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Introduction

The research presented in the present manuscript started in November 2016. It is a significant
date since it coincides with the date of the Paris Agreement entered into force on 4 November 2016
(United Nations Framework Convention on Climate Change, 2019). Within this Agreement, ratified by
185 of 197 Parties to date, the Parties agreed to act towards “holding the increase in the global average
temperature to well below 2°C above pre-industrial levels and pursuing efforts to limit the
temperature increase to 1.5 °C above pre-industrial levels, recognizing that this would significantly
reduce the risks and impacts of climate change” (United Nations Framework Convention on Climate
Change, 2015).

The global average surface temperature warmed by 0.85 °C between 1880 and 2012 (Allen et al.,
2018). It has already resulted in modifications of human and natural systems causing hazards for
populations. In particular, it has induced “increases in droughts, floods, and some other types of
extreme weather; sea level rise; and biodiversity loss” (Allen et al., 2018). The human influence on this
temperature increase, through greenhouse gases emissions, is today recognized.

According to the International Energy Agency, “energy accounts for two-thirds of total
greenhouse gas emissions and 80% of CO,” (International Energy Agency, 2019a). Therefore, in this
global context of climate change mitigation and adaptation, an energy transition must be conducted.
In particular, the use of renewable energy sources has become crucial. In the European Union, a target
of 20% final energy consumption from renewable sources by 2020 has been set (European Parliament,
2009) and this target will be increased to 32% for 2030 (European Commission, 2018).

Renewable energies include bioenergy (i.e. energy from biomass), wind energy, solar energy,
hydropower and geothermal energy. In 2017, they represented 18.1% of the total final energy
consumption in the world (Figure 0.1) (Appavou et al., 2019). They represented a share of 17.5% in
average for the European Union member states, with large variations from 54.5% for Sweden to 6.4%
for Luxembourg (Figure 0.2) (Eurostat, 2019).

19



Introduction

Estimated Renewable Share of Total Final Energy Consumption, 2017
MNuclear energy
Traditional

79.7% —

biomass
Fossil fuels

Wind/solar/biomass/
geothermal/ocean power

Biofuels for
transport

Modern renewables

10.6% 3.6%

Hydropower

4.2%

Biomass/solar/
geothermal heat

Mote: Data should not be compared with previous years because of revisions due to Source: Based on QOECD/IEA and |EA SHC.
improved or adjusted data or methodology. Totals may not add up due to rounding.
# REN21 RENEWABLES 2019 GLOBAL STATUS REPORT

Figure 0.1 | Global estimated renewable share of the total final energy consumption in the world
for 2017 (Appavou et al., 2019).
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20



Introduction

Bioenergy is a valuable mitigation option when it is deployed in a sustainable way, i.e. avoiding
pressure on available land and food production; preserving ecosystems and biodiversity; and avoiding
potential water and nutrient constraints (de Coninck et al., 2018). It already takes up a large share of
the consumed renewable energy, either in traditional forms (i.e. through burning of woody biomass
or biomass residues in simple and inefficient devices) or in a more modern way. In 2017, it represented
12.4% of the total final energy consumption worldwide, i.e. more than two-thirds of the renewable
share (Figure 0.3) (Appavou et al., 2019).

Estimated Shares of Bioenergy in Total Final Energy Consumption, Overall and by End-Use Sector, 2017
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Figure 0.3 | Global estimated shares of bioenergy in the total final energy consumption in the
world in 2017 (Appavou et al., 2019).

In the objective of further developing bioenergy production, agricultural residues represent an
interesting source as they have an important availability and do not decrease the surface of land
available for food production. Scarlat et al. assessed the potential of agricultural crop residues for
bioenergy production in the European Union (Scarlat et al., 2010). They considered sustainable
removal rates of the residues to guarantee soil fertility. They found that agricultural crop residues
could account for 2.3 to 4% of the final energy consumption in the European Union. However, this
share varied largely according to the country, with values up to 14% in Hungary, 13% in Romania and
Bulgaria, 7% in Denmark and 5.7% in France (Figure 0.4).
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Figure 0.4 | Share of available crop residues in final energy consumption in the European Union.
Reprinted from (Scarlat et al., 2010) with permission from Elsevier.

Traditional bioenergy production is for “cooking and heating, using inefficient open fires or simple
cookstoves with impacts on health (e.g. due to indoor smoke pollution) and the environment”
(International Energy Agency, 2019b). Therefore, a promising non-traditional thermoconversion
process for bioenergy production is gasification. It converts lignocellulosic biomass into a syngas, i.e. a
mixture of mainly CO and H,, which can be further processed to obtain heat and power or gaseous and
liquid fuels.

However, agricultural residues can be problematic during the gasification process. Indeed, such
biomasses can have high inorganic contents compared to traditionally used woods. Such elements can
be detrimental to the gasification process by inducing slag formation and/or agglomeration of the
gasifier bed (Bartels et al., 2008; Sikarwar et al., 2016). Moreover, different kinetics can be identified
among the various biomass species which may influence the gasifiers design. This diversity of reactivity
has been empirically correlated to the inorganic content of the agricultural residues—in particular to
K, Si and P (Dupont et al., 2016)—but the reactional mechanisms are still not elucidated (Arnold and
Hill, 2019; Di Blasi, 2009).

This study aims to contribute to the understanding of the inorganic elements role during biomass
steam gasification. In particular, the phenomena involving K and Si during the biomass steam
gasification were investigated, especially through the gas phase, and with particular focus on their
influence on the reaction kinetics.

To this end, the present manuscript is organized in three chapters and a conclusion and
perspective chapter.

Chapter | defines the investigation context of biomass resources and their valorization to energy
through the pyrogasification process. It then presents the state of the art on the inorganic elements
effects on steam gasification.
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Chapter Il is an experimental analysis of the relative influence of the inorganic elements compared
to the morphology of biomass chars on their gasification kinetics. Various biomass species were
characterized, at several gasification conversion values both regarding their morphology and their
kinetic behavior.

Chapter Il examines the influence of two particular inorganic elements on biomass gasification
kinetics: Si and K, which have a high occurrence in biomass and a high activity on gasification kinetics.
Thermogravimetric analyses of a Si-rich and a K-rich biomass species were conducted. The influence
of a Si-compound and a K-compound was studied using two model compounds. Experiments were
particularly designed to investigate the K effect through the gas phase.

The final chapter gathers the conclusions of the present work and suggests perspectives for
further investigations.

23






Chapter|. Context and state of the art

This chapter presents the investigation context as well as the state of the art on the effects of the
inorganic elements on steam gasification. In a first section, the biomass definition and composition are
given. In a second section, the biomass valorization through the pyrogasification process is presented.
Itincludes a description of the pyrolysis and the gasification processes and an inventory of the available
technologies. The third section proposes a literature review on the inorganic element roles during the
steam gasification process. It synthesizes the main observed effects, presents the associated
mechanisms explaining the phenomena and lists the way this effects have been taken into account in
gasification kinetic models. Finally, the last section gives a conclusion and states the objective of the
present study.

1. Biomass and its composition

1.1. Biomass definition

The European Parliament directive 2009/28/EC of 23 April 2009 on the promotion of the use of
energy from renewable sources defined biomass as “the biodegradable fraction of products, waste
and residues from biological origin from agriculture (including vegetal and animal substances), forestry
and related industries including fisheries and aquaculture, as well as the biodegradable fraction of
industrial and municipal waste” (European Parliament, 2009). Therefore, biomass is a feedstock that
includes a variety of different resources. Vassilev et al. classified biomass into six groups: wood and
woody biomass, herbaceous and agricultural biomass, aquatic biomass, animal and human biomass
wastes, contaminated biomass and industrial biomass wastes (semi-biomass), and biomass mixtures
(Vassilev et al., 2010). In this work, as the focus was on the gasification process, only the first two
groups—i.e. dry land-based vegetation—were studied. For simplification purpose, these groups
were referred as biomass or lignocellulosic biomass.

1.2. Biomass composition

Biomass composition is complex and involves several hundreds of compounds, divided between
organic and inorganic fractions detailed below. However, some compounds do not perfectly fit with
these two fractions. For example, N- and S-compounds can be in both fractions while oxalates are
considered as organic minerals (Vassilev et al., 2012).

1.2.1. Organic fraction

1.2.1.1. Organic fraction elements

Biomass is typically composed of organic-forming elements, namely C, O, H, N and S (Vassilev et
al., 2010). The proportion of these elements in lignocellulosic biomass expressed in dry ash-free basis
is reported in Table I.1. The typical content of coal, the main solid fossil fuel, is also presented. Table
I.1 shows a higher ratio of C and S and a lower ratio of O for coal compared to lignocellulosic biomass
(Vassilev et al., 2010).
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Table I.1 | Typical elemental composition in C, O, H, N and S of biomass and coal. From data from
(Vassilev et al., 2010).

Biomass Coal
C (%daf*) 40-60 60-90
O (%daf) 30-50 5-30
H (%daf) 3-10 4-6
N (%daf) 0.1-5 1-3
S (%daf) 0.01-1 0.2-10

* %daf: percent in dry ash-free basis.

In addition to the composition difference, the biomass energy content is lower than solid fossil
fuels. The lower heating value (LHV) of biomass is 15 — 20 MJ.kg* whereas for solid fossil fuel it is
20— 40 MJ.kg*. Differences between biomass and solid fossil fuels in terms of composition and LHV
can be correlated with H/C and O/C ratios, as shown in the Van Krevelen diagram (Figure 1.1). Such
difference can be explained by the fact that C—H and C— 0O bonds have a low energy content
compared to C— C bonds (McKendry, 2002a).
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Figure 1.1 | Van Krevelen diagram for various solid fuels. Reprinted from (McKendry, 2002a) with
permission from Elsevier.

1.2.1.2. Organic fraction macromolecules

The organic fraction of the lignocellulosic biomass is organized in three types of macromolecules:
cellulose, hemicellulose and lignin. The lignocellulosic biomass structure is represented in Figure 1.2.

Cellulose is a linear and partly crystalline glucose polymer with an average polymerization degree
around 10 000 for wood (Bajpai, 2016; Deglise and Donnot, 2017) and an average molecular weight
around 100 000 (McKendry, 2002a). It constitutes 40 — 50 % of the biomass by weight (de Lasa et al.,
2011; McKendry, 2002a).
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Hemicelluloses are polysaccharides whose units are glucose, xylose, galactose, arabinose and
mannose. It is a branched macromolecule with a random and amorphous structure and with an
average molecular weight lower than 30 000. It represents 20—-40% of the biomass weight
(McKendry, 2002a; Vassilev et al., 2012).

Lignin is a highly branched polyaromatic macromolecule. Its building blocks are made up of a three
carbon chain attached to an aromatic ring of six carbon atoms, with zero to two methoxyl groups.
These building blocks—depicted in Figure I.2—are linked mainly through ether bonds and arranged
irregularly forming an amorphous three-dimensional structure that varies among biomass species
(McKendry, 2002a; Vassilev et al., 2012).

The exact arrangement of these macromolecules is a subject of ongoing research. The biomass
structure seems to be formed of cellulose macromolecules linked by hydrogen and van der Waals
bonds in microfibrils, themselves grouped in fibers (Bajpai, 2016). This rigid matrix would then be
covered by hemicelluloses and lignin macromolecules.
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Figure 1.2 | Lignocellulosic biomass structure. Reprinted by permission from Springer Nature
(Rubin, 2008).

1.2.2. Inorganic fraction

In addition to the organic fraction, biomass contains inorganic elements, namely Cl, Ca, K, Si, Mg,
Al, Fe, P and Na. Some other elements can also be found as trace elements (<1 % of the inorganic
content), for instance Mn, Ti, B, Be, Rb, Cr, Ni, Cu, Se, Zn (Vassilev et al., 2013).

Few extensive studies are available on the inorganic fraction. This section is mainly based on the
work of Vassilev et al. who gathered data from literature to publish several reviews on the subject that
were complemented by their own experimental work (Vassilev et al., 2010, 2012, 2013).

1.2.2.1. Inorganic elements in biomass

Biomass composition differs from solid fossil fuels. Inorganic elements in biomass are mainly Si, K
and Ca, while those in solid fossil fuels are rather Si, Al, Fe and Ca (Vassilev et al., 2010). More
specifically, Vassilev et al. (Vassilev et al., 2010) identified the main inorganic elements several biomass
subgroups:
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Wood and woody biomass: Ca > Si > K> Mg > Al >P
Herbaceous and agricultural biomass:

e Grass:Si>K>Ca>P>Mg>Al

e Straw:Si>K>Ca>Mg>P>Al

e Other residues such as shells and husks: K> Si>Ca > P > Mg > Al

These rankings are trends from mean values calculated for each subgroup. However, in each
subgroup, individual biomass species can have slightly different compositions that modify the order of
occurrence of the main inorganic elements.

1.2.2.2. Inorganic compounds in biomass

These inorganic elements are present in the form of various compounds. However, as stated by
Vassilev et al. (Vassilev et al., 2012), “the direct methods for determination of the structural
components [of raw biomass] are very rare”. Nevertheless, they compiled the data of 197 samples
from 25 references and of their own characterizations on 8 biomass samples to establish a list of the
compounds identified in biomass. Identified inorganic compounds were:

Silicates such as SiO;, Ca-silicates or aluminosilicates;
Oxides and hydroxides such as Mg(OH),, Ca(OH); or Fe;0s;

Sulphates, sulphites and sulphides (not typical in lignocellulosic biomass) such as CaSO, or
KzSO4,'

Phosphates such as Ca-phosphates, Ca-Mg-phosphates or K-phosphates;
Carbonates such as CaCO3; or CaMg(COs);;

Chlorides such as KCl or K-Ca-chloride;

Nitrates such as KNOs or Ca-nitrates;

Other inorganic matter such as metals or glass (not typical in clean lignocellulosic biomass).

The available data did not allow to link these compounds to particular biomass subgroups.
Moreover, there was a high variability due to the inorganic content dependence on several factors
such as the biomass genetics, its environment or the biomass part considered (Vassilev et al., 2012).
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For example, silicates and in particular SiO; are typically found in soil. The presence of these
compounds in biomass can be either because they are formed in the biomass (authigenic fraction) or
because they are formed outside and then fixated in the biomass (detrital fraction). The detrital
fraction of silicates can come from the fixation of fine particles, brought by water or wind from the
soil, on the plant surface. These fine particles can also be introduced into the plant by water
suspensions. In the particular case of SiO,, the authigenic fraction is formed by silicic acid absorption
from the soil solutions that precipitates in the biomass structure. SiO, gives rigidness to the plant
tissues where it is found—husk, straw, bark and other supportive tissues. Other compounds can also
have various origins. Other examples of authigenic compounds (i.e. formed in the biomass) are
sulphates, nitrates and chlorides that come from the evaporation and precipitation of water in the
biomass (Vassilev et al., 2012).

1.2.2.3. Inorganic compounds in biomass ashes

Inorganic elements are often referred to as ash, since the inorganic content of the biomass is
usually measured through ash formation by combustion in air at 550 °C (European Standards, 2009).
The standards for ash yield measurement are slightly different for biomass and for solid fossil fuels.
Ashes are formed at 815 °C for the latter (International Organization for Standardization, 2010). In the
case of biomass, such a high temperature can volatilize alkali and alkaline earth compounds, in
particular KCl, and induce the release of inorganic carbon as CO; from alkali and alkaline earth
carbonates, in particular CaCOs (Arvelakis et al., 2004; Xiao et al., 2011). The ash content of wood and
woody biomass is typically 0.1 — 8 %. It is typically 0.9 — 20 % for herbaceous and agricultural biomass
with straws having the highest ash content, grasses the lowest and other residues such as husks and
shells ranging in between (Vassilev et al., 2010). In comparison, the ash yield of solid fossil fuels at
815 °C is commonly 4 — 30 %. Solid fossil fuels contain therefore more inorganic elements than wood
and woody biomass but can have the same content as some herbaceous and agricultural biomasses.

More data is available regarding the inorganic composition of biomass ashes obtained from
combustion rather than that of raw biomass. This is partly due to the higher concentration of inorganic
compounds in ashes which makes the characterization easier compared to the case of raw biomass in
which detection issues can occur. However, the results obtained on ashes have to be considered
carefully as they are obtained after a thermochemical conversion of the biomass. Vassilev et al.
(Vassilev et al., 2013) stated that the phases identified in biomass ashes were “mostly secondary”, i.e.
formed during combustion, and “occasionally primary”, i.e. formed originally in the biomass. Out of 96
identified mineral phases, 52 were dominantly secondary and 26 were dominantly primary.

Vassilev et al. reviewed the data from more than 600 references and established a list of 229
species or groups of species identified in the characterization of biomass ashes. They identified 188
species for coal ash by conducting the same work. There were not sufficient quantitative data in
literature to determine the proportions of these species in the ashes of each biomass subgroup.
Nevertheless, from the characterization of ashes from woody biomass, straw and switchgrass, they
established that the mineral species contained in biomass ashes were, in decreasing order of
concentration:

e Forming (> 10 % of ashes) such as glass, sylvite KCl, calcite CaCOs, leucite KAISi,Og, anorthite
CaAl,Si>0s, K—Ca silicate K,CaSiO4 or K4CaSiz0s or others, and quartz SiO..

30



Chapter I. Context and state of the art

e Major (1-10 %), namely albite NaAlSi;Os, anhydrite CaSQ., ankerite Ca(Mg,Fe)(COs),, kaolinite
AlLSi,Os(OH),, siderite FeCOs, cristobalite SiO,, arcanite K;SOs, hematite o-Fe,0s, illite
(KH20)AI;(Al,Si)Sis010(0OH),, lime Ca0, Na silicate Na,SisO7 or Na,SiOs, fairchildite K,Ca(COs),,
hydroxylapatite Ca(PO.)3(OH), Cas(PO4)3(OH) or Caio(PO4)s(OH),, merwinite CasMg(SiO4)z,
periclase MgO, Ca chlorosilicate Ca,SiOsCl,, diopside CaMgSi,Os or CaMg(SiOs),, glaserite
KsNa(SQOa)s, K feldspar KAISi;Os, larnite Ca,SiOs, and portlandite Ca(OH)s..

e Minor (0.1-1 %) such as K silicate K;Si4Os or others, K phosphate KsPO4, KsP3010 or others, and
K carbonate K;COs.

e Some accessory phases (< 0.1 % or only traces) according to the elemental composition of the
biomass.

Overall, most of the species identified in biomass ashes were also found in coal ashes. The
discrepancies could be explained by the difference in elemental composition. In particular, Ca—K—Mn
silicates, Ca—Al-Mn oxides, K—Na—Ca chlorides and K—Ca—Mg—Na carbonates, sulphates and
phosphates that were identified in biomass were mostly not found in coal ashes. This result is in
accordance with the higher occurrence of Ca, Cl, K, Mg, Mn, Na and P in biomass than in coal. On the
opposite, many compounds containing Al, Fe and Ti that are typically found in coal ashes were logically
not identified in biomass ashes since the latter contain low amounts of these elements (Vassilev et al.,
2013).

