport limitations can be neglected based on the theoretical
calculations of Carberry number and the isothermal intraphase internal
effectiveness factor, at the operating conditions that were used in this
study [20]. The values of apparent rate constant, k, have been obtained
using conversion values below 20%, taken into account a global first-
order kinetic. From these values and applying the Arrhenius equation,
the corresponding values of apparent activation energy (Ea) and the
preexponential factor (A) have been calculated for each ACM and they
are summarized in Table 4.2. The values that were obtained for the

apparent activation energies were quite similar, ranging from 100 to 130
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kJ/mol and of the same order than those that were obtained for different
inorganic catalysts (heteropolyacids, zeolites,...) [22,23] and powder
activated carbons that were obtained by chemical activation with

phosphoric acid from different lignocellulosic waste [15,24].

Table 4.2. Apparent kinetic parameters for 2-propanol decomposition for

all the ACM catalysts.

Os1 104 33.14
0S2 116 36.34
ALl 134 39.70
KL1 136 50.99

Preexponential factor values can provide a rough estimation of the
amount of active sites per unit of surface area or unit of mass of catalyst.
As can be seen, the values that were reported in Table 4.2 followed the
same sequence than the P content that was determined by XPS (see Table
2), KL1> AL1> 0S2 > 0S1, which suggested that the number of active
sites are directly related to the presence of phosphates and polyphosphate

esters in the different ACMs. A relationship between the amount of

101



surface phosphorus complexes (of C—O-P type) and surface acidity has

been also reported [25].

4.2. Methanol Decomposition

Once the acidity of the ACMs was evidenced, these catalysts were used
for the methanol dehydration reaction. The catalytic activity of the
ACMs here reported are denoted in Figure 4.5, where the methanol
conversion, Xwmeon, as a function of the reaction temperature was
represented. The reaction of methanol dehydration was carried out in the
presence of air (Pmeon = 0.03 atm, W/Fmeon = 0.01 g-s/umol). A
temperature of 375 °C was selected as the maximum reaction
temperature that the carbon monoliths can stand without the significant
gasification of the carbonaceous matrix. These carbon-based catalysts
could work at such a high temperature without burning out due to the
high oxidation resistance that was provided by the presence of these P
surface complexes [1]. The highest conversion obtained was
approximately 70% at 375 °C, with OS2 being the most active ACM due
to its higher value of apparent surface area, which compensates its
slightly lower P content. The rest of ACMs follows the sequence

OS1>KL1>AL1.
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DME was the main reaction product. The selectivity to this product was
higher than 90% for all the ACMs up to 350 °C. At 375 °C, the selectivity
to DME decreased to around 85% due to the appearance of CO2 and, in
less extent CO in the outlet stream. The burn-off of the ACMs was
considerable at higher temperatures and the methanol dehydration was
not evaluated. Other authors have evaluated different activated carbons
as catalysts for the methanol dehydration reaction, and they have
reported much lower methanol conversions, although under inert
atmosphere [26, 27]. The P surface complexes C-O-P type play an
important role for an efficient and highly selective methanol dehydration
to DME, given that they present a weak-to-moderate acid strength
[24,28] and provide the carbon surface with high oxidation resistance
[19,25]. In a previous work, we had reported that these P surface groups
would seem to be the active sites that are responsible for the relatively
high conversion of methanol to DME [20]. These active sites had
presented a redox function, avoiding (in the presence of air) the catalyst
deactivation by coke deposition due to a continuous (re)oxidation of the
reduced P surface groups, which are produced by the dehydration
reaction, without a significant the burn-off of the carbon matrix of the

catalyst.
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Figure 4.5. Methanol conversion as a function of the reaction temperature for
the different carbon monoliths catalysts under air conditions. Pyveon = 0.03 atm,
W/Fmeon = 0.1 g-s/umol. Dots: experimental data, lines: Langmuir-

Hinshelwood model fitting; dash lines: equilibrium conversions.

4.2.1. Stability Study

With the goal of studying the stability of OS2 monolith under reaction,
a long-term experiment was carried out at two different temperatures.
Figure 4.6 shows DME yields as a function of the time on stream at 300
and 350 °C, at Pmeon = 0.03 atm and W/Fmeon = 0.1 g-s/umol. Almost

no decrease of the DME yield was observed at 300 °C for 20 h of time
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on stream, which evidenced the high stability of this catalyst under these
operating conditions. At 350 °C, a gradual decrease of the methanol
conversion could be observed, which was mainly related to a progressive
deactivation of the catalyst by coke deposition. However, it is important
to point out that methanol conversions higher than 45% have been
obtained for more than 20 h, with selectivity towards DME practically

the same, with values higher than 85%.

100
90
80 r  4300°C Air
70
60 £

50 G00eeccceccece,

40 PR asdaaa,,, . mﬁfﬂ:::m::.:ﬂﬂm

30 r

20 r
10

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8§ 10 12 14 16 18 20
TOS (h)

350 °C Air

Yield to DME (%)

Figure 4.6. DME vyield as a function of the time on stream at different
reaction temperatures for OS2 monolith under air atmosphere. Pmeon =

0.03 atm, W/Fmeon = 0.1 g-s/umol.
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4.2.2. Influence of Water Vapor in the Reaction Mixture

The methanol dehydration reaction to DME can be significantly
influenced by the presence of water vapor, which may shift the reaction
equilibrium [29, 30]. The influence of the presence of water in the
methanol conversion was analyzed for OS2. Figure 4.7 shows the
methanol steady state conversion for different inlet partial pressures of
water at 300 and 350 °C in air. For the sake of comparison, methanol
equilibrium conversions were also included in the dash lines. Methanol
conversions significantly decreased in the presence of water, as
compared to the equilibrium conversions, which was due to its
competitive adsorption with methanol for the acid sites. Specifically,
methanol conversion was reduced by half in the presence of 0.08 atm of
water vapor at 350 °C, meanwhile a decrease of almost 70% was
observed at 300 °C, which indicated that the influence of water was less
pronounced with the increase of reaction temperature, which was
probably due to the adsorption enthalpy of water being slightly higher
than that of methanol, according to the values that were reported in the
literature [31,32]. DME formation also decreased from 99 to 86% in the

presence of 0.08 atm of water, at 300 °C.