Inorganic species such as oxalates, silicates, oxides, hydroxides, sulphates, sulphites, sulphides,
phosphates, carbonates, chlorides, nitrates, amorphous inorganic matter and others can be primary
phases. Various silicates, oxides, hydroxides, carbonates, sulphates, sulphides, sulphosalts, sulphites,
thiosulphates, phosphates, chlorides, chlorites, chlorates, nitrates, oxalates, amorphous inorganic
matter and glass can be secondary phases. In particular, glass contained in biomass ashes is the result
of the fusion and rapid cooling of inorganic compounds from the biomass during ash formation, i.e.
combustion. It mainly contains Si, K, Ca and Na.

1.3. Biomass conversion to energy

Lignocellulosic biomass can be processed to obtain:

e Energy through heat and electricity generation;

e Energy through conversion to liquid or gaseous fuels;
e Chemical feedstock materials.

In the context of the conversion to a fuel, biofuels generations are identified and are related to
the biomass nature. First generation biofuels are obtained from edible biomass such as sugar, starch
and oil crops. Second generation biofuels rely on non-edible feedstocks such as wood, agricultural
residues and forestry waste. They have a lower negative impact on the environment than the first
generation as they have a limited influence on the usage of arable land and food crops (Luque et al.,
2008; Sikarwar et al.,, 2017). Third generation biofuels are produced from algae, in particular
microalgae. Finally, a fourth generation of biofuels is appearing. It is based on the genetic modification
of microorganisms to make them consume higher quantities of CO, that what would be released
through their use (Alalwan et al., 2019). Dry lignocellulosic biomass studied in the present work
belonged to the second generation.
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Processes for energy production can be grouped in three categories: mechanical extraction,
biochemical processes and thermochemical processes (McKendry, 2002b; Sikarwar et al., 2017).
However, only thermochemical processes are applied to dry lignocellulosic biomass.

Thermochemical conversion processes include combustion, pyrolysis, gasification and
hydrothermal processes. The energy products obtained from each thermochemical process are
presented in Figure |.3. Hydrothermal processes, i.e. hydrothermal carbonization and liquefaction, are
rather used in the case of wet biomass and not of dry lignocellulosic biomass as in the present work.
Combustion produces hot gases at temperatures between 800 and 1000 °C and its energy can be used
in the form of heat or can be converted to mechanical power or to electricity (McKendry, 2002b).
Pyrolysis and gasification are discussed in detail in the following section.
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[ hemical ' Transportation
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conversion
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{ Carbonization Solid
Combined heat &
power

Figure 1.3 | Thermochemical conversion processes, intermediate products and final energy
products. Reprinted from (Patel et al., 2016) with permission from Elsevier.

The focus of the present work was the biomass gasification thermochemical process.
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2. The pyrogasification of biomass

Though it is not widely used in literature, the term of pyrogasification could rather be used to
refer to the gasification process. Indeed, it is usually decomposed in three main steps: biomass drying,
biomass pyrolysis and residual char gasification (Basu, 2010a; de Lasa et al., 2011; Sikarwar et al., 2017;
Van Swaaij, 1981). These steps are overlapping and are themselves groups of various reactions. Figure
I.4 shows a more detailed scheme of the pyrogasification steps with the intermediary and final
products.

BIOMASS

PYROLYSIS

CHAR PRIMARY TAR GASES

SECONDARY
REACTIONS
{THERMAL)

SECONDARY
REACTIONS

GASIFICATION (PRIMARILY
CATALYTIC)
CHAR TAR AND WATER-
SOLUBLE ORGANICS PRODUCT GAS

Figure 1.4 | Biomass pyrogasification steps. Reprinted from (Baker and Mudge, 1984) with
permission from Elsevier.

The following sections present the existing pyrogasification technologies to date and describe the
pyrolysis and gasification steps.

2.1. Gasifier technologies for biomass

Three main reactor technologies are in use for biomass pyrogasification: fixed bed gasifiers,
fluidized bed gasifiers and entrained flow gasifiers (Basu, 2010a; de Lasa et al., 2011; Sansaniwal et al.,
2017; Sikarwar et al., 2017). The gasification requires a heat input. In most gasifiers, this heat is brought
by the combustion of a part of the biomass in air or O,. Such a configuration is called autothermal,
while a configuration where heat is brought from outside the reactor is called allothermal.

The main characteristics of each type of technology are summarized in Table 1.2 with their
advantages and limitations (Dahmen and Sauer, 2015; de Lasa et al., 2011; McKendry, 2002c; Sikarwar
et al,, 2017). They are then described in more details in the following subsections.
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Table 1.2 | Main characteristics of the gasifier technologies.

Fixed bed Fluidized bed Entrained flow

Temperature (°C) 1000 800 - 1000 1400
Pressure (bar) 1-40 1-40 20-70
Particle size (mm) 20-380 20-380 0.1-0.4

« Simple process « Good heat and mass|e High quality syngas

e Minimal biomass |transfers (very low tar content)
Advantages pretreatment required « Low tar content (with

« Downdraft: low tar|catalytic bed material)

content

« For small scale « For large scale « For large scale

e Poor heat and mass|e Bed agglomeration |« Fine biomass grinding
Limitations transfers issues (limiting process |required

« Updraft and cross-draft: | temperature) « High pressure

high tar content e Bubbling:  high  tar

content

2.1.1. Fixed bed gasifiers

Fixed bed is the historical technology used for the gasification and therefore the most common,
especially for small-scale production for local use. Three types of fixed bed gasifiers exist, differing in
their airflow direction: updraft, downdraft and cross-draft fixed bed gasifiers. In all types of fixed bed
gasifiers, biomass is fed through the top of the reactor and ash removed at the bottom. Biomass
particles have a typical size of 20 — 80 mm. The gasification temperature is around 1000 °C (de Lasa et
al., 2011; McKendry, 2002c; Sikarwar et al., 2017).
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Figure 1.5 | Fixed bed gasifiers (Basu, 2010b).

Updraft fixed bed reactors have the gasifying agent, air and/or O, entering at the bottom. In this
case, gasifying agent first meets the char and combustion occurs. Ash falls at the bottom of the reactor
and hot gases at 1000 °C from combustion flow up and react with unreacted char to produce H; and
CO cooled around 750 °C. The heat from this gas enables the biomass pyrolysis, which has been dried
by the same gas when entering at the top of the gasifier.

Downdraft fixed bed reactors have a restriction part-way down the vessel where the gasifying
agent, air and/or O3 is fed. At this point, temperature is up to 1200 — 1400 °C and combustion and
pyrolysis of biomass occur. Resulting gases flow down through hot char and are gasified to H, and CO.

Cross-draft fixed bed reactors are fed in gasifying agent, air and/or O, from one side and the gas
obtained through gasification is collected on the other side. Combustion followed by gasification occur
next to the gas entrance and pyrolysis and drying occur above.

2.1.2. Fluidized bed gasifiers

In fluidized bed gasifiers, a fluidizing agent (gasifying agent, air and/or 0,), goes up through a bed
of fine granular particles such as sand in which biomass is injected, also at the bottom of the bed. This
technique enhances the homogeneity of heat and mass transfers between bed particles, biomass and
gases. There are three types of fluidized bed gasifiers: bubbling, circulating and dual fluidized bed
gasifiers. Biomass particles have a typical size of 20 — 80 mm. The gasification temperature is around
800 — 1000 °C (Basu, 2010a; de Lasa et al., 2011; McKendry, 2002c; Sikarwar et al., 2017). The different
gasifier schemes are presented in Figure I.6.
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Figure 1.6 | Fluidized bed gasifiers (Dahmen and Sauer, 2015).

Bubbling fluidized bed reactors are the simplest design of fluidized bed gasifiers. Pyrolysis and
gasification of biomass occur in the hot fluidized bed and ashes are collected at the bottom of the
vessel.

In circulating fluidized bed reactors, a cyclone separator is added to the reaction vessel. Gas
produced during gasification is separated from the bed material in the cyclone separator and the latter
is put back into the vessel, creating a circulation of the bed material between those two parts.

Dual fluidized bed reactors consist in two distinct fluidized beds. In one, the biomass is gasified
with the gasifying agent. In the other, the combustion of the residual char from gasification occurs in
air or O,. Those two parts are joined in a loop, with the bed material circulating between the two
reactors. The bed material ensures the heat transfer between the exothermic combustion and the
endothermic gasification.

2.1.3. Entrained flow gasifiers

Entrained flow gasifiers are historically used for coal. They request a fine powder fuel but they are
also studied for biomass gasification. Biomass and gas (gasifying agent, air and/or O,) are injected from
the same side of the vessel, either at the top or at the bottom. Combustion occurs near the injection
point and is followed by gasification. Biomass particles have a typical size inferior to 0.1 — 0.4 mm. The
gasification temperature is around 1400 °C and gasifiers are pressurized to 20 to 70 bars (Basu, 20103;
de Lasa et al.,, 2011). A scheme of the gasifier is presented in Figure I.7.
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Figure 1.7 | Entrained flow gasifier (Dahmen and Sauer, 2015).

Fluidized bed and fixed bed reactors are the most commonly used technologies. They operate at
moderate temperatures, i.e. 800 — 1000 °C, contrarily to entrained flow reactors that operate at much
higher temperatures. Therefore, this work focused on this temperature range, 800 — 1000 °C.

2.2. Pyrogasification reactions

Dupont et al. (Dupont et al., 2007) showed that in typical fluidized bed conditions, i.e.
800 — 1000 °C at atmospheric pressures, and in the case of small particles, i.e. 0.5 mm, the pyrolysis
and the steam gasification steps could be considered as successive ones. The steam gasification is
slower than the pyrolysis step and is therefore the limiting step in the pyrogasification process. The
pyrolysis is controlled by both the chemical reaction and the heat transfer while the steam gasification
is only controlled by the chemical reaction and is independent of the mass and heat transfers at the
scale of a small particle.

Therefore, the knowledge of the gasification reaction kinetics is essential to the design of the
reactors presented above. This can be easily understood in the case of the dual fluidized bed reactor.
The gasification kinetics need to be controlled so that enough char goes to the combustion side to
produce the heat necessary to the process. This applies to the design of all types of gasifiers: the
kinetics of the reactions are controlled as well as the mass and heat transfers.

Therefore, in this study, the focus was on the limiting phenomenon: the gasification reaction
kinetics.

2.2.1. Pyrolysis reactions

Pyrolysis is a thermal decomposition in the absence of oxygen. Three fractions are formed: gas,
liquid and solid. The liquid is constituted of two phases: organic, i.e. tars, and aqueous. The solid
fraction is called the char. Depending on the heating rate and the final temperature, these fractions
are formed in various proportions (McKendry, 2002b). Figure 1.8 shows typical product distribution for
fast, intermediate and slow pyrolysis at around 500 °C (Bridgwater, 2015).
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Figure 1.8 | Typical product distribution of the pyrolysis at ~500 °C at several heating rates from
data from (Bridgwater, 2015).

Fast pyrolysis—or high heating rate pyrolysis—corresponds to residence times inferior to 2
seconds or heat flux superior to 10° W.m™2 (Bridgwater, 2015; Deglise and Donnot, 2017). It produces
mainly liquid that is called bio-oil. Intermediate pyrolysis corresponds to residence times of around 5
to 30 seconds or heat flux around 10* W.m™ (Bridgwater, 2015; Deglise and Donnot, 2017). One half
of its products is liquid while the other half is divided between gas and char. Slow pyrolysis—or low
heating rate pyrolysis, or carbonization—corresponds to residence times of several hours or heat flux
inferior to 10 W.m (Bridgwater, 2015; Deglise and Donnot, 2017). It produces char, liquid and gas in
approximately the same proportions, with liquid being in a slightly lower quantity. The liquid obtained
from slow pyrolysis is constituted of approximately one third (~10 % of the total products) of organic
fraction and two thirds of aqueous fraction (~20 % of the total products).

Moreover, increasing the temperature of the pyrolysis promotes the tar decomposition into gases
(Bridgwater, 2015). Therefore, in the pyrogasification conditions the tars represent less than 10 % of
the products.

As a first assessment, the kinetics of the pyrolysis of a biomass can be considered as the sum of
kinetics of the pyrolysis of its macromolecular constituents, i.e. cellulose, hemicellulose and lignin (Di
Blasi, 2008). Research on the pyrolysis kinetics and on the constituent degradation is still ongoing.
However, it seems that each constituent degrades over a different temperature range, as represented
in Figure 1.9. Hemicellulose seems to be the least stable and degrades between 200 and below 300 °C.
Then cellulose seems to degrade between 250 and 350 °C. Lignin seems to degrade over the widest
range, from 200 to above 500 °C (de Wild, 2011).
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Figure 1.9 | Thermal stability of hemicellulose, lignin and cellulose. Adapted by permission from
Springer (Koukios, 1993).

These literature observations showed that most of the biomass constituents were degraded
below 450 °C, i.e. most of the pyrolysis was completed. Therefore, this temperature was chosen for
the experiments of the present work.

2.2.2. Gasification reactions
Gasification is the partial oxidation of the carbonaceous part of biomass that produces syngas, or
synthesis gas, which is mainly a mixture of CO and H,.

2.2.2.1. Reaction equations

The main known reactions as well as their associated enthalpy at 25 °C appear in Table 1.3. It
includes reactions with carbon, oxidation reactions, water-gas shift reaction, methanation reactions
and steam-reforming reactions (Basu, 2010a).
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Table 1.3 | Typical gasification reactions and their associated enthalpy at 25 °C (Basu, 2010a).

Carbon reactions
C + C0O, < 2 CO (Boudouard) +172 kl.mol*
C+ H,0 & CO + H, (Water gas or steam) +131 kl.mol*
C + 2 H, & CH, (Hydrogasification) - 74.8 kl.mol™
c+050,-CO - 111 kl.mol™
Oxidation reactions
C+0,-CO0, -394 kl.mol™
CO0+050,-CO0, - 284 kl.mol™
CH,+20, < C0O,+2H,0 - 803 ki.mol™
H, +0.50, - H,0 - 242 kJ.mol™
Shift reaction
CO +H,0 < C0, + H, -41.2 kJ.mol™
Methanation reactions
2C0+2H, » CH,+CO, - 247 kJ.mol™
CO+3H, & CHy+ H,0 - 206 kJ.mol™
CO0,+4H, > CHy+ 2H,0 - 165 kJ.mol™
Steam reforming reactions
CHy + H,0 < CO+ 3 H, +206 kJ.mol™
CH,+050, - CO+2H, - 36 kJ.mol?

There are heterogeneous reactions between the carbon from the biomass and the gas
atmosphere as well as homogeneous reactions between the gases. These homogeneous reactions can
occur between the reactive gases and the produced gases, or between several produced gases.

It can be noted that the reaction between carbon and the gasifying agent, i.e. CO; or H,0, is
endothermic. This explains the energy required for the gasification process described in the section
presenting the gasifier technologies.

2.2.2.2. Factors influencing the gasification

Biomass gasification can be carried out using different gasifying environments. Table 1.4 lists
possible gasifying agents (air, oxygen, steam and carbon dioxide) and the characteristics of each one.
Combinations of several gasifying agents can also be used. The gaseous environment during
gasification influences the gasification process, in particular the repartition of the products and the
energy content of the resulting gas (Sikarwar et al., 2017).
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Table 1.4 | Characteristics of gasifying agents. Reprinted from (Sansaniwal et al., 2017) with

permission from Elsevier.

Gasifying agent Characteristic
Air ® Partial combustion for heat supply of gasification
® Moderate char and tar content
Oxygen ® Enhanced carbon conversion characteristics
® Enriched H», CO and CH, in producer gas and reduced tar
levels
Steam Improved heating value of producer gas (10-15 MJ N/m®)

Carbon dioxide

Enriched H in producer gas

High heating value of producer gas

High concentrations of H, and CO in the producer gas and
reduced CO,

In terms of kinetics, at equal oxygen content in the gas flow, steam gasification is faster than CO;
gasification. For example, in their study on woodchip char at 900 °C, Ahmed et al. (Ahmed and Gupta,
2011) observed that the use of steam instead of CO, divided the gasification time by almost three and
increased the gasification rate by a factor of almost two. In this work, the focus was made on char

steam gasification.

For both gasifying agents, the reaction rate increases with the steam or CO; partial pressure
increase. An example from Marquez-Montesinos et al. is shown in Figure 1.10 for the gasification of
grapefruit skin char at different steam partial pressures.
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Figure 1.10 | Reactivity versus conversion curves for steam gasification of grapefruit skin char at
different partial pressures of steam. Reprinted from (Marquez-Montesinos et al., 2002) with
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permission from Elsevier.

In the same way, the reaction rate increases when the gasification temperature increases. An
example is given in Figure .11 from the same study from Marquez-Montesinos et al. under a CO,

atmosphere.
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Figure 1.11 | Reactivity versus conversion curves for CO: gasification of grapefruit skin char at
different temperatures. Reprinted from (Marquez-Montesinos et al., 2002) with permission from
Elsevier.

In identical operating conditions, biomass samples can have different kinetic behaviors. For
example Dupont et al. (Dupont et al., 2016) measured the reactivity of 20 biomass species of various
types—wood, short rotation coppice and forestry, agricultural residue and microalgae—in steam
gasification experiments performed in a thermogravimetric analyzer at 800°C. They found a factor of
more than 30 between the reactivities of the fastest and the slowest biomass samples, with gasification
times ranging from a few minutes to several hours. The reactivity values are presented in Figure 1.12.
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Figure .12 | Reactivity between 1 and 80% of conversion of several biomass samples. Reprinted
from (Dupont et al., 2016) with permission from Elsevier.

Other parameters than CO; or H,0 partial pressure and temperature can affect the reactivity of
the chars. This can occur including in conditions where only the chemical reaction is limiting, i.e. where
heat and mass transfer do not play a role. The two main parameters mentioned in literature are the
morphological structure of the char and its composition in inorganic matter (Di Blasi, 2009).

As synthesized in Di Blasi’s review (Di Blasi, 2009), the morphological structure is particularly
influenced by the release of the volatile species during the pyrolysis which is controlled by the
operating conditions of this step. It has been shown that high heating rate pyrolysis produces a char
that is more reactive in gasification than low heating rate pyrolysis. Chars from low heating rate
pyrolysis keep their natural porosity while chars from high heating rate pyrolysis form larger cavities
(Figure 1.13) (Di Blasi, 2009; Septien et al., 2018). This larger surface area in the case of high heating
rate pyrolysis along with the higher content in O and H results in more available active sites (Guerrero
et al., 2008).
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Figure 1.13 | SEM observations of beech chars produced from a. high heating rate pyrolysis
(100 °C.sY), b. low heating rate pyrolysis (0.05 °C.s). Reprinted from (Septien et al., 2018) with
permission from Elsevier.

It seems that, for similar conditions for the production of the char, the influence of the
morphological structure is weaker than the influence of the inorganic composition, though no clear
conclusion is given in literature (Di Blasi, 2009; Gupta et al.,, 2018). The differences in terms of
gasification reactivity of the biomass samples illustrated above in Figure 1.12 (Dupont et al., 2016) were
attributed to the differences in their inorganic composition. In particular, in that study Dupont et al.
observed that biomass species that gasified fast were rich in K whereas those that gasified slowly were
rich in Si or P.

The present work focused on the effect of the inorganic elements on char steam gasification.
These effects are discussed in detail in the following section.
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3. The effects of inorganic elements on the steam gasification process

This section reviews the literature on the effects of inorganic compounds on gasification. It has
been designed to be as extensive as possible regarding biomass. It also includes references on other
feedstocks such as graphite or coal. Indeed, several studies were conducted on these solid fossil fuels
and can be relevant in the study of biomass. They are reported here mostly in the form of reviews and
more occasionally research articles of particular interest are cited.