Valero-Romero et al. reported a methanol conversion decrease from 20

to 11% when the water content in the feed was raised to 0.04 atm at 300
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°C, for a powder activated carbon [20]. This decrease was less
pronounced than the one that was observed for OS2, in spite of both the
powder activated carbon and the monolith (OS2) presenting very similar
P contents, derived from XPS analyses. However, the experimental
conditions for these two cases were slightly different. The inlet methanol
concentration was lower for the case of the powder activated carbon,
which would suppose a lower formation of water by the reaction and,
therefore, a lower competitive adsorption between methanol and water

vapor.
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Figure 4.7. Methanol conversion as a function of different water partial
pressures at 300 and 350°C for OS2 monolith. Pmeon = 0.03 atm,
W/Fmeon = 0.1 g-s/umol. Dots: experimental data, lines: Langmuir-
Hinshelwood model fitting; dash lines: methanol equilibrium

conversions.
4.3. Kinetic Study

The steady-state catalytic methanol conversion data that were obtained
at different temperatures were fitted using several kinetic models for an
integral reactor. The reactor mass balance equation of the reactor was

numerically integrated to calculate the methanol conversion.
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w

e 0 w
X = fOFM o —Tmeon - d(@) 1)

In this equation, -rveon represented the methanol decomposition rate,

while % stood for the methanol space time (g-s/umol).
MeOH

The mathematical description of -rmeon relied on the kinetic mechanism
for methanol decomposition over acid catalysts. It has been supposed
that methanol dehydration was the prevailing reaction contributing to -
rveon Since selectivity towards dimethyl ether was higher than 90% for
most of the experiments. Two different reaction pathways for this
reaction were proposed, which involved the associative and dissociative
mechanisms [33]. The dissociative mechanism, the most generally
accepted, considers that an intermediate methoxyl is formed on the acid
site after the adsorption of a methanol molecule [34]. A nucleophilic
attack by a second methanol molecule results in the dimethyl ether
formation, releasing water as a by-product. In addition, the competitive
adsorption of water on the active sites is responsible for a decrease in the
catalytic activity. Oxygen is not included in the main reaction pathway,
and its role is ascribed to the oxidation of the intermediates that would
deliver catalyst deactivation through the formation of light hydrocarbons

and coke.
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From these considerations, three kinetic models were proposed to
describe the methanol decomposition rate: i) Pseudo-second order (SO)
with respect to methanol concentration, ii) Langmuir-Hinshelwood (LH)
mechanism, and iii) Eley-Rideal mechanism (ER). The resulting kinetic
rate expressions are collected in Table 4.3. The LH and ER mechanisms
also include the competitive adsorption of water. It must be noted that
the relationship of the kinetic and equilibrium constants, methanol
adsorption constant, and water adsorption constant (denoted as ksr, Ksr,
Kwmeon, and Kroo, respectively) with temperature are described while

using Arrhenius and Van’t Hoff laws:

Ea

k=k0-e_ﬁ (2)

AH;

Ki=Ky;-e rT (3)

After selecting the appropriate rate expression, Equation (1) is
numerically solved while using an ordinary differential equation solver.
The related kinetic and adsorption parameters from Equations (2) and (3)
are optimized by minimizing the objective function (OF), which is
selected to be the sum of the quadratic difference between the
experimental and modelled conversion data divided by the number of

experimental data points. The optimization is performed while using a
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simplex search method. The integration and optimization of the models

has been implemented using Matlab ®.

Table 4.3. kinetic rate expressions for the methanol decomposition.

SO —Tmeon = K+ PMeOHZ 3.387x10°3
—TMeoH

Powi - Kizo - P ,3

ER ks - (Kmeon - Pueon” — —2ME Igio H20y 1.025x10

1+ Kyeon * Pueon + Knzo * Puzo
—TMeoH

Pome - Kizo * P B

LH k+ (Kieon - Pueon” — —2ME—pl20—H20) - 0.961x10

(1 + Kyeon * Pueon + Kuzo * Puz0)?

The optimization results reveal that SO is not able to fairly reproduce the
experimental data (OF value three times higher than LH and ER ones,
Table 4.3). Mechanisms considering surface reaction on the active site,
such as the ER and LH models, are required in providing an accurate
mathematical description of the methanol conversion dependence with
temperature on these catalysts. The most probable model seems to be
LH, according to the lower value that was obtained for the OF (Table
4.3), although further experiments at higher methanol pressures would

be necessary to confirm this finding.
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The modeled data (solid lines) calculated from the optimized LH Kinetic
and adsorption parameters assuming the integral reactor equation have
been also included in Figure 4.5, showing an excellent agreement. The
LH model could describe the impact of the presence of water in the
reactor feed on the methanol conversion very well. In this sense, the LH
mechanism with competitive water adsorption provides the best model
predictions for the methanol conversion in OS2 monolith when different
amounts of steam were added to the reactor inlet at 300 and 350 °C (see

Figure 4.7).

Table 4.4 compiles the values of the LH model parameters. The
activation energies that were obtained are in accordance to those
previously found for other acid activated carbon catalysts used for
methanol dehydration and even, for other inorganic materials [27, 35,
36]. The most active monolith, OS2, showed the lowest activation energy
value. Moreover, the evaluation of the kinetic and adsorption constant at
300 °C (the two last columns on Table 4.4) revealed that the Kinetic
constant value followed the order OS1 > AL1 > OS2~KL1, whereas the
adsorption ~ constant  showed a quite different  trend,
0S2>KL1~0S1>AL1. The combination of both constant values can
explain the higher methanol conversion that was attained at low

temperature by the OS1 and OS2 monolith. On the other hand, the lower
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affinity of OS1 surface for methanol would explain why OS2
outperforms OS1 as the reaction temperature increased. The evaluation
of Krzo value at 300 °C (Krzo,300 = 15.8 atm ™) revealed that the affinity
of the OS2 surface towards water was higher than that for methanol at
those conditions. Therefore, the addition of water to the inlet gas could
effectively displace methanol from the adsorption sites when its pressure
was high enough, a fact that could be behind the activity drop that was

observed for OS2 in the presence of water vapor (Figure 4.7).
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Table 4.4. Langmuir-Hinshelwood (LH) Model parameter values.