The articles cited are reported in Table I.5. They are organized by:
« gasifying agent: H,O and COy;
« type of feedstock: biomass and graphite and/or coal;

« mode of preparation of the feedstock to highlight the effects of the inorganic compounds: raw
biomass or char (i.e. inherent inorganic compounds), washed biomass or char (i.e. with
removal of the inherent inorganic compounds), sample mixed with an inorganic compound in
its solid form and sample impregnated with a solution of the inorganic compound.

45



Chapter I. Context and state of the art

Table 1.5 | References on the effects of inorganic elements used in this section, organized by
gasifying agent, type of feedstock and mode of addition of the inorganic compounds if necessary.

H,O CO,
Biomass Graphite Biomass Graphite
and/or coal and/or coal
« Dupont, 2011 . DeGroot, 1990
e Dupont, 2016
. . . e Kannan, 1990
Raw biomass |+ Gonzalez-Vazquez, 2018 . —
— . Link, 2010
orchar s Hognon, 2014
) . » Strandberg, 2017
o LOpez-Gonzdlez, 2014 Umeki. 2012
e Romero Milldn, 2019 ) ’
e DeGroot, 1984
Washed . Feng, 20182 e Jiang, 2017
| biomass or Yio. 2009 — e Kannan, 1990 —
;_/5 char P o Kramb, 2017
3 . Zahara, 2018
O
"E . .
g M'X;‘jl'i(‘;"'th . Httinger, 1986a o Arnold, 2017
s inoreanic | Elliott, 1984 o Hittinger, 1986b |+ Bach-Oller, 2019 |+ Wen, 1980
S & . Wen, 1980 . Jiang, 2017
ui| compound
» Bach-Oller, 2019
» Bennici, 2019
» Bouraoui, 2016
Impregnated . » Feng, 2018b
with [ f\'/"c;tg'lé984 . Delannay, 1984 | Huang, 2009 . Struis, 2002
inorganic Zh,an 2008 * Meijer, 1994 o Kirtania, 2017 e Ding, 2017
solution & o Kramb, 2016
s Kramb, 2017
 Lahijani, 2013
o Perander, 2015
« Baker, 1984 « Moulijn, 1984
Reviews « Arnold, 2019
« McKee, 1983
« Nzihou, 2013

Concerning experimental works on biomass, it can be noted that more studies have been
published on CO; gasification than on steam gasification. In particular, studies under a CO, atmosphere
cover a wider range of contact modes between the biomass and the inorganic compounds. This can be
explained by the fact that producing a steam atmosphere is more experimentally challenging than
working with a CO; bottle. Hence, even though this work focused on steam gasification, both gasifying
agents are referenced since analogies can be made.
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3.1. Assessment of the inorganic effects on char gasification
3.1.1. Effects of all inorganic compounds

3.1.1.1. Methodologies used in literature

It has been shown that, unlike pyrolysis kinetics, gasification kinetics cannot be explained by the
macromolecular composition of the biomass (Lopez-Gonzalez et al., 2014; Romero Millan et al., 2019).
On the contrary, some inherent inorganic elements are known to have a significant influence on char
gasification kinetics. Several methods to highlight the catalytic and inhibitory effects of inorganic
elements were applied in the literature. Studies used raw biomass or biomass char (DeGroot et al.,
1990; Dupont et al., 2011, 2016; Gonzdalez-Vazquez et al., 2018; Hognon et al., 2014; Kannan and
Richards, 1990; Link et al., 2010; Lépez-Gonzalez et al., 2014; Romero Millan et al., 2019; Strandberg
et al., 2017), biomass or char washed with deionized water and/or with acid to remove the inherent
inorganic matter (Feng et al., 2018a; Jiang et al., 2017; Kannan and Richards, 1990; Kramb et al., 2017,
Lvetal., 2016; Yip et al., 2009; Zahara et al., 2018), or biomass or char with added inorganic compounds
(Arnold et al., 2017; Bach-Oller et al., 2019; Bouraoui et al., 2016; DeGroot and Shafizadeh, 1984; Elliott
et al., 1984; Feng et al., 2018b; Jiang et al., 2017; Kannan and Richards, 1990; Kirtania et al., 2017;
Kramb et al., 2016, 2017; Lahijani et al., 2013; Lv et al., 2016; Meijer et al., 1994; Mudge et al., 1979;
Perander et al., 2015; Zhang et al., 2008). The latter were prepared through solid mixing (Arnold et al.,
2017; Bach-Oller et al., 2019; Elliott et al., 1984; Jiang et al., 2017; Mudge et al., 1979) or through
impregnation with a solution containing the inorganic compound (Bach-Oller et al., 2019; Bouraoui et
al., 2016; DeGroot and Shafizadeh, 1984; Elliott et al., 1984; Feng et al., 2018b; Kirtania et al., 2017;
Kramb et al., 2016, 2017; Lahijani et al., 2013; Lv et al., 2016; Meijer et al., 1994; Mudge et al., 1979;
Perander et al., 2015; Zhang et al., 2008). In the case of washed samples and impregnated samples a
particular attention should be given. In particular, the char textural properties should not be affected
in order to not distort the conclusions on inorganic effects. Moreover, inorganic compounds used for
impregnation can change form when they crystallize. For example, a K,COs3 solution could induce the
presence of K bonded to the biomass through ion exchange and KHCOs; crystals as well as K;COs crystals
in the dried sample (Bach-Oller et al., 2019; Kramb et al., 2016). However, impregnation has been the
major addition method used in literature since it is simple to carry out and allows a close contact
between the inorganics and the biomass.

Few authors compared the effects of various addition methods. Elliott et al. (Elliott et al., 1984)
and Bach-Oller et al. (Bach-Oller et al., 2019) observed a slightly stronger catalytic effect of K,COs in
the case of impregnation compared to dry mixing. However, Elliott et al. did not observe this difference
in the case of Na,COs. The curves for both inorganic compounds from Elliott et al. are shown in Figure
I.14. These results suggest an activity through the gas phase. The slight decrease in activity with dry
mixing could be explained by a lower volatilization of the inorganic compound in this case due to mass
transfer limitations.
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Figure 1.14 | Carbon conversion to gas for the catalyzed steam gasification of Douglas fir with dry-
mixed (solid line) and solution impregnated (dotted line) (a) K2COz3 and (b) Na2COs. Reprinted
from (Elliott et al., 1984) with permission from Elsevier.

3.1.1.2. Catalytic effects

From these studies, it appeared that alkali and alkaline earth metals (AAEMs) tend to have a
catalytic effect that enhances biomass gasification kinetics. More specifically, alkali metals, and in
particular K which is more present in biomass than Na, are reported to be more active than alkaline
earth metals. No significant effect was observed for Mg in the literature (Zahara et al., 2018; Zhang et
al., 2008). The catalytic activity of AAEMs was reported to be, in decreasing order, K, Na, Ca and Mg
(Huang et al., 2009; Yip et al., 2009; Zhang et al., 2008). An example of the obtained curves of carbon
conversion as a function of temperature for several catalysts is given in Figure .15 (Huang et al., 2009)
during the CO,; gasification of Chinese Guangzhou fir. It can be noted that Gonzdlez-Vazquez et al.
(Gonzélez-Vazquez et al., 2018) as well as Bennici et al. (Bennici et al., 2019) did not observe a catalytic
effect of Ca but a rather negative effect on gasification kinetics under steam and CO, atmospheres
respectively. However, the conclusion of Gonzalez-Vazquez et al. came from a correlation analysis on
several pure biomasses and not from a phenomenological analysis. Observations from Bennici et al.
came from experiments on impregnated washed biomass but no further explanations were given on
the results.
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Figure I.15 | Carbon conversion during the CO: gasification of chars from Chinese Guangzhou fir
catalyzed with different inorganic elements. Reprinted from (Huang et al., 2009) with permission
from Elsevier.

Catalytic gasification uses this effect to improve the gasification process. Catalysts usually studied
are compounds of AAEMs as well as some heavy metal compounds such as Fe-compounds and Ni-
compounds (Arnold and Hill, 2019). Among these elements, those inherent to the biomass are mainly
K, Ca and Mg, the others are usually found in low amounts in the biomass. Therefore, biomass species
naturally rich in these elements—especially K which has the highest catalytic activity—tend to have
the highest gasification reactivity.

3.1.1.3. Inhibitory effects

However, other elements present in the biomass can have the opposite effect and slow the
gasification down. In particular, Al, Si and P were reported to inhibit the gasification (Arnold and Hill,
2019; Bouraoui et al., 2016; Dupont et al., 2016; Link et al., 2010; Zhang et al., 2008). In the case of
lignocellulosic biomass, Al and P are usually found in low amounts whereas Si can reach high
concentrations.

From these general observations of the effects of the inorganic elements on steam gasification,
as well as from the knowledge of the typical inorganic composition of lignocellulosic biomass, the
importance of K and Si could be highlighted. Understanding the influence of compounds of these two
elements is of particular interest. Therefore it was the focus of the present work.

3.1.2. The specific effects of K and Si

Catalysts containing K used in gasification are mostly K,CO; and KOH which are compounds
naturally found in biomass (Arnold and Hill, 2019). KNOs or KCl were also studied (Bouraoui et al., 2016;
Kramb et al., 2017; Lahijani et al., 2013). Kramb et al. (Kramb et al., 2016) observed the same effect on
CO, gasification kinetics with addition of K by KNOs as with addition of K,COs. The result for K-
compounds was in accordance with the observations of Hittinger et al. (Huttinger and Minges, 1986a,
1986b) who found the following relative activity : KOH ~ K,COs; ~ KNOs; > K;SO4 > KCI. They also
demonstrated that the intermediate species KOH was formed from all salts.
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It is important to note that the K catalytic effect can be influenced by the presence of Ca. Indeed,
apparent promoting effects can be obtained when combining K and Ca catalysts (Arnold and Hill, 2019;
Nzihou et al., 2013). This promoting effect occurs until an optimal concentration of CaCO; added with
K2COs5 to the biomass. After this optimum is reached, further addition of CaCOs can be detrimental
(Arnold and Hill, 2019).

The inhibiting effect of Si was observed with inherent Si from the biomass (Arnold and Hill, 2019;
Bach-Oller et al., 2019; Dupont et al., 2016; Link et al., 2010; Zhang et al., 2008) and with Si from the
bed material or added for investigation purpose (Arnold et al., 2017; Bouraoui et al., 2016; Kannan and
Richards, 1990).

3.2. Proposed mechanisms for the K-catalysis

The catalytic effects of AAEMs, in particular K, and the inhibiting effect of elements such as Si are
well described in literature. However, authors have proposed hypotheses but the mechanisms of such
effects remain poorly known. This section presents first the inorganic compounds behavior during the
char formation through pyrolysis and then the proposed mechanisms of action of these inorganics
during gasification.

Several mechanisms have been proposed in the literature to explain the catalysis of steam
gasification by K-compounds. Authors agree on the fact that the alkali compounds added as catalysts
or inherent to the biomass are not the active compounds. However there is no consensus concerning
the active intermediate. The active species mentioned in literature reviews (Arnold and Hill, 2019;
Nzihou et al., 2013) are KO, (non-stoichiometric), K,0, K-O-C, K-C, C,K.

3.2.1. Mechanism with intercalation compounds

One mechanism suggested in the literature was a mechanism involving intercalation compounds
C.K. Intercalation compounds C.K are compounds where K is inserted between two graphitic layers.
Biomass chars are disorganized carbon structure but contain a fraction of graphitic structures. McKee
(McKee, 1983) mentioned the catalytic cycle involving an intercalation compound C.K, possibly CssK or
CeoK, suggested by Wen (Wen, 1980). A mechanism was described for CO; as a gasifying agent as well
as for steam. First, there is a carbothermic reduction of the carbonate to obtain K(g) and CO (Equation
(1.1)). Then, K(g) reacts with the carbon to form the intercalation compound C.K (Equation (1.2)). In the
case of steam gasification, steam reacts with the intercalation compound C,K which form nC, KOH(g)
and H; (Equation (1.3)). Then the formed KOH(g) reacts with CO to regenerate the carbonate and
produce H, (Equation (I.4)). In the case of CO, gasification, the compound (2C,K).OCO is formed and
transforms into CO and (2nC).K,0 (Equation (I.5)). The latter reacts with an additional CO, molecule to
form (2nC).K2COs and to finally regenerate K,CO; (Equation (1.6)).

K2C03(C) + ZC(C) = ZK(g) + 3C0(g) (|.1)

2K(gy + 2nCey = 2C K, (1.2)

2CqK () + 2H,0(g) = 2nC ¢y + 2KOH gy + Hyy) (1.3)

2KOH gy + CO(gy = K,CO3(¢y + Hy () (1.4)

2C, K¢y + COzg) = (2C,K).0CO) = (2nC). K, 0(cy + CO(g (1.5)
(2nC). K50y + CO5(gy = (2nC). K,CO3(¢y + CO(g) = 2nCc) + K, €05 (1.6)

50



Chapter I. Context and state of the art

However, there is no direct evidence of the formation of C,K during gasification to our knowledge.
It has been shown that these compounds can be formed at moderate temperature, i.e. around 250 °C,
and can be detected through X-ray diffraction (XRD). However, these compounds are not stable at
gasification temperatures, i.e. above 700 °C, and they are hydrolyzed by steam at ambient
temperature (McKee, 1983; Tromp and Cordfunke, 1984). Therefore, such mechanism is not likely in
the gasification conditions of the present study.

3.2.2. Mechanisms with a mechanical action

Physical effects of the alkali compounds were also discussed in literature. Alternatively to the
chemical action of intercalation compounds, they could also have had a mechanical action. It is known
that the intercalation of K increases the distance between graphitic planes (Wang et al., 2017), as
illustrated in Figure 1.16. Therefore, it has been suggested that intercalation of AAEMs in the graphitic
layers could open up the structure and make it more easily available for reaction (McKee, 1983).
However, as discussed previously, the formation of such compounds in gasification conditions is
unlikely.
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Figure 1.16 | Li and K intercalation in graphite with the resulting interlayer spacing (Wang et al.,
2017) - Published by The Royal Society of Chemistry.

Another mechanical action could be through swelling. Elliott et al. (Elliott et al., 1984) observed
that AAEMs can induce swelling during the pyrolysis which could increase the number of active carbon
sites available for the gasification reaction. However, gasification of Douglas fir with Na,COs at two
concentrations, 1.5:10 and 3.0-10° mole Na per g sample, showed similar improved rates while only
the higher Na,COs concentration induced swelling of cellulose samples. Similarly, Na,COs added to
Douglas fir through dry-mixing had a catalytic effect while it did not induce swelling. Therefore, they
demonstrated that the swelling phenomenon was not involved in the catalysis of gasification by
AAEMs.
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3.2.3. Mechanisms for a carbon atom

McKee (McKee, 1983) proposed a mechanism in three steps from K,COs. As in the intercalation
mechanism, the cycle starts with the carbothermic reduction of the carbonate to obtain K(g) and CO
(Equation (I.1)). McKee suggested that it was the limiting step. Then, K(g) reacts with steam which
forms KOH(g) and H, (Equation (1.7)). Finally, the formed KOH(g) reacts with CO to regenerate the
carbonate and produce H,, similarly to the intercalation mechanism (Equation (1.4)). A similar reaction
pathway was proposed for CO; as a gasifying agent (Equation (1.8) and (1.9)) and both could also be
applied to Na,COs.

KZO(C) + COZ(g) = K2C03(C) (|9)

Equations (1.1) and (1.7) were demonstrated through detection of a larger amount of K(g) that
would be expected from dissociation of K,COs alone, and by the decrease of K(g) and formation of
KOH(g) after steam injection. Little information is available on the kinetics of Equations (1.7) and (1.4)
but they have strongly negative free energies at gasification temperatures indicating that they are
thermodynamically feasible (McKee, 1983).

Moulijn et al. (Moulijn et al., 1984) proposed a mechanism from literature review for the case of
CO, gasification, which could also be applied to gasification in H,O or O,. This mechanism starts with
the carbothermic reduction of KyCOs that forms K(g) (Equation (I.1)). The gasification agent then
transfers O to K to form K.Oy. This compound reacts with an additional O that will after react with solid
C to form CO as presented in Equations (1.10) and (I.11). However, Moulijn et al. stated that “the
detailed structure of KOy, and KxOy.1 [was] not clear”.

KXOy + COZ(g) = CO(g) + Kx0y+1 (|.10)
Kx0y+1 + C(c) = KxOy + CO(g) (|.11)

In conclusion, these mechanisms are a first approach to understand the behavior of alkali
carbonates in the catalysis of steam gasification. It highlights that the general role of K is to bring the
gasifying agent into contact with the carbon. However, char is not constituted of single carbon atoms.
Carbon atoms are linked with each other in structures with various levels of organization, and with
other atoms, mainly H and O, especially on char surface. Therefore, some authors proposed more
detailed mechanisms mentioning the active sites on char surface, i.e. the functional groups or
particular carbon atoms of the structure that are available for reaction.
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3.2.4. Mechanisms for carbon structures

The work of Delannay et al. (Delannay et al., 1984) on graphite suggests a mechanism following
four steps illustrated in Figure 1.17. First, water reacts with one carbon from the graphitic layer to from
a phenol group. This phenol group then reacts with KOH to form a K-O-C phenolate group. With heat,
the latter decomposes to either metallic K and CO or to K,0O, CO and C. Finally, KOH is regenerated
from the reaction of K;0 with H,0. The observation of the produced gases supported this mechanism.
Two stages can be identified: the production of hydrogen and hydrocarbons at high rate corresponding
to step 1 and then the production of CO and H; at a slower rate corresponding to steps 2 to 4 with step

3 being limiting.

(4] H
STEP | Ki\ij + M0 === m
H [,
| I
0 )
STEP 2 C[ + KOH — i) + Hx0
STEP3  K-0-C H.T. -
Ze mCO + (I-m)K,0 + 2m- 11K
r':l mlC
STEP 4 K30 + Hy0 ——= 2KOH

Figure 1.17 | Mechanistic model for the reaction of water with graphite in the presence of KOH.
Reprinted from (Delannay et al., 1984) with permission from Elsevier.

Feng et al. (Feng et al., 2018b) also supports the idea of the K-O-C group formation as an active
site. They worked with biomass chars impregnated with AAEMs before or after the pyrolysis, i.e.
“AAEM pre-loaded biochar” or “AAEM post-loaded biochar” respectively. They proposed mechanisms
for each case as illustrated in Figure 1.18.
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Figure 1.18 | Mechanisms of pre-loaded AAEMs and post-loaded AAEMs on biochar. Reprinted
from (Feng et al., 2018b) with permission from Elsevier.

In the case of pre-loaded biochar, i.e. char from the pyrolysis of an impregnated biomass, AAEM
are linked to the carbon matrix. Unlike in the mechanism of Delannay et al. where the gasifying agent
reacts on a carbon, here the reaction occurs on those K-matrix sites to forms the K-O-C groups inside
the carbon matrix. The AAEMs migrate to the gas-solid interface which implies that these groups break
and form again, contributing to the condensation of aromatic rings, i.e. the formation of larger rings
from small ones. Moreover, due to their valence state, K is bonded to only one carbon site while Ca is
bonded to two. Therefore, K is less strongly bonded to the carbon matrix so the bond can easily break
to provide active sites for the aromatic condensation which explains the stronger effect of K compared
to Ca.