ALl 49 99 12 21 0.037 —-15 0.007 —26 395 0.8

KL1 354 111 43 24 0.025 —18 0.003 —-17 269 11

OS1 24 96 29 27 0.027 -17 0.011 -33 445 11

0S2 6.2 92 19 25 0.155 -12 0.009 —35 276 1.8
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4.4. Conclusions

Activated carbon monoliths (ACMs) from different lignocellulosic
biomass waste, such as olive stone (OS), Alcell (AL), and Kraft lignin
(KL), were prepared by the direct extrusion of the precursors with
phosphoric acid, followed by activation under inert atmosphere, and
washing with distilled water. These activated carbon monoliths were
used as catalysts for the alcohol dehydration reaction. The highest
conversion for Isopropyl Alcohol decomposition was obtained by the
ACMs that were derived from olive stone. Selectivity to propylene was
quite high at all of the evaluated temperatures, being higher than 90%
from 250 °C, for all the ACMs. The values for the apparent activation
energies (supposing a first-order kinetic) are quite similar, ranging from

100 to 130 KJ/mol.

The methanol decomposition reaction was also analyzed under air
atmosphere. The highest conversion obtained, without a significant burn-
off of the carbonaceous matrix, is approximately 70% at 375 °C, with
OS2 being the most active ACM, followed by KL1 and AL1 catalyst.
Several kinetic models were evaluated to predict the methanol
conversions, while taking also into account the competitive influence of
water. The Langmuir-Hinshelwood mechanism, whose rate-limiting step

was the surface reaction between two adsorbed methanol molecules,
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represented the experimental data under the conditions studied very well.
An activation energy value of 92 kJ/mol for methanol dehydration
reaction and adsorption enthalpies for methanol and water of —12 and

—35 kJ/mol, respectively, were obtained.
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RESUMEN

El objetivo de esta tesis es la preparacion de monolitos de carbon
activado (ACMs) sin la necesidad de afiadir ningun tipo de aglutinante a
partir de diferentes residuos biomasicos, como la lignina y huesos de
aceituna. El primer residuo es en realidad un subproducto de la industria
papelera 'y, también podria obtenerse en las biorrefinerias
lignocelul6sicas destinadas a la produccion de bioetanol y el segundo
residuo usado procede de la industria olivarera. Concretamente se han
usado la lignina Kraft y Alcell® y los huesos de aceituna, los cuales son
impregnados con HzPOa, se extruyen en diferentes conformaciones
(discos y monolitos con diferente cantidad de canales) y, posteriormente,
se activan. Para minimizar la posible fusion e hinchamiento de la lignina
durante la etapa de activacion, se han probado diferentes metodologias.
Ademas, las propiedades electroquimicas de los ACMs han sido
analizadas.

Por otro lado, estos ACMs también se evaluaron como catalizadores para
la produccion de dimetil éter (DME). La actividad y la estabilidad de
estos ACMs en la reaccién de deshidratacion del metanol se analizaron
en una atmasfera de aire. También se estudio la influencia de la presencia

de agua la corriente de alimentacion para la deshidratacion del metanol.
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Finalmente se propuso un modelo cinético que fuera capaz de reproducir

los resultados experimentales.

Preparacion de ACM

Los ACMs se prepararon a partir de diferentes precursores de biomasa:
lignina Alcell® (AL) (Repap Technologies Inc.), lignina de eucalipto
obtenida a partir del proceso Kraft (KL) y hueso de aceituna (OS)
suministrado por S.C.A. Olivarera y Frutera San Isidro, Periana
(Malaga). Las materias primas fueron molidas y tamizadas hasta un
intervalo de tamafio de particula de 50-80 pm.

Estos precursores biomasicos se impregnaron con HzsPO4 en una relacion
de impregnacion de 1 (masa de H3POs/masa de materia prima) y se
mantuvieron en una estufa a vacio durante 24 horas, a 60 °C.

Para estudiar el efecto de la relacion de impregnacion, también se
impregnd hueso de aceituna con relaciones de impregnacién de 1y 2.
Las muestras secas e impregnadas se mezclaron con agua destilada hasta
obtener las propiedades reoldgicas y de plasticidad adecuadas para
permitir su extrusion. Asi, las muestras impregnadas, sin ningun tipo de
aglomerante, fueron extruidas en una extrusora disefiada por nuestro
grupo de investigacion, utilizando un molde cilindrico con un diametro

interno de 2 cm a temperatura ambiente y con una presién de 0,8 MPa.
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La extrusora consta principalmente de un molde cilindrico de acero
inoxidable con un diametro interno de 2 cm, y diferentes elementos de
matriz (diametro interno de 1 cm), operados a temperatura ambiente. EI
montaje es capaz de proporcionar un maximo de 1,6 MPa, aunque en la
preparacion de estos ACM, la presion no ha superado, en ningln caso
los 0,8 MPa. También se disefiaron dos elementos de matriz diferentes
con 19 y 72 pines para obtener monolitos con 25 y 120 canales/cm?,
respectivamente.

Cuando se utilizaron ambas ligninas como materia prima, fue necesario
un paso de estabilizacion de las muestras impregnadas, previo a la
extrusion, para evitar parcialmente los problemas de hinchamiento que
presenta tipicamente la lignina. Los métodos optimizados consisten en
un tratamiento térmico a 250 °C, bajo un flujo de aire (150 cm®/min),
durante 1 h. Luego, el 50% del material estabilizado se molid y se mezcld
con un 50% de lignina impregnada no estabilizada, obteniendo una pasta
que finalmente se extruyé para formar los monolitos.

Posteriormente, los monolitos obtenidos se activaron en un horno tubular
a 700 °C durante 2 h, con una velocidad de calentamiento de 10 °C/min,
bajo un flujo de nitrogeno. Finalmente, los monolitos activados se
lavaron con agua destilada a 60 °C, hasta obtener un pH constante en las

aguas de lavado.
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Caracterizacion de los ACMs

Para la caracterizacion de los ACMs se realizaron inicialmente anélisis
termogravimétricos (TGA) no isotermos de los diferentes precursores
biomasicos (lignina y hueso de aceituna) bajo atmdsfera de aire en una
termobalanza, Cl Electronics. La termobalanza mide automaticamente el
peso de la muestra y la temperatura en funcion del tiempo. Los
experimentos se llevaron a cabo con un caudal total de 150 mL
(STP)/min, empleando una masa de muestra de aproximadamente 10 mg.
A partir de estos ensayos se obtuvo el analisis inmediato de los
precursores, donde se obtuvo que la lignina Kraft era el precursor con un
mayor contenido en cenizas (KL-12,4%> AL -0,1%> OS-0,1%). Por otro
lado, el andlisis elemental de las muestras se realizo utilizando un
analizador LECO CHNS 932, donde el contenido de oxigeno
correspondiente se calculd por diferencia. Los resultados mostraron que
la lignina Alcell era la que mostraba el mayor porcentaje de contenido
en carbono en comparacion con los otros precursores (AL 65%> KL
58%> OS 48%), el contenido de hidrégeno fue casi el mismo con un
promedio de 6,6%, mientras que el contenido de oxigeno es
indirectamente proporcional al contenido de carbono (AL 29% <KL 34%

<0S 44%). Ademas, no se observaron rastros de azufre (S) en las
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muestras AL y OS. En el caso de KL, el significativamente alto
porcentaje de azufre deriva de su procedimiento de obtencion.

La morfologia de los ACMs (OS1, AL1, KL1) fue analizada mediante
microscopia electronica de barrido (SEM), con un analizador JEOL
JSM-6490LV, obtenido a un voltaje de entre 20-25 kV. Las micrografias
obtenidas demostraban la posibilidad de formar discos de carbén activo
y de igual tamafio, a partir de diferentes precursores biomasicos,
mediante una técnica sencilla y versatil. Es importante mencionar que
los ACMs obtenidos a partir de la lignina necesitaban un tratamiento de
estabilizacion previo para evitar el hinchamiento de la misma durante la
etapa de activacion. A partir de los resultados obtenidos, se pudo
observar gue los monolitos obtenidos a partir de OS y AL eran bastante
similares, mientras que el obtenido a partir de lignina Kraft tenia una
apariencia similar a un xerogel poroso. Ademas, para los monolitos de
lignina de Alcell se compararon (a) los discos de carbono (b) los
monolitos con 25 canales/cm? y (c) los monolitos con 120 canales/cm?
obtenidos a una presion de 0,8 MPa. En las micrografias se observaban
claramente los canales, incluso en aquel con una mayor densidad de
huecos, bien alineados y distribuidos, lo que demostraba que con una
extrusora de laboratorio, disefiada por nuestro grupo de investigacion,

era posible obtener, tanto discos, como monolitos con 25 y 120
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canales/cm? a una relativamente baja presion. A diferencia de los
previamente publicados en la bibliografia que se obtienen a presiones a
partir de 130 MPa.

Es importante destacar que los ACMs pasan por una contraccion de sus
tamanos después de la etapa de activacion. Por ejemplo, el diametro de
seccidn transversal de los monolitos OS y AL obtenidos a la misma
relacién de impregnacion (1), se reduce aproximadamente un 25%. En
general, se puede observar que los canales de ambos ACMs presentaban
huecos circulares bastante regulares a lo largo de todo el monolito, con
tamanos de canal que van desde 700 a 800 pum, mientras que la densidad
de la celda de los diferentes ACMs varia entre 30 y 125 celdas / cm?.

El rendimiento final de preparacion de los diferentes ACMs fue
calculado, presentando valores entre el 30 y el 40% (AL1= 41%> OS1=
40%> KL1= 32%). Estos valores estan relacionados con la composicion
de la materia prima, es decir, el contenido de hemicelulosa, celulosa y
lignina. Se observo que el monolito AL1 presenté un mayor rendimiento
que los otros, debido a su mayor contenido en lignina y su baja cantidad
de cenizas. En general, el rendimiento de los monolitos obtenidos a partir
de hueso de aceituna disminuye con la relacion de impregnacion, como
consecuencia de una deshidratacion mas profunda de la estructura

carbonosa del precursor, por lo que el monolito, OS2, obtenido a una
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relacién de impregnacion mas alta (2), produjo un menor rendimiento en
comparacion con el OSL1.

La textura porosa de los ACMs se evalué mediante adsorcidn-desorcion
de N2 a -196 °C y adsorcion de CO: a 0 °C, utilizando un analizador
ASAP modelo 2020 y porosimetro de Hg (modelo Autopore IV). Los
ACMs se desgasificaron previamente durante 8 h a 150 °C. Los
parametros texturales correspondientes se calcularon aplicando la
ecuacion BET y el método-t a partir de los datos de la isoterma de N2 y
mediante la ecuacion de Dubinin-Radushkevich a partir de los datos de
adsorcion de COz. La distribucion del tamafio de macroporos se calculo
a partir de los datos de porosimetria de Hg.

A partir de las isotermas de adsorcion-desorcion de N2 de los discos de
ACM a -196 °C, se observd que los ACMs obtenidos de la lignina Kraft
y Alcell mostraron isotermas de tipo | caracteristica de soélidos
microporosos, donde casi todo el volumen de N2 adsorbido tiene lugar a
presiones relativas bajas. Concretamente, el monolito derivado de
lignina Kraft presenta una meseta horizontal mas pronunciada,
comenzando con una presion relativa muy baja, lo que indica la presencia
de una microporosidad mas estrecha. Los monolitos obtenidos a partir de
hueso de aceituna presentan una isoterma tipo IV con un aumento del

volumen adsorbido en todo el rango de presiones relativas, en general, la
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muestra obtenida a mayor relacion de impregnacion presenta un mayor
desarrollo poroso, con estructuras micro y mesoporosas.