In the case of post-loaded biochar, AAEMs are present only on the surface and not incorporated
to the carbon matrix. The bonds are weaker which facilitates the volatilization of the AAEMs and
explains the lower reactivity of these chars.

3.2.5. Explanation of the reactivity changes at high conversion

For some biomass species, an acceleration of the gasification is observed at high conversion
(Bouraoui et al., 2016; Dupont et al., 2011, 2016; Zhang et al., 2008). For example, results from
Bouraoui et al. presented in Figure 1.19 showed that, for samples of impregnated beech wood, a high
K/Si ratio led to an increase in reactivity with conversion.
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Figure 1.19 | Reactivity at several conversion values as a function of the K/Si ratio of samples of
impregnated beech wood (Bouraoui et al., 2016).

This gasification acceleration seems to be linked to a significant alkali content and could be
explained by several factors. At the end of the gasification, the alkali compounds are more
concentrated which could enhance the catalytic effect (Dupont et al., 2011; Zhang et al., 2008). It could
also be due to the sudden disintegration of the porous structure of the char, leading to a higher active
surface area available to react. Lastly, it could be related to the release of alkali metals previously
inactive, such as intercalated alkali (Zhang et al., 2008).

On the opposite, for other biomass species with high alkali content—in particular K—the
gasification rate strongly decreases at very high conversion values. This behavior can be observed in
the case of K catalysis and can be attributed to the collapse of the numerous pores and channels
formed which induces a decrease of the surface available for the reaction (Arnold and Hill, 2019). It
could also be explained by interactions between AAEMSs and SiO; to form silicates either making the
AAEM compounds not available for catalysis or forming liquid phases that encapsulate the remaining
char (Link et al., 2010; Strandberg et al., 2017).

3.3. Proposed mechanisms for the inhibiting effect of Si

In literature there seems to be an agreement about the fact that the inhibiting effect of Si on
gasification is rather due to an inhibition of the catalysis from other elements. It has been shown that
Al, Si and P compounds can react with the catalytic AAEM compounds (Arnold and Hill, 2019; Dupont
et al., 2016; Zahara et al., 2018; Zhang et al., 2008). They form aluminates, silicates and phosphates
with the AAEMs which are stable and non-catalytic compounds. Subsequently, the AAEMs are not
available anymore to catalyze the gasification.

Some studies also reported that melted phases containing Si could encapsulate the remaining
char. For example, as discussed in the previous section, Strandberg et al. (Strandberg et al., 2017)
explained the low reactivity at high conversion of a Si- and K-rich wheat straw by the melted ashes that
induced a physical inhibition (Figure 1.20).
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Figure 1.20 | SEM observation of a wheat straw char at 90% gasification conversion, with melted
ashes. Reprinted (adapted) with permission from (Strandberg et al., 2017). Copyright (2019)
American Chemical Society.

However, few studies were conducted to directly investigate the mechanism of action of Si on the
gasification kinetics. Published works focused either on the gasification kinetics or on the
agglomeration issues related to this element. Therefore, the previous conclusions came from studies
highlighting the effects of Si and looking at literature results from agglomeration publication. To our
knowledge, there has been no direct study investigating both the gasification kinetics and the residue
characterization with Si.

Finally, the apparent promoting effect of Ca on K-catalysis has been attributed to the preferential
reaction of this element with SiO, to form Ca-silicates (Arnold et al., 2017). There is therefore less SiO,
available to react with K, which can then keep its catalytic activity.

3.4. Proposed models

To describe the steam gasification of biomass, a first approach can be to simulate the system at
its thermodynamic equilibrium. However, this method has been reported to give good results in the
case of high temperature entrained flow gasifiers but not in the case of fluidized bed reactors (Sikarwar
etal., 2017). In this last case, which is the case related to the present study, the system does not reach
its thermodynamic equilibrium. Therefore, kinetic models have to be designed.

Various kinetic models are used in the literature to describe the steam gasification of biomass.
Generally, such kinetic models are of the form of Equation (1.12).

r =k(T) X g(Pu,0) X f(X) (1.12)
Where k(T) describes the dependence on the reaction temperature T, f(X) is a function of the
conversion X that takes into account the change in the char structure during the reaction, and g(Pu20)
describes the dependence on the partial pressure of the steam which is the gasifying agent.

The temperature dependent factor k(T) follows an Arrhenius law.

k(T) = koexp (— If—;) (1.13)

With ko a pre-exponential constant and E, the activation energy.
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The steam partial pressure dependent factor g(Pu20) follows a power law.

g(PHZO) = Py,o" (1.14)

For the function f(X) there is no consensus in literature about its form. Different models can be
used which are dependent on the conditions. Models commonly used for f(X) are listed in Table 1.6
which is adapted from Romero Millan et al.

Table 1.6 | Common models for the surface function f(X). Adapted from Romero Millan et al.
(Romero Millan et al., 2019).

Model f(X)
0 order 1
1°* order — Volumetric model 1-X
2" order (1-X)2
3 order (1-Xx)3
n'" order a-xm
. . 1
One dimensional —
2X
Two di ional !
o dimensiona N
wo dimenst —In(1 - X)
2
3 1-X)3
Three dimensional 5 X (—)1
1-(1-X)3
Contracting area 2% (1— X)%
Contracting volume — Shrinking core model — Grain model 3x(1— X)%
Random pore model 1-X)x{1—-¢xIn(1-X)

Volumetric model, grain model and random pore model, sometimes including modifications, have
been the most used models among authors for steam gasification (Dupont et al., 2011; Fermoso et al.,
2008; Gonzalez-Vazquez et al., 2018; Hognon et al., 2014; Lopez-Gonzalez et al., 2014; Romero Millan
et al.,, 2019; Zhang et al., 2008).

However, these models do not achieve a good description of the experimental data for biomass
samples showing catalytic effects.
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To take these effects into account, authors proposed modifications to the models presented
above. Table I.7 summarizes the available kinetic models taking into account the effects of inorganic
elements on gasification (Arnold et al., 2017; Ding et al., 2017; Dupont et al., 2011; Hognon et al., 2014;
Kramb et al., 2016; Lopez-Gonzalez et al., 2014; Romero Millan et al., 2019; Struis et al., 2002; Umeki

et al., 2012; Zhang et al., 2008).

Table 1.7 | Gasification kinetic models taking into account the effects of inorganic elements.

Gasification
Model agfnt Ref.
Feedstock
m Steam D N
Grain model with additional factor a; = 0.1812 —% + 0.5877 - upont,
ms; ) 2011
Biomass
K h Steam
If? > 1, 0"-order model > Hognon,
Ifm < 1, 1%-order/volumetric model Biomass 2014
If =X > 1, 0™"-order model f(X) =0.15 x X +o07 Steam Romero
Si+P Si+P K - Millan,
If% < 1, 1*torder/volumetric model f(X) = (1 — X)™ "*5ur*1%* | giomass 2019
LS -
Grain model with additional term k, X X"e with n, = 0.254[Ca] + Steam opez
3.4 % 10-2 - Gonzalez,
’ Biomass 2014
Sum of rates of three regimes: e
Catalytic with deactivation of catalyst, f(X) = exp(—&X?) - 2 Umeki,
Non-catalytic, 1**-order/volumetric model Biomass 2012
Catalytic with no deactivation of catalyst, 0™-order model
. - Steam
Random pore model with additional factor 1 + (cX)? where cand p are _ Zhang,
correlated to with K . 2008
Biomass
CO;
. L. Arnold,
Random pore model with additional factor 1 + ¢ X (1 — X)P -
2017
Coal
CO;
Random pore model with additional factor 1 + (g + 1) x (bt)9 - Struis, 2002
Coal
Sum of rates correlated to [Ca] and to [K], with for each: CO; Kramb
Random pore model with additional factor 1 + (g + 1) X (bt)9 where |- ’
X . 2016
U, b and g are correlated to the metal concentration Biomass
. - CO;
Random pore model where i) = f X exp(—¢ X 1), ¢ is a coefficientand | ~ Dine. 2017
Tis a dimensionless time Coal &
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These modified models describe well gasification kinetics with catalytic effects due to inorganic
elements. However, they are semi-empirical models with no true physical meaning. Therefore, a better
understanding of the phenomena involved in catalysis and catalyst inhibition should allow to design a
unified phenomenological model. In addition, some models were developed for CO; as a gasifying
agent but have not been validated to describe steam gasification as the phenomena occurring seem
to differ according to the gasifying agent. It is for example the case of the three regime model designed
by Umeki et al. (Umeki et al., 2012).
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4. Conclusions and objective of the work

In the context of the pyrogasification of biomass, authors identified that for identical operating
conditions both the char morphology and its inorganic content can influence strongly the gasification
kinetics. The inorganic content seems to be the most influential parameter but no clear conclusion is
available in literature.

Despite their minor occurrence compared to the organic fraction, inorganic elements can have a
major influence on the reaction kinetics. The effects of these elements have been described in details.
Alkali and alkaline earth metals (AAEMs) have a catalytic effect on the gasification reaction, with
varying degrees, while Al, Si and P have an inhibiting effect. By crossing this information with the typical
inorganic composition of biomass species, it appears that the case of K and Si are of particular interest.
Indeed, they have a high occurrence in natural lignocellulosic biomass as well as a strong activity.

However, even though the effects have been long known, the mechanisms behind them are still
little known. In the case of the K-catalysis, several mechanisms have been proposed with various
degrees of detail but none of them makes consensus. Moreover, experimental studies have suggested
that K could have an impact through the gas phase but, to our knowledge, no direct demonstration
exists. In the case of the inhibition of the gasification by Si, authors tend to agree on the fact that it is
rather an inhibition of the AAEM-catalysis. The mechanisms of action of these two elements on
gasification are therefore linked.

This low level of knowledge on the mechanisms involving the inorganic compounds during the
steam gasification of biomass have impacts at the process design level. It leads to working with kinetic
models that can fail to describe the reaction of biomasses when their inorganic content is non-
negligible. Some authors have proposed modifications to the models in use to take the catalytic and
inhibiting effects into account. Nevertheless, these attempts were semi-empirical and not unified.

In view of this literature review, the objective of this work was to contribute to the understanding
of the inorganic elements role during the biomass steam gasification. In particular, it is an investigation
of the phenomena involving K and Si during the biomass steam gasification, especially through the gas
phase, and with particular attention on their influence on the reaction kinetics. The chosen approach
in this study followed five main steps:

e Selecting two biomass samples with opposite kinetic behaviors, one being rich in K and the
other one being rich in Si;

e Selecting two model inorganic compounds, one K-based and one Si-based, that also naturally
occur in biomass;

e Confirming the strongest effect of inorganic content compared to morphology by
characterizing both the morphology and the kinetic behavior of the two selected biomass
species during the gasification conversion;

e Demonstrating the effect of K through the gas phase by conducting thermogravimetric
analyses with the Si-rich biomass sample and the K-compound;

e Investigating the effect of Si on the gasification kinetics with a direct method by conducting
thermogravimetric analyses with the K-rich biomass sample and the Si-compound.
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The objective of this chapter is to analyze the relative influence of the inorganic elements
compared to the morphology of biomass chars on their gasification kinetics. Indeed, literature review,
as conducted in Chapter I, shows that both parameters can have a significant effect. However, the
influence of the inorganic content seems more pronounced but without clear explanations. In order to
bring more clarification to the inorganic elements effect, various biomass species were characterized
in this present study, at several gasification conversion values both regarding their morphology and
their kinetic behavior.

The first part of this chapter lists the materials and methods used. It presents the biomass
samples, the experimental set-ups and procedures, the characterization techniques and the method
for the calculations at thermodynamic equilibrium. In a second part, the results from the char
characterizations at various gasification stages are presented and discussed. They concern both the
organic and inorganic fractions of the chars. Experimental results regarding the inorganic fraction are
complemented by calculations at thermodynamic equilibrium. Finally, main conclusions are derived.

1. Materials and experimental installations

1.1. List of biomass species

Seven biomass samples covering various compositions were selected for this preliminary study.
The selection mainly included agricultural or pruning residues. Samples were ground below 200 um in
a Pulverisette 14 rotor mill (FRITSCH, Idar-Oberstein, Germany). The ash content and inorganic
element composition of the samples were measured according to solid fuel standards NF EN 14775
(European Standards, 2009) and NF EN ISO 16967 (International Organization for Standardization,
2015), respectively.

The obtained values for each biomass sample are presented in Table Il.1. From these values, the
three major inorganic elements in each sample were identified. It is clearly seen that the main
inorganic elements contained in all biomass species are Ca and K. The third main element is Si, Mg, or
P. Rice husks and wheat straw are Si-rich. Sunflower seed shells and alfalfa are K-rich. The others are
rich in Ca.
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Table 1.1 | Ash content and elemental composition of the preliminary biomass samples (in dry

basis).
Biomass sample Rice Wheat oéfhpalfd oArFirk:;(:; Vingyard Sunflower Alfalfa
husks straw residue residue residue seed shells
Ash at 550 °C (wt%) 141 6.8 3.8 3.7 2.6 33 7.8
C ) 41.6 43.1 47.8 48.3 47.2 50.2 44.2
H 5.2 6.2 6.3 6.3 6.4 6.5 5.6
o* L (wt%) 45.1 45.8 43.4 41.8 43.9 40.6 43.2
N 0.5 0.5 0.8 13 0.7 0.7 2.3
S 0.1 0.1072 0.0577 0.0819 0.0627 0.1 0.255
Cl J 0.1 0.0885 0.0097 0.0326 0.0263 0.1 0.5144
Si ) 63955 20757 820 990 1012 194 517
K 5822 13063 3771 7254 5045 9729 22545
Ca 1797 5627 9472 10927 7808 4489 12221
Mg 659 693 872 1374 1604 1838 1167
P r (mg.kg™) 981 1373 1325 1161 1011 896 2501
Na 413 164 25 41 37 9 470
Al 228 429 71 104 151 150 66
Fe 192 299 58 88 113 1099 97
Mn ) 195 50 11 20 42 23 18
Sio, ) 97.2 65.4 4.6 5.7 8.3 1.3 1.4
K,O 5.0 23.2 12.0 23.6 234 35.5 34.8
Ca0 1.8 11.6 349 41.3 42.0 19.0 21.9
MgO 0.8 1.7 3.8 6.2 10.2 9.2 2.5
P,0s ¢ (wtkinashes) 1.6 4.6 8.0 7.2 8.9 6.2 7.3
Na,O 0.4 0.3 0.1 0.1 0.2 0.0 0.8
Al,03 0.3 1.2 0.4 0.5 1.1 0.9 0.2
Fe 03 0.2 0.6 0.2 0.3 0.6 4.8 0.2
MnO J 0.2 0.1 0.0 0.1 0.2 0.1 0.0
Si Si Ca Ca Ca K K
Main Inorganic Elements K K K K K Ca Ca
Ca Ca P Mg Mg Mg P

*Total (i.e. organic and inorganic) oxygen calculated by difference with all other elements.
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1.2. Experimental set-ups

1.2.1. Pyrolysis furnace MATISSE

Chars were produced in large quantities, i.e. several grams, in the pyrolysis installation MATISSE
illustrated in Figure I1.1.

It consists of a stainless steel sample holder of 40 mm height and 70 mm diameter swept by
1 L.min"t Ny and placed in a furnace.

— R
Furnace
-

M

— Furnace

— Sample

— Nitrogen Sample holder

‘”.if Allrly!‘lelwy‘i“j” ,

I

a. b. HLE
Figure 1.1 | Pyrolysis furnace MATISSE a. scheme and b. picture.

Low heating rate (LHR) pyrolysis of the biomass samples was carried out. The sample holder was

filled in with 30 to 50 g of ground sample depending on the biomass. Biomass samples were then
heated to 450 °C at a heating rate of 10 °C.min* and kept at this temperature for 60 min.

The mass of sample was weighted before and after pyrolysis to determine the char yield.

1.2.2. Thermogravimetric analyzer

Thermogravimetric analysis (TGA) was used to determine the intrinsic kinetic behavior of the
samples—raw biomass or char. Experiments were carried out at atmospheric pressure using a Setsys
thermobalance (SETARAM, Caluire, France) coupled with a Wetsys steam generator.

The thermobalance is illustrated in Figure I1.2. It consists of a crucible placed in a furnace and hung
to an electronic weighing scale. The furnace was swept by the selected gas from below. A cylindrical
platinum crucible of 2.5 mm height and 7 mm diameter was used.

64



Chapter Il. Evolution of the char physicochemical properties during gasification

Electronic weighting scale

Electronic weighting scale =

a. b. R mm——
Figure 1.2 | Thermogravimetric analyzer (TGA) a. scheme and b. picture.

The experimental procedure was slightly different for raw biomass and for char, so that in both
cases the pyrolysis and gasification steps were separated (Figure 11.3).

Pyrolysis Gasification Heating Gasification
100% N, 80% N, + 20% H,0 100% N, 80% N, +20% H,0
< R — « Pt
1000 Steam injection 1000 Steam injection
O 800 l O 800 l
(0] ! (]
5 600 5 600
© ©
o 400 o 400
£ £
9 200 k] 200
0 0
0 60 120 180 0 60 120 180
Time (min) Time (min)
a. b.

Figure 1.3 | TGA procedure for a. raw biomass and b. char.

In the case of raw biomass (Figure 11.3a), the procedure described by Hognon et al. (Hognon et al.,
2014) was applied. A mass of approximately 15 mg was used to be in chemical regime (Annex A).
Samples were heated at 24 °C.min™* until 450 °C under 0.05 L.min™* N, and kept for 60 min at this
temperature. They were then heated at 24 °C.min™* until 800 °C and kept at this temperature until the
end of the experiment. Samples were swept by N, after the final temperature was reached to ensure
pyrolysis completion and mass stability (12 min). Gas was then switched to a mixture of 20 vol% H,0
in N2. This marked the beginning of the gasification step. The experiment was ended when the mass
was stabilized, i.e. when the gasification was finished and only ashes remained.

In the case of char (Figure 11.3b), the holding time at 450 °C was not necessary as pyrolysis had
already been conducted. A mass of approximately 4 mg was used to be in chemical regime (Annex A).
Samples were heated at 24 °C.min! directly until 800 °C under 0.05 L.min™* N,. Samples were swept
by N, after the final temperature was reached to ensure pyrolysis completion and mass stability
(45 min). Gas was then switched to a mixture of 20 vol % H,0 in N; to start the gasification step. The
experiment was ended when the mass is stabilized.
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All experiments were conducted at least in duplicates. In the case where results were plotted as
curves, only one of the repetitions was selected. In the case where results were plotted in bar graphs,
the average value was plotted and variations between the repetitions were shown with error bars
representing the minimum and maximum measured values.

Results can be plotted as the normalized mass or the normalized ash free mass:

m(t
Normalized mass: ( ), (1.15)
m;
m(t) —ms
Normalized ash free mass: _— (1.16)
m; — mf

where m;, m(t), and ms are the mass of initial raw biomass, the mass measured at the time t
and the mass measured at the end of gasification (remaining ash), respectively.

Gasification solid conversion was defined from the mass loss measured as a function of time
during TGA by using the following expression:

m; —m(t
X(t) =T —— © (1.17)
Michar — My
where m;qp4r is the mass of char before gasification (at the time of steam injection).

The gasification rate was then defined as the variation of conversion versus time:

o =2 (1.18)

An average reactivity between two values of conversion X; and X, was also defined:

ftxz r(t)dt
T 1= X(E) (11.19)

tx, — tx,

Tx,—Xx, =

There is no standardized definition for the reactivity (Barrio et al., 2001). In this study, the average
reactivity was calculated between 1 and 80% conversion as in several investigations in literature (Barrio
et al., 2001; Dupont et al., 2011; Hognon et al., 2014). This choice allowed to obtain a trend that was
not affected by the particular phenomena that can occur at high conversion values.

1.2.3. Gasification devices

Three set-ups were used to carry out gasification on larger char samples than with the TGA: a
macro-thermogravimetric reactor (macroTG), a laboratory furnace (NEWMANIP) and an induction
furnace (PYRATES). Their main characteristics are summarized in Table I.2 and detailed in the following
sub-sections.
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Table 1.2 | Main characteristics of the gasification devices.

MacroTG Laboratory furnace Induction furnace
NEWMANIP PYRATES
Initial mass of char 0.15g 0.2g 5-8¢g
Material Refractory steel Pt—5% Au Stainless steel
Crucible Diameter & 46 mm & 15.7 mm & 30 mm
Height h=5mm h=2mm h =45 mm
Gas flow rate 0.67 NL.min* 0.33 NL.min* 1 NL.min?

1.2.3.1. Macro-thermogravimetric reactor

The macro-thermogravimetric reactor (macroTG) is located at the University of Science &
Technology of Hanoi. It is illustrated in Figure 11.4 and Figure 11.5. It consists of a ceramic tube (1) of 111
cm in length, with an internal diameter of 7.5 cm. The ceramic tube is placed in an electric furnace of
Carbolite Gero brand (2), with single ramp to set-point and process timer. Electrical heating is ensured
by three independently controlled heating zones (T1, T2 and T3). This helps to create a uniform
temperature throughout the reactor. The reaction atmosphere is generated by a mixture of N, and a
reactive gas in selected proportions. Each gas is controlled by a flowmeter (M1, M2, and M3). The gas
mixture is preheated in a 2-m-long-coiled tube (3) located inside at the upper heated part of the
reactor. This ensures the uniformity of the gas mixture and allows to reach the desired temperature of
the gas flow before reacting with the sample. The gas flow is then sucked by an extractor (6) and flown
outside. The sample is placed on a refractory-steel crucible of 46 mm diameter and 5 mm height, on
the top of the sample holder (4). The latter is connected with the weighting scale (5) at the bottom of
the equipment using a stick in ceramic. The weighting scale (Precisa Gravimetrics AG ES320A) is
accurate to 0.1 mg. All of the sample and the holder are weighted and registered continuously in the
computer with the help of a monitoring software.

N2
0, Air
,,—@—@—‘ Water

(1) Ceramic tube

(2) Electrical furnace

(3) Preheater

(4) Sample holding

(5) Weighting scale

(6) Extractor

(T) Regulation thermocouples

(M;) Mass flow meter

=

—
5 359,08 mg

Figure 1.4 | Macro-thermogravimetric reactor.
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Figure I1.5 | The macro-thermogravimetric system at the University of Science & Technology of
Hanoi.

Steam gasification experiments were carried out under fixed operating conditions. For each
experiment, the reactor was first heated to 800°C. When the desired temperature was reached,
approximately 150 mg of char sample was lifted to the desired position inside the reactor. It was
initially placed under inert atmosphere, i.e. nitrogen, at a gas flow of 0.67 NL.min? to remove all
residual volatiles and moisture adsorbed during storage.

When a constant mass was reached, gas was switched to a mixture of 20 vol% H,0 in N,. As
gasification took place, the char mass decreased progressively until a constant mass was reached,
which corresponds to the ash content and marked the end of a test.

The gasification solid conversion, the gasification rate and the average reactivity were defined
from Equations (11.17), (11.18) and (11.19) similarly to the case of TGA.

1.2.3.2. Laboratory furnace NEWMANIP

A laboratory furnace called NEWMANIP was also used in the present study. It includes three main
parts: a sample holder, a controlled atmosphere chamber and a vertical tubular furnace. The sample
holder is a structure sustained with two aluminum oxide rods. It supports the platinum crucible of
15.7 mm diameter and 2 mm height on which the sample is deposited. The temperature is monitored
by three thermocouples fixed to this structure. It is placed inside the controlled atmosphere chamber.
The latter is made up of an Inconel 600 tube with a 25 mm diameter. The gas input tube is welded
around to preheat the gas. The top of the chamber is closed by a plug with the gas outlet and an air-
tight passage for the thermocouples. The chamber is placed inside the tubular furnace—Al,0; (C 530),
Nabertherm RT 50-250/13—which is closed by two Macor plugs to avoid heat loss during the
experiments. A simplified scheme of the device is shown in Figure II.6.
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Figure 11.6 | Laboratory furnace NEWMANIP a. scheme and b. picture.

The produced gases went through an electrostatic precipitator, two cold traps at 0 °C and a
cartridge filter in order to collect the condensable species. Incondensable gases are analyzed online
(see 1.2.3.4).

During gasification tests, 200 mg of char were loaded into the device. This sample was heated at
24 °C.min~t until 800 °C under 0.33 L.min™* N,. It was swept by N, for 30 min after the final temperature
to ensure pyrolysis completion. Then, gas was switched to a mixture of 20 vol % H,0 in N, to start the
gasification step. At the end of the experiment, the gas was switched back to pure N; and the sample
was quenched by removing the controlled atmosphere chamber from the furnace and letting it cool
down at room temperature.

1.2.3.3. Induction furnace PYRATES

The induction furnace PYRATES had initially been developed for high heating rate pyrolysis
(Gauthier et al., 2013). It was used here to gasify char samples of a few grams. It consists of a mesh
basket sample holder placed in a tube swept by the selected gas from below and heated by induction.
A simplified scheme is presented in Figure I1.7.
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b.

Figure 1.7 | Induction furnace PYRATES a. scheme and b. picture. (1) Gas inlet; (2) Inductor;
(3) Inconel pipe heated by induction; (4) Sample holder; (5) Metallic sample holder; (6) Quartz
pipes; (7) Tar collector; (8) Electrostatic precipitator; (9) Ice trap (0 °C); (10) Isopropanol and dry
ice trap (-78 °C); (11) Cartridge filter; (12) Secondary N2 (cooling) inlet; (13) Gas outlet towards
gas analysis.

To collect the condensable species, the produced gases go through an electrostatic precipitator,
two cold traps at 0 °C and -78 °C respectively and a cartridge filter. The incondensable gases are
analyzed online (see 1.2.3.4).

For the gasification experiments, a mass of 5 to 8 g was loaded into the sample holder. It was
heated at 24 °C.min™! until 800 °C under 1 L.min™? N,. It was swept by N, for 30 min after the final
temperature was reached to ensure pyrolysis completion. Gas was then switched to a mixture of
20 vol % H,0 in N; to start the gasification step. The experiment ended when no more produced gas
was detected.

1.2.3.4. Incondensable gas analysis and data treatment

For the laboratory furnace NEWMANIP and the induction furnace PYRATES, the reaction kinetics
were measured through the incondensable gas analysis, contrarily to the TGA and macroTG where
they were measured through the mass measurement.

Incondensable gases were analyzed continuously with two techniques: a Nicolet IR 550 FTIR
analyzer and an Agilent 3000A micro-Gas Chromatograph (LGC) equipped with four columns (two 5 A
molecular sieves, one Poraplot U column and one CP wax column). An additional cold trap at 0 °C was
placed before the uGC to protect it from humidity. The uGC took measurements every 220 seconds.
The species quantified by both techniques were: CO, CO,, CHs4, C;H;, C;Hs and CH;OH. Additionally, H,,
C;He, CsHs, CsHs, C7Hg and CH3CH,0H were quantified by uGC only and H,0 was quantified by FTIR only.

During gasification, the mass of tars was considered as negligible and the significant carbonaceous
gases produced were CO, CO; and CH,4. Therefore, the carbon conversion was defined as:
Meo(t) +m t)+m t
X0 (6) = co(®) co2(t) cra(t) (11.20)
Mmci
where mgp (t), Mco2(t) and mey, (t) are the masses at the time t of CO, CO, and CH, respectively
and mg; is the initial mass of carbon.
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The gasification rate and the average reactivity were calculated from Equations (11.18) and (11.19)
similarly to the case of a solid conversion X.

1.3. Characterization techniques

Six different techniques were used to characterize the physical and chemical properties of the
char samples: Raman spectroscopy, N; and CO, adsorption, temperature programmed desorption
coupled to mass spectrometry (TPD-MS), inductively coupled plasma with atomic emission
spectroscopy (ICP—AES), scanning electron microscopy coupled to energy dispersive X-ray
spectroscopy (SEM—EDX) and powder X-ray diffraction (P-XRD). These techniques were combined to
investigate the structure, porosity and surface chemistry of the carbon matrix of the chars as well as
the content, structure and repartition of the inorganic compounds present in the chars. The techniques
and the corresponding evaluated properties are listed in Table II.3 and described in details in the
following subsections.

Table 11.3 | Characterization techniques and the properties they measure.

Characterization technique Measured property
Raman spectroscopy Structure of the carbon matrix
N, and CO; adsorption Porosity of the carbon matrix
TPD-MS Surface chemistry of the carbon matrix
ICP-AES Inorganic elemental composition
SEM—-EDX Morphology of the chars and surface elemental composition
P-XRD Crystalline phases

1.3.1. Raman spectroscopy

Raman spectroscopy was used to study the structure of the char carbon matrix. Acquisition of the
Raman spectra was performed with a BX40 LabRam, Jobin Yvon Horiba spectrometer in a
backscattered configuration with a laser at 532 nm. For each sample a layer of the material was placed
on a glass slide and Raman spectra was recorded at 9 locations.

The Raman spectra were analyzed as a combination of five bands corresponding to five
carbonaceous structures (Chabalala et al., 2011; Guizani et al., 2016; Liu et al., 2015; Sadezky et al.,
2005; Sheng, 2007):

e The G band at 1590 cm™ is the only existing band for perfect graphite. It corresponds to the
stretching vibration mode with E2g symmetry in the aromatic layers of the graphite crystallite.

e TheD1 bandat 1350 cm™is related to graphene layers edges. It corresponds to graphitic lattice
vibration mode with Alg symmetry and in-plane imperfections such as defects and hetero-
atoms.

e The D2 band at 1620 cm™is related to surface graphene layers. It corresponds to the stretching
vibration mode with E2g symmetry in the graphene layers which are not directly sandwiched
between two other graphene layers.
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e The D3 band at 1500 cmis found in poorly organized materials. It corresponds to sp? carbons
in amorphous structures (organic molecules, fragments, functional groups). It is suggested as
being related to reactive sites.

e The D4 band at 1200 cm™is found in very poorly organized materials. It corresponds to sp?-sp>
sites at the periphery of crystallites and to C-C and C=C stretching vibrations of polyene-like
structures. It is suggested as being related to reactive sites.

Band fitting was carried out with the Origin software from OriginLab. An example of fitting is given
for sample RHB_XO0 in Figure 11.8. Band intensity ratios were calculated with the intensity of each taken
as the fitted area of the peak. Ratios of ID1/IG, ID2/IG, ID3/IG, ID4/IG, IG/IALL and ID3/IALL were
calculated with ID1, ID2, ID3, ID4, IG and IALL the intensity of the bands D1, D2, D3, D4, G and the sum
of the intensities of all bands respectively.
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Figure 11.8 | Raman band fitting example (sample RHB_X0).

In the Raman shift range of the spectra acquisition, peaks corresponding to some inorganic
compounds could be recorded in addition to the carbon matrix bands. These peaks were identified by
comparison to spectra from the Handbook of Minerals Raman Spectra (ENS Lyon, 2019).

1.3.2. Nz and CO; adsorption

N, adsorption and CO, adsorption were used to characterize the porosity of the carbon matrix of
the chars. The samples were outgassed overnight at 300 °C before the analyses. N, adsorption was
conducted with a Micrometrics ASAP 2024 instrument at 77 K. CO, adsorption was conducted with a
Micrometrics ASAP 2020 instrument at 273 K. For both adsorbable molecules, pore size distribution
was determined with the density functional theory (DFT) model for slit pores with a finite depth. The
porosity of the inorganic fraction of the chars was neglected. The results were then expressed in dry
ash-free basis.
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1.3.3. Temperature programmed desorption coupled to mass spectrometry

Temperature programmed desorption coupled to mass spectrometry (TPD—MS) was used to
analyze the surface chemistry of the char carbon matrix. Approximately 10 mg of sample were placed
in a quartz crucible. This crucible was introduced in a heated quartz tubular reactor connected to a
vacuum pump and a mass spectrometer. The analysis consisted in two steps. First, the sample was
outgassed by creating vacuum at ambient temperature. Then, the sample was heated to 800 °C at a
rate of 5 °C/min and kept at this temperature for 30 min. The emitted gas CO,, CO, H,, H,0, CH4 and
SO, were continuously quantified by mass spectrometry. The total pressure was also measured with a
Bayard Alpert gauge. Mass balance was checked from these two measurements. For each gas,
desorption was calculated by integrating the TPD—MS curves. The results were expressed in dry ash-
free basis.

1.3.4. Inductively coupled plasma with atomic emission spectroscopy

Inductively coupled plasma with atomic emission spectroscopy (ICP—AES) was used to measure
the inorganic elemental composition of the chars. The analysis was conducted after mineralization of
the samples for all inorganic species, except for Si which underwent an alkaline melting. The measured
elements were: Si, K, Ca, Mg, P, Na, Al and Fe. Measures could not be conducted on samples SFS_X50,
both X75 and both X100 because of low quantities obtained after gasification tests. For samples X25
and X50, Na, Al and Fe were not measured.

Results are given as mass fractions C/*" or Cf™ for raw biomass or char, respectively. It
corresponds to the mass of element in the sample divided by the mass of sample—the sample being
either raw biomass or char.

char
Vi

These mass fractions were used to calculate the volatilization yield of each element i by

comparison with the raw biomass content. It was defined as follows:
Cr™W — CEhar » char yield
Vichar — l y (11.21)

raw
Ci

These expressions rely on the char yields of each char samples. In the case of charM, the yield was
directly measured during char production. In the case of X0 and Xn (n = 25 or 50) it was obtained from
the following equations:

X0 Char X0 yield = CharM yield x Char X0 from charM yield (11.22)
n
Xn (n =25 or 50) Char Xn yield = Char X0 yield X (1 — ﬁ) (1.23)

where Char X0 from charM yield is the char yield between charM and X0 and is measured
from TGA results.

The deviation of the mass fraction was calculated as £20% from the repetition of the analysis on
three samples of rice husks and sunflower seed shells. This is due to the combination of the measure
uncertainty and of the biomass variability. The uncertainty on the char yield was obtained from the
weighing precision and was of approximately 5%. From these values, the relative uncertainty u(ViCh‘”)
of the measured volatilization was calculated:

u(ViChar) _ u(ci‘fh‘”’) u(char yield) + u(C; ™)

= 459 11.24
yhar crhar char yield crew % ( )
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1.3.5. Scanning electron microscopy coupled to energy dispersive X-ray spectroscopy

Scanning electron microscopy coupled to energy dispersive X-ray spectroscopy (SEM-EDX) was
used to study the morphology of the chars and their surface elemental composition. A Philips XL30
microscope was used with a 15 kV electron beam. Secondary electrons (SE) as well as back-scattered
electrons (BSE) detection were used. SE detection creates a contrast related to topology while BSE
detection creates a contrast related to atomic number. Samples were placed on graphite tape and
graphitized before analysis.

1.3.6. Powder X-ray diffraction

Powder X-ray diffraction (P-XRD) was used to identify the crystalline phases in the samples. It was
carried out on a Panalytical X'Pert powder diffractometer equipped with a copper anode (AKa1=1.5406
A, AKa2=1.5444 A) and an X’Celerator 1D detector. It was configured in Bragg-Brentano geometry,
with a variable divergence slit on the primary beam path and a set of anti-scattering slits positioned
before and after the sample. Axial divergence was limited by 0.02 rad Soller slits. Samples were placed
on zero background holders made from monocrystalline Si. Phase identification was done using the
International Centre for Diffraction Data (ICDD) database on the Panalytical Highscore software.
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2. Choice of the methodology

2.1. Choice of the biomass samples

The gasification kinetics of the seven raw biomass samples presented in Table 1.1 were
investigated through TGA in order to select two biomass species to examine deeply the inorganic
elements effects. The evolution of the normalized ash free mass of the samples as a function of time
is presented in Figure I1.9 for both pyrolysis and gasification steps.
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Figure 1.9 | TGA of the raw biomass samples presented as the normalized ash free mass as a

function of time.

The mass profiles obtained during the pyrolysis of biomass samples were very similar. The highest
mass loss was observed for temperatures below 450 °C with approximately 75% of the mass volatilized.
Subsequently, around 5% of the mass was lost between 450 °C and 800 °C. These yields are in
agreement with literature (Anca-Couce, 2016).

The results of these experiments are presented during the gasification step and expressed as solid
conversion in Figure 11.10.
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Figure 11.10 | Solid conversion of biomass samples as a function of time during the gasification

step.
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Three families of behavior could be recognized, as identified in literature (Dupont et al., 2016):

e Family 1 had the highest conversion rate which was constant and then increased. It included
apple orchard residue, apricot orchard residue and vineyard residue. These three biomass
species were Ca-rich (Table 11.1).

e Family 2 had the slowest conversion rate which was continuously decreasing. It included rice
husks and wheat straw. These two biomass species were Si-rich (Table II.1).

e Family 3 had an intermediate conversion rate which was constant and then decreased. It
included sunflower seed shells and alfalfa. These two biomass species were K-rich (Table 11.1).

The average gasification reactivity was calculated for each species to quantify these differences
in terms of gasification rate. The results are plotted in Figure 11.11.
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Figure 11.11 | Gasification average reactivity of seven biomass samples from the database.

Substantial variations were found between the gasification reactivity of the samples with a factor
of almost 50 between the average reactivities of rice husk—slowest sample to be gasified at
1.4 %.min"'—and alfalfa—fastest sample to be gasified at 54.7 %.min*. The corresponding gasification
times were ranging from around five minutes for alfalfa to around five hours for rice husks. These
results are in agreement with literature (Dupont et al., 2016; Hognon et al., 2014; Link et al., 2010;
Romero Millan et al., 2019).

From these results, two biomass species were kept for further investigations:
e rice husk: family 2, slow gasification, Si-rich;
e sunflower seed shells: family 3, fast gasification, K-rich.

They were selected because they were:

e agricultural residues;

e different in terms of inorganic composition;

e significantly different in terms of gasification kinetics, i.e. gasification families.
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2.2. Choice of the char production method

This section aims to verify if the char preparation method has an influence on the kinetics of the
subsequent gasification and to decide how char will be produced in the rest of the work. This
investigation has already been published (Dahou et al., 2018) and is reproduced in Annex B. The article
provides data on two additional pyrolysis procedures. In addition to the present experimental results,
it comprises an analysis of the characteristic times of the phenomena involved in the process. The
characteristic time calculations showed that, for the pyrolysis step, the chemical regime was not
reached. This could result in chars with different properties at the beginning of the gasification step
and therefore different gasification kinetic behaviors. It was then necessary to check experimentally if
the gasification kinetics of the chars produced in the pyrolysis furnace MATISSE were similar to those
of the raw biomass samples presented in the previous section.