Por otro lado, el desarrollo de porosidad de los ACMs, a la misma
relacion de impregnacion, sigue la secuencia: OS> AL> KL,
probablemente debido a la presencia de celulosa en el hueso de aceituna
que da lugar a un mayor desarrollo poroso.

Con respecto a la macroporosidad, las caracteristicas observadas en las
micrografias SEM fueron corroboradas en la distribucion de tamafio de
poro (PSD) obtenida a partir de la porosimetria de Hg. EI monolito
obtenido a partir de lignina Kraft exhibe la mayor contribucion de
macroporosidad. Por el contrario, la presencia de macroporos en los
monolitos de hueso de aceituna es menor gque en los monolitos derivados
de lignina.

En el caso de la PSD obtenida por adsorcion-desorcion de N2 a -196 °C,
se observo una amplia distribucién del tamafio de los poros en todos los
casos. Todos los ACMs presentan una banda principal centrada
alrededor de 0,7 nm y un segundo pico que comprende tamafios de poro
entre 1,4 y 2,0 nm. Los monolitos preparados a partir de lignina Kraft y
Alcell muestran, ambos, una distribucién bimodal en todo el rango de los

microporos.
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En el caso de los ACMs elaborados a partir de hueso de aceituna (OS1y
0S2) se observa una distribucion de tamafio de poro mas amplia,
obteniendo mesoporos de hasta 4 nm. Este efecto es méas notorio en la
muestra OS2 debido a la mayor relacion de impregnacion, lo que produce
un ensanchamiento de la porosidad.

Los monolitos exhibieron areas superficiales aparentes (Aget) entre 700
y 1500 m?/g, lo que sugiere que los monolitos presentaban una estructura
porosa bien desarrollada, ademas, el monolito OS2 es el que mostraba el
area BET y el 4rea externa (At) mas alta (0S2= 1489 m?/g > OS1= 1147
m?/g > AL1= 1054 m?/g > KL1= 682 m?/g.

El analisis de la porosidad sugiere que la extrusiébn no modifica la
estructura porosa del carbon activado, incluso en algunos casos se
observo un ligero aumento de la superficie aparente, cuando se
compararon con carbones activos granulares obtenidos a partir de los
mismos precursores y en las mismas condiciones de temperatura y
relacién de impregnacion.

La densidad real de los ACMs se mididé con un picnémetro de helio
utilizando un equipo AccuPyc Il 1340. La evaluacidn de las propiedades
mecanicas de los ACM (méaxima resistencia a la compresion) se llevé a
cabo mediante un ensayo de compresion, usando un analizador Deben

Microtest, donde la velocidad de compresion fue de 0,003 mm/s.
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Es importante sefialar que el monolito obtenido a partir de lignina Kraft
presenta una mayor densidad real, pero también muestra el mayor
porcentaje de porosidad 64%. Un parametro relevante en aplicaciones
electroquimicas es la densidad aparente, que se puede calcular a partir de
la porosidad y la densidad real. Los valores aqui obtenidos van desde 0,7
para KL1 a 1,4 g/cm3 para OS1, estos valores son considerablemente
mas altos que otros reportados en la literatura. En cuanto a la resistencia
mecanica de los ACMs, los valores de resistencia a la compresion
observados se encuentran en el mismo rango que los reportados para
diferentes materias primas, siendo el valor mas alto el obtenido por el
monolito obtenido a partir de la lignina Alcell con 7.56 MPa.

La quimica superficial de los ACMs se analiz6 mediante desorcion a
temperatura programada (TPD) y espectroscopia fotoelectronica de
rayos X (XPS). Los perfiles de CO y CO- se obtuvieron en un reactor de
lecho fijo de cuarzo colocado dentro de un horno eléctrico y se
cuantificaron mediante analizadores de gases de infrarrojos no
dispersivos (NDIR) (Siemens ULTRAMAT 22). Las muestras se
calentaron desde temperatura ambiente hasta 930 °C, a una velocidad de
calentamiento de 10 °C/min en un flujo de N. Los analisis XPS de las
muestras se obtuvieron mediante un aparato “5700C model Physical”,

con radiacion de Mg Ka (1253,6 eV). Para el andlisis de los picos XPS,
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el maximo del pico del espectro del C1s se fijo en 284,5 eV y se utilizd
como referencia para mover los otros picos.

Para todos los monolitos, las cantidades totales de CO liberadas fueron
considerablemente mayores a las cantidades desorbidas de CO; durante
los andlisis de TPD, y que esta evolucion tuvo lugar a temperaturas altas
(mayores de 700 °C), lo que sugeria la presencia principal de grupos
carbonilos, quinonas y grupos superficiales asociados al fésforo.
Ademas, se encontr6 que las cantidades de CO desorbido fueron
significativamente mayores para la muestra KL1 y muy similares para
los monolitos de carbono AL1 y OS2. La concentracion masica
superficial de los ACMs fue determinada por XPS, los ACMs mostraron
concentraciones de carbono en la superficie superiores al 78%,
concentraciones de oxigeno de 7,8 a 18,8% y concentraciones de fosforo
superiores al 2%, con el valor més alto encontrado para el monolito KL1.
Analizando el espectro del fosforo se observo que el monolito KL1 es el
que presentaba la mayor contribucién de especies de fésforo mas
oxidadas (tipo -C-O-PQOs3), mientras tanto, el monolito AL1 mostraba la

mayor proporcion de las especies de fosforo mas reducidas (-Cz-PO).
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Aplicaciones de los ACMs

Monolitos de carbodn activado de residuos de biomasa lignocelulésica
para aplicaciones electroquimicas