The results are presented in Figure 11.12 as the solid conversion versus time for rice husks and
sunflower seed shells.
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Figure 11.12 | Gasification solid conversion as a function of time, for sunflower seed shells and rice
husks, in the case of chars produced directly in the TGA (raw biomass) or in the pyrolysis furnace.

For each biomass, the char produced in the separate pyrolysis furnace had the same gasification
kinetics as the char produced directly in the TGA from raw biomass.

This result confirms that producing the chars in a separate pyrolysis furnace to obtain large
guantities does not affect the biomass species behavior during gasification. Therefore this procedure
can be employed without compromising the results of the kinetic study.

Char samples obtained from pyrolysis of large quantities of biomass at 450 °C in the pyrolysis
furnace are referred to as RHB_charM and SFS_charM for rice husks and sunflower seed shells,
respectively.
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2.3. Choice of the gasification device

As previously demonstrated, the chemical regime is reached in TGA. Therefore, TGA is the
reference installation to measure the gasification kinetics of the chars. Nevertheless, TGA has the
disadvantage of admitting less than 4 mg at once, which corresponds to even lower amounts of
material after partial or complete gasification. Yet, to conduct characterizations on the residues, higher
amounts were needed. The characteristic time analysis (Annex C) of the gasification step in the
conditions of the TGA (4 mg) and of the induction furnace PYRATES (5 g) showed that the chemical
regime was reached whatever the set-up. In this context, the present section aims to verify
experimentally if the gasification conducted in devices at larger scale still respects the chemical regime
established in TGA. To this end, the gasification average reactivities of rice husks and sunflower seed
shells were measured in TGA, macroTG, laboratory furnace NEWMANIP (only for sunflower seed shells)
and induction furnace PYRATES. Results are plotted in Figure 11.13.
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Figure 11.13 | Measured gasification average reactivity of the two biomass samples in four
different gasification installations.

First, it is important to note that the average reactivities presented here were calculated from
conversion values obtained with different data depending on the gasification device. As shown
previously, TGA and macroTG gave mass profiles and allowed to calculate solid conversions. The
laboratory and induction furnaces did not allow to measure the total mass but a carbon conversion
could be calculated from the analysis of the produced gases. However, most of the mass was converted
to carbonaceous gases, therefore it was supposed that the reactivities obtained by the two methods
were comparable.

Figure 11.13 shows that only the macroTG gave results similar to TGA. The reactivities measured in
the case of the laboratory and induction furnaces were substantially inferior. The decrease of the
apparent reactivity was attributed to heat and mass transfer limitations, though no further
investigation was conducted to verify this hypothesis. These results in disagreement with the
characteristic time analysis showed the limit of such analysis that relies on parameters known with
limited accuracy, such as the mass transfer coefficients.
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The macroTG was therefore selected for char steam gasification in larger quantities than in the
TGA. It allowed to gasify around 150 mg of char instead of only 4 mg while still operating in the
chemical regime. This is of importance as it allowed to characterize the residues obtained in the same
conditions as in the TGA.

Resulting samples are referred to as RHB_X100 and SFS_X100 for rice husks and sunflower seed
shells, respectively. Samples stopped before steam injection—i.e. after only heating until 800 °C in
N,—are referred to as RHB_X0 and SFS_XO for rice husks and sunflower seed shells, respectively.

From these experiments, the gasification time required to reach conversion values of X = 25%,
50% and 75% was determined for each biomass. Gasification of charM was then carried out until these
conversion values. Resulting samples are referred to as RHB_X25, RHB_X50 and RHB_X75 for rice husks
gasification until 25%, 50% and 75% conversion respectively, and SFS_X25, SFS_X50 and SFS_X75 for
sunflower seed shells gasification until 25%, 50% and 75% conversion respectively.

The list of samples is summarized in Table 11.4.

Table 1.4 | List of samples obtained from pyrolysis and gasification of rice husks and sunflower

seed shells
Sample production conditions Rice husks Sunflower seed shells
Char from pyrolysis at 450 °C RHB _charM SFS_charM
Char from pyrolysis at 800 °C, i.e. X=0% RHB_XO0 SFS_X0
Char from gasification at 800 °C stopped at X = 25% RHB_X25 SFS_X25
Char from gasification at 800 °C stopped at X = 50% RHB_X50 SFS_X50
Char from gasification at 800 °C stopped at X = 75% RHB_X75 SFS_X75
Ashes from gasification at 800 °C, i.e. X = 100% RHB_X100 SFS_X100

2.4. Thermodynamic equilibrium simulation method

Thermodynamic equilibrium calculations were performed to simulate pyrolysis and gasification in
the macroTG. It is well known that biomass gasification at temperatures below 1000 °C is kinetically
limited regarding the formation of the gaseous species—CO, CO,, CH4, H, (Kersten et al., 2002).
However, for inorganic species in the gas phase, no kinetic limitation has been reported so far except
for NHs (Kilpinen et al., 1991). The calculations aim to estimate the behavior of the inorganic species,
i.e. their volatilization and the fate of the gaseous and condensed phases.

The calculations were performed by minimization of the Gibbs free energy of the total system
with the FactSage 7.2 software and the databases GTOX 5.0, FTsalt and FactPS (Bale et al., 2002; Hack
etal., 2012). The initial composition of the system was taken as the mass of each element in the sample
and the total mass of gas used in the experiment. The temperature was the same as the experimental
conditions. All initial data are summarized in Table I.5. Data for Xn (n = 25, 50, 75 or 100) initial gas
are detailed in Table 11.6: the total gas was the sum of the pyrolysis gas (N2) and of the gasification gas
(mixture of 20vol% H,0 in N3) for each species.

79



Chapter Il. Evolution of the char physicochemical properties during gasification

Table 11.5 | Initial data for the thermodynamic equilibrium calculations.

Simulated sample Temperature Initial solid Initial gas

55¢g raw rice husks or 40g raw

CharM 450 °C  sunflower seed shells: composition 751g N2 .
. (1 L.min™, 60 min)
in Table 11.1
X0 800 °C 150 mg charM: composition in Table 25‘ g»lNz .
[1.7 and Table 11.8 (0.67 L.min, 30 min)

150 mg charM: composition in Table

Xn (n =25, 50, 75 or 100) 800 °C IL.7 and Table 11.8

See Table 1.6

Table 11.6 | Initial gas data for the thermodynamic equilibrium calculations of Xn (n= 25 to 75).

Conversion Pyrolysis Rice husks Sunflower seed shells
(all biomass species) gasification gasification

X35 10gN,+ 1.6 gH,0 1gN;+0.2gH,0
(0.67 L.min, 15 min) (0.67 L.min, 1.5 min)

X50 28 g N, +4.5gH,0 2gN;+0.3gH,0
25gN, (0.67 L.min™, 42 min) (0.67 L.min%, 2.9 min)

X5 (0.67 L.min, 30 min) 62 g N, + 10 g H.0 3gN;+0.5gH,0
(0.67 L.min, 93 min) (0.67 L.mint, 4.5 min)

X100 150 g N, +24 g H,0 6gN,;+1gH,0

(0.67 L.min, 224 min) (0.67 L.min, 8.8 min)

The simulation gave results in terms of phases and their composition. The calculated volatilization

of each element could be obtained from the elemental composition of the gas phase calculated at

equilibrium. The calculated volatilization for charM l-cchtfle was obtained directly (Equation (l1.25)).

The calculated volatilization VX2, for X0 and VX%, for Xn (n =25, 50, 75 or 100) depended on the

measured volatilization for charM V4™ (Equation (11.26) and Equation (11.27) respectively). In the

charM
Vi

case where was negative, due to uncertainty, its value in the calculation was taken as 0.
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charM gas

m.
CharM pycharM _ _icalc (11.25)
icalc raw
m;
m?(O gas
X0 Vi)i'?zlc — VicharM +(1- VicharM) % ml?z“lll:M_ (11.26)
ms(n gas
Xn (n = 25, 50, 75 or 100) v, = veharM 4 (1 — yeharMy #‘Zﬁw (11.27)
L
with:
flzglrclw 9% the calculated mass of element i in the gas phase for charM;
X0 gas ..
m; .. the calculated mass of element i in the gas phase for X0;
m 799 the calculated mass of element i in the gas phase for Xn (n = 25, 50, 75 or 100);

mimw the measured mass of element i in the raw biomass;

the measured mass of element i in charM;

mg:harM

V£harM the measured volatilization of element i during charM production (0 if negative).
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3. Results and discussion

The objective is to determine which parameter has the most influence on char steam gasification
kinetics between the inorganic elements and the char morphology. To this end, this section presents
the results of the char gasification and characterizations, as well as the corresponding thermodynamic
equilibrium calculations. Both organic and inorganic fractions were investigated.

3.1. Gasification kinetic profiles

Gasification solid conversions of the chars produced from rice husks and sunflower seed shells in
the macroTG are plotted versus time in Figure I1.14 and Figure 11.15. The profiles obtained through TGA
are also plotted for comparison. Results are also plotted as the solid conversion rate versus the
conversion in Figure 11.16.
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Figure I1.14 | Gasification solid conversion of the rice husk and sunflower seed shell chars as a
function of time.
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Figure 11.15 | Zoom on the gasification solid conversion of the sunflower seed shell char as a
function of time.
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Figure 11.16 | Solid conversion rate as a function of the conversion for rice husks and sunflower
seed shells in the TGA.

For both biomass samples, their kinetic behavior in macroTG was similar to their behavior in TGA.
Rice husks gasified slowly—1.4 %.min* (Figure 1l.11)—and had a decreasing gasification rate along
conversion (Figure 11.16). Sunflower seed shells gasified fast—30.3 %.min* (Figure 11.11)—and had a
gasification rate that decreased at high conversion values (Figure 11.16).

Moreover, good repeatability was observed for each biomass in the macroTG. However, fast
cooling could not be carried out which resulted in an additional mass loss under inert atmosphere. This
additional mass loss was measured as 10-15% of the initial ash-free mass of rice husks and 20-25% of
sunflower seed shells. This observation must be kept in mind when discussing the results of the sample
characterizations.

For each biomass species, the ash content of the chars was calculated from raw biomass ash
content and char yield. Results are presented at several steps of the pyrolysis and gasification process
for rice husks and sunflower seed shells in Figure 11.17. A schematic representation is also given in
Figure 11.18 for both biomass species and for a typical wood for comparison. The wood ash content and
char yield come from Dupont et al. (Dupont et al., 2016).
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Figure 11.17 | Evolution of the ash content during pyrolysis and gasification conversion of rice
husk and sunflower seed shell chars.
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Figure 11.18 | Schematic repartition of ash and carbon matrix at several gasification conversions
from calculated values for a. rice husks, b. sunflower seed shells and c. a typical wood (beech
from (Dupont et al., 2016)). Numbers correspond to the ash content.

From these results, it is easily seen that the inorganic fraction of the chars was non-negligible. In
the case of rice husks it even quickly represented the majority of the sample mass. Some
characterization techniques, such as N, and CO; adsorption and TPD-MS, only investigate the carbon
matrix. In literature, these techniques are usually applied to samples with a low ash content and the
results are expressed in dry char basis, which includes the negligible ashes. However, in the present
work, it is not relevant to apply these techniques to the whole char. Therefore, the N, and CO;
adsorption and TPD—-MS results were expressed in dry ash-free basis.
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3.2. Results of the characterization of the char carbon matrix

The aim of this section is to investigate if the properties of the carbon matrix of the chars can
explain the difference in terms of reactivity observed between the two biomass species. It presents
the results of the analysis of three physical properties of the carbon matrix: its structure, its porosity
and its surface chemistry.

3.2.1. Structure of the carbon matrix

The structure of the char carbon matrix was investigated through Raman spectroscopy. Typical
Raman spectra obtained for rice husk and sunflower seed shell chars are presented in Figure 11.19 and
Figure 11.20, respectively. To allow comparison, intensities were normalized by setting the maximum
intensity—at the Raman shift of the center of the G band—to 1.
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Figure 11.19 | Normalized Raman spectra of rice husk chars at several pyrolysis and gasification
conversions.
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Figure 11.20 | Normalized Raman spectra of sunflower seed shell chars at several pyrolysis and
gasification conversions.

85



Chapter Il. Evolution of the char physicochemical properties during gasification

Carbon could still be detected in sample RHB_X100 which indicates that gasification was not
completely carried out until completion.

The Raman spectra analysis was supplemented by the calculation of peak intensity ratios. The
evolution of the peak intensity ratios during conversion is shown in Figure I1.21.
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Figure 11.21 | Evolution of the peak intensity ratios during pyrolysis and gasification conversion of
rice husk and sunflower seed shell chars.

For both biomass samples, the only noticeable changes occurred when the pyrolysis temperature
increased from 450 °C (charM) to 800 °C (X0). When the pyrolysis temperature increased there was an
increase of the D1 and D2 band intensities and a decrease of the D3 band intensity. This suggests that
the amorphous carbon structures became more organized and formed graphene layers. The latter
seemed to be independent and not to stack on top of each other. This is in accordance with literature
observations for biomass and coal chars (Guizani et al., 2017; Wang et al., 2016; Zhao et al., 2016). For
instance, Guizani et al. (Guizani et al., 2017) acquired the Raman spectra of chars from beech wood
produced by pyrolysis at temperatures ranging from 500 to 1400 °C. They concluded that the chars
became more ordered—with a condensation of the aromatic ring structures—when the preparation
temperature increased.

No significant difference could be observed between the spectra acquired at various gasification
conversion rates. Variations were in the range of the measurement uncertainty and were significantly
inferior to the variations between the two pyrolysis temperatures. Some authors observed that steam
injection could induce the condensation of aromatic ring structures that were merged into larger ones
(Guizani et al., 2016; Lv et al., 2018). Such a conclusion could not be drawn from the results of the

present work.
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More importantly, when comparing the two biomass samples at each conversion value, no
significant difference could be observed either. This result shows that the structural properties of the
carbon matrix of the chars do not explain the difference in gasification reactivity that exists between
the two types of biomass.

3.2.2. Porosity of the carbon matrix

The porosity of the carbon matrix was first investigated through N, adsorption. N, adsorption
isotherms of rice husk and sunflower seed shell chars during pyrolysis and gasification conversion are
presented in Figure 11.22.
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Figure 1.22 | N2 adsorption isotherms of rice husk and sunflower seed shell chars at several
pyrolysis and gasification conversions.

N, adsorption isotherms could not be obtained for chars from gasification at 50% conversion and
above for either biomass indicating no or small porosity. Isotherms obtained from N, adsorption on
chars from pyrolysis and gasification at 25% conversion were IUPAC type | (Thommes et al., 2015)
indicating that the char samples were mainly microporous for both biomass types.

N, adsorption can only measure large micropores (1-2 nm), mesopores (2-50 nm) and macropores
(>50 nm). Therefore a more narrow porosity, i.e. ultramicroporosity (<1 nm), was evaluated through
CO> adsorption as the CO, molecule (0.33 nm) is smaller than the N> molecule (0.36 nm) (Tascén,
2012). Results for both biomass types are presented in Figure 11.23.
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Figure 1.23 | CO2 adsorption isotherms of rice husk and sunflower seed shell chars at several
pyrolysis and gasification conversions.

Resulting N, and CO, adsorption isotherms were analyzed using the DFT model to obtain a pore

size distribution for each sample. It is presented in Figure 11.24 expressed in terms of incremental area,
with a focus on narrow pores measured from CO, adsorption in Figure 11.25. The results expressed in
terms of incremental volume are presented in Annex D.
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Figure 11.24 | Pore size distribution using DFT model from N2 and COz adsorption isotherms of rice
husk and sunflower seed shell chars at several pyrolysis and gasification conversions expressed in
terms of incremental area.
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Figure 11.25 | Ultramicropore size distribution using DFT model from CO: adsorption isotherms of
rice husk and sunflower seed shell chars at several pyrolysis and gasification conversions
expressed in terms of incremental area.

For both biomass types, when the pyrolysis temperature increased from 450 °C (charM) to 800 °C
(X0), the ultramicroporosity (<1 nm) area increased and there was no or low wider porosity. This
corresponds to the opening of new ultramicropores during the devolatilization. During gasification, the
ultramicroporosity area decreased in favor of wider microporosity (around 1 nm), while mesoporosity
and macroporosity remained low. This behavior suggests a coalescence of the ultramicropores into
wider micropores during the char interaction with the gasifying agent. To our knowledge, there is no
study available on the evolution during gasification of the ultramicroporosity measured by CO,
adsorption in the gasification literature. However, this technique is in use in the field of activated
carbons. The physical activation process is equivalent to a gasification. The results obtained in the
present study are in accordance with the observations reported in the activated carbon literature
(Rodriguez-Reinoso et al., 1995). In particular, Rodriguez-Reinoso et al. concluded that “water vapor
widens the microporosity from the early stages of the [physical activation] process”.

When comparing biomass types, for the chars from pyrolysis charM and X0, sunflower seed shells
and rice husks had similar micro- and ultramicroporosity areas. Rice husks had a higher macroporosity
area, though it remained low (Figure I1.24). For the chars from gasification, the ultramicroporosity area
of rice husks (slow gasifying biomass) was lower than sunflower seed shells (fast gasifying biomass)—
almost half. Their wider porosity was similar. This difference in terms of ultramicroporosity could be
linked to the difference in terms of gasification reactivity. Indeed, a lower ultramicroporosity area in
the case of rice husks could be related to their slower gasification due to a reduced reacting surface.
However, the ultramicroporosity of both biomass chars at steam injection—i.e. X0 samples—were
similar and the differences only occurred during gasification (Figure 11.25). This indicates that the
porosity properties are not the cause of the differences between the gasification reactivities of the
biomass samples but rather a consequence of another mechanism.

3.2.3. Surface chemistry of the carbon matrix

The surface chemistry of the carbon matrix was characterized through TPD—MS. Cumulative gas
desorption between 24 and 800 °C during TPD-MS of rice husk and sunflower seed shell chars at
several pyrolysis and gasification conversions is presented in Figure 11.26. Samples SFS_X50 and
SFS_X75 could not be analyzed due to low char amounts.

89



Chapter Il. Evolution of the char physicochemical properties during gasification

- 2
fU;:18
NS 16
§§°14
2 g1
831 10
c - 8
B9 6
2o
58 4 I
2 2
0 _ I .- | — -
H2 H20 co Cco2 CH4 SO2

RHB X0 RHB X25 ®RHB X50 mRHB X75 SFS X0 SFS X25

Figure 11.26 | Cumulative gas desorption between 24 and 800 °C during TPD—MS of rice husk and
sunflower seed shell chars at several gasification conversions.

Sunflower seed shell chars released much more CO and CO; than rice husk chars. Another
noticeable difference between the two biomass types was the gas desorption evolution during
gasification conversion. For rice husk chars gas desorption decreased during conversion, except H,0,
while for sunflower seed shell chars it seemed to increase, except for H,O. In addition, a slight
desorption of CH, and SO, was observed for rice husks but not for sunflower seed shells. Both biomass
species had the same S content (Table II.1). Therefore, this TPD-MS result indicate that this element
occurred in a different form in both biomass species and behaved differently.

The detail of the desorption of each released gas as a function of temperature is presented in
Figure 11.27 to Figure 11.32 at several pyrolysis and gasification conversions for the two biomass types.
It is to be noted that the scale of desorption rate is different for each desorbed gas.
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Figure 11.27 | CO2 desorption during TPD—-MS of rice husk and sunflower seed shell chars at
several pyrolysis and gasification conversions.
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Figure 11.28 | CO desorption during TPD—MS of rice husk and sunflower seed shell chars at several
pyrolysis and gasification conversions.
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Figure 11.29 | H2 desorption during TPD—MS of rice husk and sunflower seed shell chars at several
pyrolysis and gasification conversions.
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Figure 11.30 | H20 desorption during TPD-MS of rice husk and sunflower seed shell chars at
several pyrolysis and gasification conversions.
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Figure 11.31 | CHs desorption during TPD—MS of rice husk and sunflower seed shell chars at
several pyrolysis and gasification conversions.
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Figure 11.32 | SO2 desorption during TPD—MS of rice husk and sunflower seed shell chars at
several pyrolysis and gasification conversions.

Desorption was of the same order of magnitude and occurred around the same temperatures as
what has been observed in literature for gasification chars (Guizani et al., 2016).

Desorption peaks and bands of sunflower seed shell chars were higher than rice husk chars ones
as seen with cumulative gas desorption results (Figure 11.26). The gases desorption is due to the
decomposition of the carbon surface groups (Figure 11.33) that occur on specific temperature ranges.
Desorption occurred at the same temperatures for both biomass types. Therefore the functional

groups in chars from both biomass types were similar. Functional groups also remained similar along
gasification conversion.
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Figure 11.33 | Carbon surface groups. Reprinted from (Shafeeyan et al., 2010) with permission
from Elsevier.

At low temperature—i.e. below 400 °C, CO, and H,0 were released (Figure 11.27 and Figure 11.30).
It corresponds to the decomposition of carboxyles. They either directly decomposed to CO, or
dehydrated to form lactones and anhydrides (Figueiredo et al., 1999; Guizani et al., 2016). These
groups then decomposed to CO,, as well as CO for anhydrides, until around 600 °C (Figure 11.27 and
Figure 11.28). Then CO was produced at higher temperatures (Figure 11.28). It resulted from the
decomposition of ethers, phenol, carbonyls and quinones (Figueiredo et al., 1999; Guizani et al., 2016).
H, was also observed at high temperatures—i.e. above 700 °C (Figure 11.29). It originated in the thermal
decomposition of C — H bonds (Guizani et al., 2016).

In conclusion, the only difference between the two biomass types was the concentration—and
not the nature—of surface functions, with a higher concentration in the case of sunflower seed shell
chars. This evolution of this property follows the evolution of the microporosity: sunflower seed shells
also have a higher microporosity. The similar evolution of the microporosity and of the surface
functions concentration has also been observed in literature. For example, Arriagada et al. conducted
the steam gasification of peach stones and observed the increase of its microporosity as well as the
increase of the number of oxygen surface groups along conversion (Arriagada et al., 1997).

3.2.4. Conclusions on the carbon matrix properties

The characterization of the physical properties of the carbon matrix of chars produced at several
gasification conversion values did not provide direct explanations regarding the difference between
the gasification reactivities of the two studied biomass species.

The carbon structure measured with Raman spectroscopy was similar for the two biomass species.
The microporosity of the two pyrolysis chars just before steam injection was also similar for the two
biomass species. Therefore, these properties do not justify the observed reactivity difference.

However, during steam gasification the microporosity and the quantity of surface functions
became higher in the case of sunflower seed shell chars, which was the fast gasifying biomass. This
suggests that the evolution of these properties was not the cause of the higher reactivity but rather a
consequence of another catalytic mechanism.
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3.3. Results of the characterization of the inorganic fraction of the chars

The aim of this section is to determine not only the elements that form the inorganic fraction but
how they are organized in compounds. It presents the results of the characterizations conducted on
the inorganic fraction of the chars. They were supported by calculations to simulate the samples
behavior at thermodynamic equilibrium. First, the volatilization of the inorganic elements was
investigated. Then, the inorganic fraction was characterized by SEM-EDX, P-XRD and Raman at several
gasification conversion values and the results were compared to calculations at thermodynamic
equilibrium.

3.3.1. Volatilization of the inorganic elements

The volatilization of the inorganic elements contained in the biomass and chars during
thermochemical treatment was investigated. First, the samples were simulated at thermodynamic
equilibrium. Then, these calculated results were compared to measured values. Due to low amounts
of material, measured values were not available at high conversion values.

The inorganic elemental composition of the charM, X0, X25 and X50 samples was analyzed by ICP—
AES. Results are presented in Table Il.7 and Table 11.8 for rice husks and sunflower seed shells
respectively, and compared to raw biomass values. From these measurements, the measured
volatilization of the three main inorganic elements of each biomass species during pyrolysis was
obtained (Equation (11.21)). Values are given in Table I1.9.
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Table 1.7 | Inorganic element content and char yield of raw, charM, X0, X25 and X50 rice husk
samples (in dry basis).

sample RawRHB  RHB charM RHB X0 RHB X25 RHB X50
Char yield (%) 100 42 3g%* 28 %% 1455+

c | 41.6 57.1 — — —
H 5.2 3.3 — — —

> (wWt%)
o* 45.1 23 — — —
N 0.5 0.8 — — —
s | 1000 1840 — — —
cl 1016 325 — — —
Si 63955 130000 141000 199000 411000
K 5822 15000 17000 23000 48000
Ca 1797 4000 4000 7000 12000

r (mg.kg™)
Mg 659 1000 2000 2000 4000
P 981 2000 2000 2000 5000
Na 413 <1000 <1000 — —
Al 228 <1000 <1000 — —
Fe 192 1000 <1000 — —

Main inorganic
elements
*Total (i.e. organic and inorganic) oxygen calculated by difference with all other elements.
**Calculated from Equation (I1.22) with Char X0 from charM yield = 90% measured from TGA
results.
***Calculated from Equation (I1.23).

Si—K-Ca - - — —
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Table 1.8 | Inorganic element content and char yield of raw, charM, X0, X25 and X50 sunflower
seed shell samples (in dry basis).

Sample Raw SFS SFS charM SFS X0 SFS X25 SFS X50
Char yield (%) 100 32 28%* 21 %% 11%%+
c | 50.2 76.6 — — —

H 6.5 3.8 — — —
> (wWt%)
o* 40.6 12.4 — — —
N 0.7 1.2 — — —
s | 1000 1180 — — —
cl 1000 959 — — —
Si 194 <1000 19000 <1000 10000
K 9729 27000 29000 15000 20000
Ca 4489 13000 14000 15000 <1000
r (mg.kg™)
Mg 1838 6000 6000 6000 28000
P 896 3000 2000 2000 6000
Na 9 <1000 2000 — —
Al 150 <1000 2000 — —
Fe 1099 5000 5000 — —

Main inorganic

K—Ca—Mg — — — —
elements

*Total (i.e. organic and inorganic) oxygen calculated by difference with all other elements.
**Calculated from Equation (I1.22) with Char X0 from charM yield = 88% measured from TGA
results.

***Calculated from Equation (I1.23).
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Table 11.9 | Volatilization of the inorganic elements measured for raw biomass, charM, X0, X25

and X50 for both species.

RHB SFS
Volatilization
charMm X0 X25 X50 charMm X0 X25 X50

S 23% — — — 62% — — —
Cl 87% — — — 69% — — —
Si 15% 17% 12% 9% — — — —

K -8% -10% -11% -16% 11% 16% 68% 78%
Ca 7% 16% -10% 6% 7% 12% 30% 98%
Mg — — — — -4% 8% 31% -60%

These experimental results are discussed in the following subsections. They are complemented
with results from calculations at thermodynamic equilibrium. An example of the detailed results from
calculations is given in Annex E for each biomass species.

3.3.1.1.

Volatilization of S and Cl

The S and Cl volatilization results, both calculated and measured, are presented in Figure 11.34 and
Figure 11.35 for rice husks and sunflower seed shells, respectively.
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Figure 11.34 | Calculated and measured volatilization of S and Cl in the rice husk samples.
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Figure 11.35 | Calculated and measured volatilization of S and Cl in the sunflower seed shell
samples.

It must be noted that the apparent decrease observed for some points in calculated volatilization
is only explained by the fact that calculations at each conversion step were based on the previous
experimental—and not calculated—volatilization value, which could be lower than the calculated one.

The calculated S and Cl volatilization during pyrolysis (charM and X0) varied with the biomass
species. For rice husks, all the S was completely volatilized from pyrolysis at 450 °C (charM), mainly as
H,S(g). Only 30% of Cl was volatilized at this temperature, mainly as HCl(g), and the complete
volatilization occurred at 800 °C (X0), mainly as KCl(g).

For sunflower seed shells, there was a stabilization of the S calculated volatilization, mainly as
H,S(g). This was due to the simulated formation of condensed CaS, that did not occur for rice husks.
The formation of this phase can be explained by its lower O content compared to rice husks (Table I.7
and Table [1.8) (Petit et al., 2009). Moreover, sunflower seed shells had more Ca and less Si and P. It
can have resulted in less Ca immobilized in silicates and phosphates (Arnold et al., 2017; Porbatzki et
al., 2011) and therefore more Ca available to form CaS. Cl only volatilized at 800 °C (X0), mainly as
KCl(g).

Then, during gasification, both S and Cl from rice husks were completely volatilized in calculations.
For sunflower seed shells, the S calculated volatilization progressively increased to be complete at 75%
conversion. The Cl calculated volatilization was 100% from XO.

The measured volatilizations of S and Cl were only available for charM, i.e. after pyrolysis at
450 °C.

In the case of rice husks, the measured S volatilization was significantly lower than the predicted
complete volatilization. It was in accordance with the TPD-MS results that showed some remaining S
in the chars from gasification, desorbed as SO(g) (Figure 11.32). On the opposite, a low Cl volatilization
was predicted but experimental data showed an almost complete volatilization.

In the case of sunflower seed shells, the measured S volatilization was similar to the predicted
one, i.e. around 70%. From the TPD-MS results (Figure 11.32), no S was detected in the chars from
gasification, which suggests a complete volatilization. A high volatilization of Cl was measured while
no volatilization was calculated at this temperature.
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In conclusion, these experimental results showed a partial volatilization of S and ClI during the
pyrolysis at 450 °C in agreement with literature (Bjérkman and Stromberg, 1997; Knudsen et al., 2004)
and with calculations for S in sunflower seed shells. This low temperature and the important mass (30-
50 g) of pyrolyzed biomass inducing mass transfer limitations (see 2.2) are detrimental to reach
equilibrium. Experimental results at higher temperatures would have been of better interest, but not
enough material was available for S and ClI characterization for these samples. Nevertheless,
calculations allowed to give the speciation of the gas phase for S and Cl which was in agreement with
literature (Blasing et al., 2013).

3.3.1.2. Volatilization of the main inorganic elements Si, K, Ca and Mg

The volatilization of the main inorganic elements Si, K, Ca and Mg are shown in Figure 11.36 and
Figure 11.37 for rice husks and sunflower seed shells, respectively.
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Figure 11.36 | Calculated and measured volatilization of the three main inorganic elements Si, K
and Ca in the rice husk samples.
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Figure 11.37 | Calculated and measured volatilization of the three main inorganic elements K, Ca
and Mg in the sunflower seed shell samples.
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For both biomass species, calculations predicted that no volatilization would occur in the case of
charM at 450 °C. Then for X0 samples pyrolyzed at 800 °C and for all gasified samples, the volatilization
remained non-existent or low (< 20%) except for K in sunflower seed shells. In this last case, the
calculated volatilization was above 50%. From the calculated volatilization of Cl, it probably formed
KCl(g). However, it could not form only KCI(g) since in sunflower seed shells the molar ratio K/Cl was
of 8.8 (calculated from data in Table 11.8) and was superior to the molar ratio of 1 from KCl(g).
Calculations showed that K was released in the form of KOH(g), K(g) and KCl(g).

From the measures on rice husks samples, no significant volatilization of the main inorganic
elements was detected during both the pyrolysis and the gasification steps. This is in accordance with
the calculation at thermodynamic equilibrium. Authors in literature also observed the lack of or low
volatilization during pyrolysis (Dirbeba et al., 2016; Lane et al., 2015).

In the case of sunflower seed shells, no significant volatilization of the main inorganic elements
was detected during the pyrolysis step—i.e. for SFS_charM and SFS_XO0. This is in accordance with
calculated volatilizations during pyrolysis. Then, during gasification, K was volatilized as predicted by
calculations at thermodynamic equilibrium while Ca and Mg remained in the condensed phases.

In conclusion, when looking at the main inorganic elements Si, K, Ca and Mg alone and not the
compounds they form, the chars at the end of pyrolysis were not different from the initial raw biomass.
Then, during gasification, only K from sunflower seed shells was volatilized. Mg as well as the main
elements of rice husks Si, K and Ca remain in condensed phases.

3.3.2. Determination of the inorganic condensed phases

The elements forming the inorganic fraction are an important data. However, it is essential to also
characterize the condensed phases they form in order to understand the role of the inorganic fraction
in the gasification mechanisms. Indeed, as presented in the state of the art, the same element can be
active or not depending on the condensed phase it forms. For example, K has a catalytic activity on
gasification in KOH or K,COs but not when it forms K-silicates.

In this section, results on the condensed phases from calculations at thermodynamic equilibrium
are presented. They were used as a tool to predict the condensed phases forming the inorganic fraction
of the char samples. Then, SEM—-EDX, P-XRD and Raman spectroscopy results were combined in order
to determine the experimental condensed phases.

3.3.2.1. Calculated phases

Results from calculations at thermodynamic equilibrium are plotted in Figure 11.38 and Figure 11.39
for rice husks and sunflower seed shells, respectively. For both biomass species, condensed C, i.e.
carbon matrix of the char, was calculated before steam injection but not in presence of steam. It
confirmed the kinetic limitations on the carbon species. Therefore, results are presented normalized
to 100% without C(s), i.e. with only the inorganic phases.
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Figure 11.38 | Calculated condensed phases at thermodynamic equilibrium for rice husk samples.
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Figure 11.39 | Calculated condensed phases at thermodynamic equilibrium for sunflower seed
shell samples.

Calculated condensed phases for rice husk chars were mainly SiO; and CazK;Sis0,1 for all samples.
At 800 °C, both with and without H,O—i.e. samples RHB_X0 to RHB_X100, a liquid phase was present.
This liquid phase contained mainly Si, O and K.
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In the case of sunflower seed shell chars, more condensed phases appeared in calculations. The
phases MgO and KsPO4 were found in all samples. In the case of SFS_charM, the main phase was
K2Ca,(COs); and some KCl was also calculated. The KCl was not present in the subsequent sample, in
accordance with the calculated Cl volatilization presented in the previous section. From SFS_X0, a CaO
phase appeared. In this sample, Ca was also present as the silicate Ca,SiOa. In the presence of H,0—
i.e.in SFS_X25 to SFS_X100, K was incorporated to this silicate to form Cak,SiOa. It must be noted that
sunflower seed shells were K and Ca-rich which corresponds to a poorly known part of the
thermodynamic database (Lindberg et al., 2013). The calculations must therefore be considered with
caution.

3.3.2.2. Measured phases

SEM-EDX analysis showed that for each biomass type the chars consisted of various phases. It is
a semi-quantitative method that only allows local observations. For each sample, several particles
were observed and EDX was conducted on several points of each particle. It can be noted that, with a
BSE detection, phases containing mainly carbon (i.e. the carbon matrix) appeared clearly as dark
phases while inorganic phases appeared lighter due to the atomic number contrast.

In the case of rice husks, char samples comprised a carbonaceous matrix without any inorganic
element whose quantity seemed to decrease during conversion as expected. The second main phase
in rice husk chars was SiO, that appeared in the form of grains, often with a characteristic bumpy shape
as described in literature for ash and raw biomass (Ganesh et al., 1992; Krishnarao et al., 2001; Park et
al., 2003; Ryu et al., 1997). Other phases that did not appear as proper grains could be observed. They
were constituted of K, Si and O, and were therefore probably K-silicates. These phases sometimes also
contained Ca. However, Ca was observed in few samples even though it was the third main element
contained in rice husks after Si and K. This can be explained by the fact that SEM—EDX is a technique
that analyses the chars locally. Therefore, dispersed compounds, which can be the case of Ca-
compounds, can be difficult to locate. In addition, silicates were found in smooth phases which
indicates that it was liquid at the process temperature. These results were in agreement with the
calculation at thermodynamic equilibrium even if the composition of the K-Ca-silicate was not
experimentally determined. An example of SEM images is given in Figure 11.40 and Figure 11.41 for
RHB_X0 with SE (topology contrast) and BSE (atomic number contrast) detection respectively.

-

C matrix

AccV SpotMagn Det WD b——— 50pum ) | AccV  Spot Magn Det WD b——— 50
150kv58 500x SE 124 RHB X=0% L ] 150kv 58 500x BSE 124 RHBX=0%

Figuré 11.40 | SEM imége of a char Figur 11.41 | 'SM'imge fa char
particle from RHB_X0 with SE particle from RHB_XO0 with BSE
detection. detection.

102



Chapter Il. Evolution of the char physicochemical properties during gasification

In the case of sunflower seed shell chars, the carbonaceous matrix often contained some K and
sometimes also some Ca. Smooth phases were observed that contain K, Ca and/or Mg with O and
maybe C which could not be seen because of the sample graphitization. They were probably carbonate
phases. Phases containing K, S and O could also be found. KCI was also present at the surface of the
chars in the form of flakes or grains distinct from the matrix. In addition, grains containing Fe, Cr and
Ni could be observed which most likely indicates a pollution by stainless steel. It might have originated
from shell grinding or pelletization. An example of SEM image is given in Figure 11.42 and Figure 11.43
for SFS_X25 with SE and BSE detection respectively.

-

AccV SpotMagn Det WD b——— 50 um AccV SpotMagn Det WD pb———— 50 pum
150kv58 500x SE 109 SFSX=25% % 150kv58 500x BSE 109 SFSX=25%
b -

Figure 11.42 | SEM image of a char Figure 11.43 | SEM image of a har
particle from SFS_X25 with SE particle from SFS_X25 with BSE
detection. detection.

SEM-EDX analysis was completed with P-XRD analysis to investigate the crystalline inorganic
compounds.

The evolution of the P-XRD diffractograms at several pyrolysis and gasification conversions is
presented in Figure 11.44 for rice husks and in Figure 11.45 for sunflower seed shells. The identified
phases are summarized in Table 11.10 and Table 11.11.
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Figure 11.44 | P-XRD diffractograms of rice husk chars at several pyrolysis and gasification
conversions.
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Figure 11.45 | P-XRD diffractograms of sunflower seed shell chars at several pyrolysis and

gasification conversions.
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Table 11.10 | List of inorganic compounds identified in rice husks biomass and chars.

Rice husks Si—K—-Ca
Raw CharMm X0 X25 X50 X75 X100

Cellulose X
Graphene X X X X
Liquid v o] o] o]
SiO; quartz v o] X X X X X X
SiO; opal or cristobalite+tridymite X X X
K silicates o o o] o o] o] o]
Ca-K silicates v o o o]
Cassilicates 0
CaCOs X X X X X X
MgCOs; X

x Characterized by P-XRD.
o Local elemental observations only, i.e. characterized through SEM—EDX.