La caracterizacion electroquimica de los ACMs se realizO mediante
técnicas de voltamperometria ciclica y carga-descarga galvanostatica
directamente con los electrodos de ACMs en ausencia de cualquier tipo
de aglomerante y/o promotor de conductividad. Para ello se us6 un
analizador electroquimico modelo SP- 200 (Bio-Logic Int.) y una celda
estandar de tres electrodos que consta de un alambre de platino como
contra-electrodo, un electrodo de Ag/AgCIl como electrodo de referencia
y un electrodo de trabajo que contiene el ACM correspondiente con un
espesor aproximado de 200 um, previamente secado a 100°C en una
estufa de vacio. El colector consta de una malla de acero inoxidable. Los
electrodos de trabajo y los contraelectrodos se colocaron cara a cara 'y se
probaron en un electrolito 1 M H>SO4. Las muestras se caracterizaron
mediante la técnica de voltamperometria ciclica a una velocidad de
barrido de 1 mV s' y mediante la técnica de carga-descarga
galvanostatica (GCD) de 0 a 0,8 V vs Ag/AgCI/CI-3M hasta densidades
de corriente de 1000 mA/g. Las capacitancias de los experimentos de
GCD (Cg®°P y CvCeP) se calcularon a partir del perfil de descarga de

GCD. Concretamente, las capacitancias especificas y volumétricas se
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obtuvieron de las voltamperometrias ciclicas (CV), a 1mV/s, y de los
ciclos de carga-descarga de corriente constante (GCD), a 50 mA /g.

El monolito de hueso de aceituna OS2 presentd la mayor capacitancia
especifica de todos los ACM, aproximadamente 217 F/g (capacitancia
volumétrica de 205 F/cm®), seguido de cerca del monolito KL1. Segun
el mecanismo de la doble capa, la capacitancia especifica deberia ser
proporcional al area superficial aparente, sin embargo, la buena respuesta
electroquimica del monolito KL1 sugeria la presencia de pseudo-
capacitancia debida a reacciones redox de los diferentes grupos
oxigenados superficiales presentes en los monolitos (grupos quinonas y
enlaces P=0 presentes en los polifosfatos).

En cualquier caso, los valores de capacitancias especificas para los
ACMs son comparables o incluso mejores que otros reportados en la
literatura con porosidad similar, pero las capacitancias volumétricas de
OS2 y AL1 son considerablemente més altas que los valores obtenidos
en condiciones similares por otros autores. Ademas, la ventaja de estos
materiales es el uso de un método de preparacion simple para obtener

electrodos de ACM a partir de precursores de residuos de biomasa.

135



Monolitos de carbono mesoporosos acidos a partir de residuos de
biomasa lignocelulosica para la deshidratacion de metanol

La acidez de los ACMs fue determinada mediante la reaccion de
descomposicion de Alcohol Isopropilico (IPA), donde en los sitios
acidos se lleva a cabo la deshidratacion a propileno, y en los sitios
béasicos, la deshidrogenacion a acetona. La descomposicion del IPA se
realizd en atmasfera inerte y a presion atmosférica en un microrreactor
de lecho fijo de cuarzo de 6 mm de didmetro, que se coloco dentro de un
horno vertical con control de temperatura. EI IPA se aliment6 al reactor
mediante una bomba de jeringa (modelo Cole-Parmer® 74900-00-05,
Vernon Hills, IL, EE. UU.), asegurando un flujo de IPA controlado
constante, utilizando una presién parcial de IPA de 0.03 atm y un tiempo
espacial de W/Foipa = 0,1 g s/umol. Las concentraciones de reactivo y
productos se analizaron mediante cromatografia de gases (micro-GC 490
equipado con un tamiz molecular PPQ, 5A, y una columna Wax, Agilent
Technologies, Santa Clara, CA, USA).

En general, la conversién de IPA aumentd con la temperatura de reaccion
y el monolito OS2 mostr6 una actividad catalitica mas alta que los otros
ACMs a cualquier temperatura. El principal producto de reaccion fue
propileno derivado de la reaccién de deshidratacion. La selectividad al

propileno fue muy alta en todas las temperaturas evaluadas. Solo se
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observaron pequefias cantidades de diisopropiléter a bajas temperaturas,
mostrando una selectividad a propileno mayor al 90% para temperaturas
superiores a 250 °C, para todos los ACMs. Los resultados sugirieron que
los ACMs desarrollaron una cantidad relativamente grande de acidez
superficial durante el procedimiento de preparacién y, por lo tanto, no
habria necesidad de tratamientos adicionales para aumentar la acidez de
estos catalizadores.

A partir de estos datos, se obtuvieron los valores de la constante de
velocidad aparente, k, utilizando valores de conversion inferiores al 20%
y teniendo en cuenta una cinética global de primer orden. Los valores
que se obtuvieron para las energias de activacion aparentes fueron
bastante similares, oscilando entre 100 y 130 kJ /mol y del mismo orden
de magnitud que los publicados para diferentes catalizadores
inorganicos.

Los valores de los factores preexponenciales pueden proporcionar una
estimacion aproximada de la cantidad de sitios activos por unidad de
superficie o unidad de masa de catalizador. A partir de los resultados
obtenidos, se observd que el monolito KL1 era él que mostraba los
valores mas altos de energia de activacion y factor preexponencial, lo

que evidenciaba que el nimero de sitios activos estaba directamente
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relacionado con la cantidad de grupos superficiales de fosforo presentes
en los diferentes ACMs.

Descomposicion de metanol

La descomposicion del metanol se realizd en el mismo microrreactor
utilizado para la prueba de descomposicion de IPA. La reaccion se llevo
a cabo con 200 mg de ACM, en aire, a temperaturas entre 150 y 375 ° C.
Todas las lineas se calentaron hasta 120 ° C para evitar cualquier
condensacion. La presion parcial de entrada de metanol fue de 0,03 atm
y las presiones parciales del agua se variaron de 0 a 0,08 atm, con un
tiempo espacial de 0,1 g s/pmol.

Las concentraciones de gas de salida se cuantificaron mediante
cromatografia de gases (micro-GC 490 equipado con un tamiz molecular
PPQ, 5A, y una columna Wax, Agilent Technologies, Santa Clara, CA,
USA).

La conversion se definio como la relacion entre la cantidad de metanol
que se convirtio y la cantidad de metanol afiadida al reactor. La
selectividad (en % moles) se defini6 como la relacion molar de un
producto especifico a la cantidad de metanol convertido. El balance de
carbono se alcanzo con un error inferior al 3% en todos los casos.

Una vez que la acidez de los ACMs fue evidente, estos catalizadores se

utilizaron para la reaccion de deshidratacion del metanol. Para ello se
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selecciond una temperatura de 375 °C como la temperatura de reaccion
maxima que pueden soportar los monolitos de carbono sin una
significativa gasificacion de la matriz carbonosa. La conversion mas alta
obtenida fue aproximadamente del 70% a 375 ° C, siendo OS2 el ACM
mas activo debido a su mayor valor de area superficial aparente, lo que
compensa su contenido de P ligeramente menor. El resto de ACMs sigue
la secuencia OS1> KL1> AL1.

El dimetiléter (DME) fue el principal producto de reaccion. La
selectividad a este producto fue superior al 90% para todos los ACMs
hasta 350 °C. A 375 °C, la selectividad a DME disminuy6 a alrededor
del 85% debido a la aparicion de COz y, en menor medida CO, en la
corriente de salida. La combustion de los ACMs fue considerable a
temperaturas mas altas y, por ello, no se evaluo la deshidratacion del
metanol a temperaturas mayores. Los complejos superficiales de fosforo
del tipo C-O-P juegan un papel importante para una deshidratacion de
metanol eficiente y altamente selectiva a DME, debido a que poseen una
acidez débil-moderada y proporcionan a la superficie del carb6on de una
alta resistencia a la oxidacion. De hecho, estos sitios activos presentan
una funcion redox, que evita (en presencia de aire) la desactivacion del
catalizador por deposicion de coque debido a una (re) oxidacién continua

de las especies de P reducidas producidas durante la reaccion de
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deshidratacion, y encima evitando una significativa gasificacion del
soporte carbonoso.

Estudio de estabilidad

Con el objetivo de estudiar la estabilidad con el monolito que presentd
los mejores resultados de conversion y selectividad (monolito OS2), se
Ilevd a cabo un experimento a largo plazo a dos temperaturas diferentes,
a 300 y 350 °C, con una Pweon = 0,03 atm y W/Fmeon = 0,1 g-s/pmol.
Casi no se observo disminucion del rendimiento a DME a 300 ° C
durante mas de 20 h de tiempo de reaccion, lo que evidencio la alta
estabilidad de este catalizador en estas condiciones de operacién. A 350
°C, si que se pudo observar una disminucién gradual de la conversion de
metanol, que estuvo principalmente relacionada con una desactivacion
progresiva del catalizador por deposicion de coque. Sin embargo, es
importante sefialar que se han obtenido conversiones de metanol
superiores al 45% durante mas de 20 h, con selectividad hacia DME
mayores al 85%.

Influencia del vapor de agua en la mezcla de reaccion

La reaccion de deshidratacion del metanol a DME puede verse
significativamente influenciada por la presencia de vapor de agua, que
puede tener un efecto sobre el equilibrio de la reaccion. Por ello, también

se analizd la influencia de la presencia de agua en la conversion de
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metanol para el monolito que mostraba la mayor actividad, OS2, a
diferentes presiones parciales de agua, a 300 y 350°C para una presion
parcial de metanol de Pmeon = 0,03 atm, y un tiempo espacial, W/Fmeon
=0,1 g s/umol.

Las conversiones de metanol disminuyeron significativamente en
presencia de agua, en comparacién con las conversiones de equilibrio, lo
que se debid a la adsorcion competitiva del agua con el metanol por los
sitios &cidos del catalizador. Especificamente, la conversion de metanol
se redujo a la mitad en presencia de 0.08 atm de vapor de agua, a 350 °
C, mientras que se observé una disminucion de casi el 70% a 300 ° C, lo
que indico que la influencia del agua fue menos pronunciada con el
aumento de temperatura de reaccién. Este hecho probablemente se debi6
a que la entalpia de adsorcion del agua era ligeramente superior a la del
metanol. La formacion de DME también disminuy6 del 99 al 86% en
presencia de 0.08 atm de agua, a 300 ° C. Al comparar estos resultados
con un carbon activo en polvo, obtenido a las mismas condiciones de
relacién de impregnacién y temperatura de activacion, se observd una
disminucion menos pronunciada que la observada para el monolito OS2,
a pesar de que tanto el carbén activado en polvo como el monolito (0S2)
presentan contenidos de P muy similares, por XPS. Sin embargo, las

condiciones experimentales para estos dos casos fueron ligeramente
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diferentes, ya que la concentracién inicial de metanol fue menor para el
caso del carbén activado en polvo, lo que supondria una menor
formacion de agua por la reaccion y, por tanto, una menor adsorcion
competitiva entre el metanol y el vapor de agua.

Estudio cinético

Los datos de conversién de metanol en estado estacionario que se
obtuvieron a diferentes temperaturas se ajustaron utilizando varios
modelos cinéticos para un reactor integral. La ecuacion de balance de
materia del reactor se integrd numéricamente para calcular la conversion
de metanol.

Para ello, se ha supuesto que la deshidratacion del metanol fue la
reaccion predominante, puesto que la selectividad hacia el dimetiléter
fue superior al 90% en la mayoria de los experimentos. Ademas, se tuvo
en cuenta la adsorcién competitiva de agua en los sitios activos, que es
responsable de la disminucién de la actividad catalitica. El oxigeno no
se incluyd en la ruta de reaccion principal y su funcion se atribuy6 a la
oxidacion de los intermedios que proporcionarian la desactivacion del
catalizador mediante la formacién de hidrocarburos ligeros y coque.

A partir de estas consideraciones, se propusieron tres modelos cinéticos
para describir la velocidad de descomposicidn del metanol: (i) Pseudo-

segundo orden (SO) con respecto a la concentracion de metanol, (ii)
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Mecanismo Langmuir-Hinshelwood (LH), y (iii) Mecanismo Eley-
Rideal (ER). Los mecanismos LH y ER también incluian la adsorcion
competitiva de agua.

Los parametros cinéticos y de adsorcion relacionados de las ecuaciones
de Arrhenius y Van’t Hoff se optimizaron minimizando la funcién
objetivo (OF). La optimizacion se realizd utilizando un método de
busqueda simplex.

Los resultados de la optimizacion revelaron que el modelo de segundo
orden (SO) no podia reproducir adecuadamente los datos
experimentales. El modelo més probable parece ser el LH, que es para el
que se obtuvo el error mas bajo, aungue serian necesarios mas
experimentos a presiones de metanol mas altas para confirmar este
hallazgo.

El modelo LH también era capaz de describir bien la influenciade la
presencia de agua en la alimentacion del reactor sobre la conversion de
metanol. En este sentido, el mecanismo de LH con adsorcion de agua
competitiva proporciona las mejores predicciones del modelo para la
conversion de metanol con el monolito OS2, cuando se introdujeron
diferentes cantidades de vapor a la entrada del reactor a 300 y 350 ° C.
Las energias de activacidn que se obtuvieron se encuentran dentro del

estandar de las encontradas previamente para otros catalizadores de
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carbén activado utilizados para la deshidratacion de metanol. El
monolito mas activo, OS2, mostro el valor de energia de activacién mas
bajo. Ademas, la evaluacion de la constante cinética y de adsorcion a 300
° C reveld que el valor de la constante cinética siguio el orden OS1>
AL1> OS2 > KL1, mientras que la constante de adsorcion mostrd una
tendencia bastante diferente, 0S2> KL1 > OS1> AL1. La combinacion
de ambos valores constantes puede explicar la mayor conversion de
metanol que se logré a menores temperaturas para los monolitos OS1y
OS2. Por otro lado, la menor afinidad de la superficie de OS1 por el
metanol explicaria por qué el monolito OS2 supera al OS1, a medida que
aumenta la temperatura de reaccion. La evaluacion del valor de la
constante de adsorcion del agua Knzo a 300 ° C (15,8 atm™) revel6 que
la afinidad de la superficie del monolito OS2 hacia el agua era mayor que
hacia el metanol en esas condiciones. Por lo tanto, la adicion de agua al
gas de entrada podria desplazar efectivamente al metanol de los sitios de
adsorcion cuando su presion fuera lo suficientemente alta, un hecho que
podria estar detras de la caida de actividad que se observd para el

monolito OS2, en presencia de vapor de agua.
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Conclusiones generales

En esta tesis se han preparado monolitos cilindricos de carbon activado
(ACM) mediante activacion quimica de diferentes residuos de biomasa
lignocelulosica (hueso de aceituna, Alcell y lignina kraft) con &cido
fosforico a diferentes relaciones de impregnacion. La extrusion de la
mezcla adecuada, sin ningun tipo de aglomerante, se realizd en una
extrusora disefiada por nuestro grupo de investigacion con diferentes
elementos de matriz. Con esta extrusora es posible obtener discos y

monolitos de 25y 120 canales/cm?.

El precursor con un tamafio de particula adecuado se mezcla con una
disolucion de H3POs hasta obtener las propiedades reoldgicas adecuadas
para ser extruida. El monolito resultante se activa a 700 °C y luego se

lava con agua destilada hasta pH constante.

En el caso de los precursores de lignina, se realiz6 el proceso de
estabilizacion para minimizar los problemas de plasticidad e
hinchamiento. La mitad de la muestra impregnada se trata a 250 °C en
aire y se mezcla con el resto de la muestra impregnada antes de la
extrusion. Utilizando hueso de aceituna como precursor, se obtuvo un
monolito de carbon microporoso activado con una superficie aparente de
unos 1500 m?/g, con un volumen de microporos de 0,538 cm®/g a 700 °C
con una relacion de impregnacion de 2. La densidad aparente de los
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monolitos también es muy alta (~1,1 g/cm? para ACM de lignina Alcell),
con una resistencia a la compresion de 7,6 MPa. Esta alta densidad abre

todas las posibilidades a diferentes aplicaciones.

La caracterizacion electroquimica se realizd6 mediante técnicas de
voltamperometria ciclica y carga-descarga galvanostatica con electrodos
de ACM en ausencia de cualquier tipo de ligante y promotor de
conductividad. EI monolito de hueso de aceituna presenta la mayor
capacidad especifica de todos los ACM, aproximadamente 217 F/g. Este
valor es superior a otros reportados en la literatura para carbones

activados obtenidos a partir de precursores lignoceluldsicos.

Los monolitos de carbdén activado preparados mediante activacién
quimica de diferentes residuos de biomasa lignocelulésica se utilizaron
también como catalizadores para la reaccién de deshidratacion del
alcohol. La conversion mas alta para la descomposicion del IPA se
obtuvo para el ACM de hueso de aceituna OS2. La selectividad hacia
propileno fue bastante alta en todas las temperaturas evaluadas, siendo
superior al 90% a partir de 250 °C, para todos los ACMs. Los valores de
las energias aparentes de activacion obtenidas (suponiendo una cinética
de primer orden) fueron bastante similares, oscilando entre 100 y 130

KJ/mol.
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La reaccion de descomposicion del metanol también se analizd en
atmosfera de aire. La conversion mas alta obtenida, sin una gasificacion
significativa de la matriz carbonosa, fue de aproximadamente 70% a 375

°C, siendo el catalizador OS2, el més activo, seguido por KL1y AL1.

Por otro lado, también se evaluaron varios modelos cinéticos para
predecir las conversiones de metanol, teniendo también en cuenta la
influencia competitiva del agua. El mecanismo de Langmuir-
Hinshelwood, cuyo paso limitante de la velocidad fue la reaccion
superficial entre dos moléculas de metanol adsorbidas, representé muy
bien los datos experimentales en las condiciones estudiadas. Se obtuvo
un valor de energia de activacion de 92 kJ/mol para la reaccion de
deshidratacion de metanol y entalpias de adsorcion para metanol y agua

de —12 y —35 kJ/mol, respectivamente.
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