V Predicted by calculations at thermodynamic equilibrium.

Table 11.11 | List of inorganic compounds identified in sunflower seed shell biomass and chars.

Sunflower seed shells K- Ca— Mg

Raw | CharM X0 X25 X50 X75 X100*
Cellulose X
Graphene X X X X
CaCOs Vv o] X X X X
K2Ca(C0Os), Vv o o o X X
Ca-K-Mg carbonates o] o] o] o] o]
K2CO3 X X X
KHCO; X X
KCIv X X X
K2S03 o X
K2S04 X X X
K4P207 Y
KzMgSisolz
MgO v X X X
Mg2A|3Si5
Fe1.91Co.09 o]
FeCro.2Nio.16Co.06 o]
Fes0q4 X X X X o

x Characterized by P-XRD.
o Local elemental observations only, i.e. characterized through SEM—-EDX.

V Predicted by calculations at thermodynamic equilibrium. (K4P,0; predicted as Ks;POa; K,Ca(COs),
predicted as K,Ca,(COs)s; CaCOs predicted as CaO)

The broad peaks observed for both raw biomass samples correspond to partially ordered cellulose
and are typical of raw biomass P-XRD diffractograms (Vassilev et al., 2012). The two broad peaks
around 20 = 23° and 44° in char diffractograms correspond to graphene layers (Saavedra Rios et al.,
2018).
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P-XRD analysis of rice husk chars confirmed the presence of Si in the SiO, form. SiO, was found as
quartz in all samples. From 50% conversion another form of SiO, appeared. However, the data did not
allow to conclude on the exact form. The new SiO, phase could have been opal which is poorly
referenced in the diffractograms database and is not a pure structure but a combination of cristobalite,
tridymite and hydrated amorphous SiO,. It could also have been cristobalite, which was properly
identified, and tridymite, for which a peak at 20 = 23° did not appear here. CaCOs; as well as MgCOs for
RHB_X100 were also present in the chars but were not observed with SEM—EDX. This can be explained
by the fact that SEM—-EDX is a technique that analyses the chars locally and CaCO3; was a minor
compound. No K-compound was identified through this technique while K was the second main
inorganic element contained in rice husks. This can be explained by the fact that P-XRD only detects
crystalline phases so K-compounds might have been present in non-crystalline forms.

P-XRD analysis of sunflower seed shell chars also confirmed some phases observed during SEM-
EDX analysis: KCl; carbonates identified as CaCOs, K,CO3, KHCO3 and K,Ca(COs)s; K-, S- and O-containing
phases identified as K;SOs and K,SO4; Mg-containing phases mainly identified as MgO; steel in the form
of FeCro2Nio16C and Fei191Coge that seemed to be oxidized to Fe;Os; or FesO, at the end of the
gasification reaction.

Raman spectra at high conversion also confirmed some of the compounds identified through
SEM-EDX and P-XRD analyses. In some repetitions of the spectra, peaks appeared that were not
related to carbon structure and therefore correspond to inorganic compounds. A spectrum with such
peaks is shown in Figure 11.46 for rice husk char sample RHB_X100 and in Figure 11.47 for sunflower
seed shell char sample SFS_X75.
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Figure 11.46 | Raman spectra showing inorganic compounds of the sample RHB_X100.
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Figure 11.47 | Raman spectra showing inorganic compounds of the sample SFS_X75.

For both biomass species, CaCO5 was clearly identified. Raman data also permitted to identify the
iron oxide present in sunflower seed shell char samples as Fes04 and not Fe;0s. Lastly, the peak at
800 cm™ in spectra from rice husk chars can correspond to a weak peak of SiO; cristobalite or tridymite,
that have similar patterns, but their main peak is around 420-430 cm™ which is out of the recorded

Raman shift range.

3.3.3. Conclusions on the inorganic fraction

The differences in the elemental composition of the raw biomass samples (Table I.1) were also
found in the chars at several pyrolysis and gasification conversions, rice husks being rich in Si and
sunflower seed shells being rich in K. In addition to these elemental differences, the forms of the
inorganic elements varied between the species.

The techniques used for the characterizations could only account for the crystallized
compounds—through P-XRD—and the amorphous compounds that were not too dispersed—through
SEM-EDX whose observations were elemental and local.

Rice husk char carbonaceous matrix did not contain dispersed inorganics whereas sunflower seed
shell char carbonaceous matrix contained dispersed K and sometimes Ca. The techniques used could
not determine if they were finely dispersed inorganic compounds or if the elements were directly
bonded with the C-matrix. In addition to these dispersed inorganic elements, compounds such as KCI
or K;SO, formed crystallites clearly distinct from the carbonaceous matrix. In both biomass types,
carbonates and silicates were present as separate phases from the carbonaceous matrix but had a
smooth aspect that suggested liquid formation at the process temperature as predicted by calculations
at thermodynamic equilibrium.
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4. Conclusions

This chapter investigated the relative influence of the inorganic content compared to the physical
properties of biomass chars on the gasification kinetics. To this end, both organic and inorganic
fractions of the chars from pyrolysis and during gasification were characterized in depth.

The chosen approach combined several characterization techniques usually used for chars. These
techniques mainly focused on the carbonaceous matrix which generally represents 99% of the char
mass in the case of woods. However, agricultural residues have a higher ash content—up to 14.6 wt%
in the present study—which then could not be neglected. Therefore, these characterizations were
enriched with an investigation of the inorganic compounds contained in the chars. In particular, Raman
spectroscopy, which is traditionally used to characterize carbon structure, was also used here to
identify mineral phases in the chars.

The analyses were conducted on two biomass species with significantly different gasification
reactivities: rice husks that gasify slowly and sunflower seed shells that gasify faster. The aim was to
determine the main parameter explaining this difference in terms of reactivity.

Both biomass species had similar porosity and carbon structure before steam injection. Therefore,
these properties do not justify the reactivity difference between them. Nevertheless, there was a
higher microporosity and quantity of surface functions during steam gasification for the fast gasifying
biomass—sunflower seed shells. This does not directly explain the gasification reactivity difference
between both species but it suggests that the evolution of these properties was a consequence of
another catalytic mechanism.

Characterization of the inorganic compounds present in the chars revealed that, in addition to the
difference of elemental composition, there was a difference in the volatility of K that was released for
sunflower seed shells but not for rice husks. Other differences concerned their form and location in
the chars. Sunflower seed shell chars—that gasify faster—contained K and sometimes Ca directly into
its carbonaceous matrix which was not the case for rice husk chars. In addition, some compounds such
as KCl were present as small crystallites at the surface of the matrix for sunflower seed shell chars.

When working with thermodynamic equilibrium calculations, there can be limitations related to
the database and to the fact that the system can be in a non-equilibrium state. However, even with
these limitations in mind, calculation results gave reasonable trends in terms of volatilization and of
condensed phase composition. The results helped assessing the inorganics behavior when
experimental data were difficult to obtain.

In conclusion, these results showed that the physical properties of the carbon matrix do not have
a major influence on the gasification reactivity. On the opposite, the inorganic composition is the main
parameter that seems to explain the differences between the gasification kinetic behaviors of the two
studied biomass species. Moreover, it also seemed to affect the physical properties of the chars,
namely their microporosity and their amount of surface functions.

Based on this conclusion, the next chapter focuses on the influence of two major inorganic
elements: Si and K. They were specifically chosen because, out of the main inorganic elements in
biomass, they are said to have the most inhibitory and catalytic influence on gasification, respectively
(Link et al., 2010; Yip et al., 2009; Zhang et al., 2008).
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Chapter lll. Experimental study on the influence of K and Si
on biomass gasification kinetics

This chapter investigates the influence of two particular inorganic elements on biomass
gasification kinetics: Siand K. Indeed, we have demonstrated in the previous chapter that the inorganic
composition of biomass has a major role compared to the char physical properties. In addition, from
literature review, Si and K have been identified as the two most interesting elements to consider due
to their high occurrence in biomass species and their high activity on the gasification kinetics. The
present investigation used thermogravimetric analysis of a Si-rich and a K-rich biomass species: rice
husks and sunflower seed shells respectively, along with beech wood which has a very low inorganic
content as a reference. The influence of a Si-compound and a K-compound was studied using two
model compounds: SiO; and K,COs. They were added to the biomass species either through direct solid
mixing or without contact in a crucible with two separated compartments. Experiments were
particularly designed to investigate the K effect through the gas phase. The first part of the chapter
describes the materials and methods. The second part gives and discusses the results of the steam
gasification of the pure materials—inorganic compounds and biomass species. The results of the
interactions between the materials are given and discussed in a third part. Finally a conclusion is given.

1. Materials and methods

1.1. Biomass samples

The two biomass species selected previously in Chapter Il were kept for this study:
e Rice husks (RHB) that are Si-rich and gasify slowly;
e Sunflower seed shells (SFS) that are K-rich and gasify fast.

Another biomass, beech wood, was chosen due to its very low inorganic content and in particular
the very low Si content.

The samples were ground below 200 um. Their properties are summarized in Table IIl.1.
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Table 1ll.1 | Composition and gasification reactivity properties of rice husks, sunflower seed shells
and beech (in dry basis).

Biomass sample Rice husks Sunflower seed shells Beech
Ash at 550 °C 14.6 3.3 0.6
Ash at 815 °C 14.4 2.8 —
C 41.6 50.2 45.9
H 5.2 6.5 6.2
> (wt%)
o* 45.1 40.6 47.1
N 0.5 0.7 0.3
S 0.1 0.1 0.058
Cl ) 0.1 0.1 0.005
Si ) 63955 194 115
K 5822 9729 910
Ca 1797 4489 2516
Mg 659 1838 475
¢ (mg.kg™)
P 981 896 75
Na 413 9 3.6
Al 228 150 12
Fe ) 192 1099 34
Si0, ) 97.2 1.3 4.1
K,O 5.0 35.5 18.3
CaO 1.8 19.0 58.7
MgO 0.8 9.2 131
> (wt% in ashes)
P,0s 1.6 6.2 2.9
Na,O 0.4 0.0 0.1
Al;,03 0.3 0.9 0.4
Fe,0s ) 0.2 4.8 0.8
Main inorganic elements Si—K-Ca K—-Ca—-Mg Ca—-K-Mg
Gasification average reactivity
between 1 and 80% conversion 1.4 30.3 49

(%.mint)

*Total oxygen calculated by difference with all other elements.

112



Chapter lll. Experimental study on the influence of K and Si on biomass gasification kinetics

1.2. Model inorganic compounds

Two model inorganic compounds were selected for the study:
e Si-compound: silica (SiO,)
e K-compound: potassium carbonate (K2COs)

These compounds were selected since they can be found naturally in biomass as observed in
Chapter Il as well as in literature (Vassilev et al., 2012).

1.2.1. Amorphous silica and quartz

Two forms of SiO, were compared:
e Amorphous which is representative of a solidified liquid rich in SiO;
e Quartz which is the low temperature crystalline form of SiO,.

The amorphous silica used as a model compound was Rhodia Tixosil® 331. It was amorphous
hydrated silica with a median diameter of 3.5 um usually used for toothpaste thickening. Supplier
documentation stated that it contained 2.5 % soluble salts. Internal analysis revealed 3 % soluble salts,
mainly constituted of Na,SO4 which is commonly used in the production of glass in particular because
of its anti-foaming properties (Min’ko and Binaliev, 2013). Its P-XRD diffractogram (Annex F) showed
only a broad band in the 20 range of 15-30° which is characteristic of amorphous SiO; (Biswas et al.,
2018). Na,SO, peaks were not observed probably because its amount was too low to be observed by
this technique.

The quartz used was Fisher Chemical Ottawa sand, general purpose grade. Supplier
documentation stated that its particle size is 20-30 mesh, i.e. 590-840 um. Its particle size distribution
obtained with a Retsch Camsizer XT showed a dso = 740 um, which was in accordance with supplier
documentation. For the experiments, the sand was ground in a planetary ball mill to a dsp = 8 um in
order to be close to the particle size of amorphous silica. Its P-XRD diffractogram (Annex F) confirmed
that the material was pure SiO; quartz.

1.2.2. Potassium carbonate

Merck potassium carbonate EMSURE® ACS, ISO, Reag. Ph Eur, 299.0 % was used. Its P-XRD
diffractogram (Annex F) showed that it had few impurities in the form of K,C0O3:1.5H,0. The K;COs;
powder was ground from around 500 pm to <100 pm with a mortar and pestle, in a N, atmosphere to
prevent its hydration. It was then kept in a vacuum desiccator.

1.3. Experimental installation and procedure

Steam gasification behavior of the samples was investigated through thermogravimetric analysis
(TGA). Experiments were carried out at an atmospheric pressure using the SETARAM Setsys
thermobalance coupled with the Wetsys steam generator previously described in Chapter II.

A home-made crucible was used for the present investigation. It is a divided crucible which
consists of a cylindrical platinum crucible of 2 mm height and 10 mm diameter with a partition of the
same height along its diameter made up of platinum with 5% gold (Figure I11.1).
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Figure IIl.1 | Divided crucible (here containing rice husks and K>COs).

Experiments were conducted in three different configurations: biomass or inorganic compound
alone; mixtures of biomass and inorganic powders; biomass and inorganic compound without contact
in the crucible.

Inorganic fractions were expressed as a percentage of the total sample:

mlnorganic

%Inorganic = (11.28)

Minorganic T MBiomass
With M55 ganic the mass of inorganic added and mp;omqss the mass of biomass.

Mixtures of biomass and inorganic powders were prepared with approximately 140 mg of biomass
and the necessary mass of inorganic compound to obtain the desired concentration. The two powders
were added to a plastic flask with a few glass beads of 3 mm diameter. Homogeneous mixing was
obtained by shaking the flask by hand for around one minute.

The procedure was similar to the one previously described for raw biomass in Chapter Il. It is
illustrated in Figure II.2 and the conditions are summarized in Table IIl.2.

Pyrolysis Gasification
N, N, +20% H,0
4¢—————mmmmr4¢—r
1000 Steam injection
S 800 l
[J]
5 600
©
o 400
Q.
§ 200
|_
0
0 60 120 180
Time (min)

Figure Ill.2 | TGA procedure for raw biomass.
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Table 111.2 | Conditions of the TGA experiments.

Biomass 14 mg

Sample initial mass Kz;gi Elg_i]g'g
Mixture 15 mg
Total gas flow 0.05 L'min’?
Pyrolysis gas atmosphere N,
Gasification gas atmosphere 20 vol% H,0 in N»
Heating rate 24 °C.min™
Pyrolysis holding time at 450 °C 60 min

After mass stabilization

Steam injection time (12 min after reaching 800 °C)

Experiments were conducted at least in duplicates.

From the mass evolution measurements, several values previously described were obtained: the
gasification solid conversion X, the gasification rate r and the gasification average reactivity between
1 and 80% conversion ri-go%. Additionally, the derivative thermogravimetric (DTG) curve was obtained
with the following equation:

m —m,_
DTG(t,) = —%. (111.29)
n+1 n—1

To allow comparison between the different samples, results from pyrolysis and gasification of
samples with added inorganic compounds (mixtures and without contact) were corrected by
subtracting the equivalent mass profiles of pure inorganic compound to the measured mass profiles.
An example is given in Figure Ill.3 for the case of the experiment on rice husks with K,CO; added
without contact. The black curve is the mass as directly measured in TGA. The orange curve is the pure
K2COs profile that is subtracted. Finally, the blue curve is the equivalent char mass with the K,CO;
subtracted. It is this last mass that is used in further data treatments and interpretations.
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Pyrolysis Gasification
14 yroly

JJ

12 i
| Equivalent char mass = Measured mass -

Steam injection

!

Mass (mg)

Measured mass

.

Equivalent char mass
2

0
0 60 120 180 240 300 360

Time (min)
Figure 111.3 | Measured mass, equivalent char mass (as used in further interpretations) and

corresponding pure K2CO3 mass of the experiment on rice husks with K2COs added without
contact.

1.4. Thermodynamic equilibrium simulation method

Calculations at thermodynamic equilibrium were performed to simulate the behavior of K,COs;

under steam.

They were performed by minimization of the Gibbs free energy of the total system with the
FactSage 7.2 software and the databases FTsalt and FactPS (Bale et al., 2002; Hack et al., 2012).

The steam gasification procedure applied to pure K;COs; was simulated at thermodynamic
equilibrium. The initial data are listed in Table 11I.3. K,COs initial mass was slightly different from the
experimental initial mass put in the TGA since calculations only concerned the gasification step and

there was a slight mass loss before gasification (Figure I11.6).

Table 111.3 | Initial data for the thermodynamic equilibrium calculations.

Temperature 800 °C

K>COs
0.54 mg
0.70 mg
1.23 mg
1.73 mg
2.99 mg

Initial solid

0tol.5gN;
+
010 0.241 g H;0
(0.5 L.min%, 0 to 30 min)

Initial gas
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2. Steam gasification of the pure materials

This section presents the steam gasification results for the pure materials. It gives a reference for
the next section that focuses on the interactions between the biomass and inorganic compounds.

2.1. Steam gasification of pure inorganic compounds

2.1.1. Amorphous silica and quartz

The pyrolysis and gasification procedure was applied to amorphous silica alone and quartz alone.
Results are plotted in Figure 111.4.

Steam injection
100 L 1000

= 80 800 G
a L
© (O]
£ 60 600 5 ——Amorphous silica
e 5
240 400 g ~—Quartz
©
% 20 200 E ——Oven temperature
2

0 0

0 30 60 90 120 150
Time (min)

Figure 111.4 | Mass evolution over time of amorphous silica alone and quartz alone during the
pyrolysis and gasification procedure.

For both materials, i.e. amorphous silica and quartz, almost no volatilization was observed during
the process, in accordance with the literature (Arvelakis et al., 2004). Therefore, the contribution from
SiO, was neglected in the samples mass evolution where it was added.

Moreover, visual and SEM observations of the samples at the end of the process confirmed that
they did not melt. Such result was in agreement with the melting temperature of SiO, of 1713 °C (Lide,
1996). The SEM observation of the amorphous silica before and after TGA is shown in Figure IlI.5.

YRR o e

AccV  SpotMagn  Det WD p———— 50um

W 150KV58 500x BSE 118 ATG Tixosil_cstp_1
g SR ST %

et S 4

cc.V SpotMagn Det WD p———— 50 um
50kv58 500x BSE 11 il 331
CPTTESETT s

a. z 7 G AR e M At S b.§ v AP o e T it bk LTS
Figure IIl.5 | SEM observation of the pure amorphous silica a. before and b. after the gasification
procedure.
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2.1.2. Potassium carbonate

The pyrolysis and gasification procedure was applied to samples of K,COs3 of various masses. Figure
[11.6 shows the evolution of the mass of the samples as a function of time.

35 —3.20 mg
3 — 900 1.77 mg
. : s 1.36 mg
= v —0.78 mg
£z 0 2 ——oesmg
‘Eu‘; 15 ‘é’_ -------- 3.20 mg - simulation
1 300 K2 1.77 mg - simulation
0.5 7L 1.36 mg - simulation
0 o v 0.78 mg - simulation
0O 30 60 90 120 150 180 210 240 v 0.68 mg - simulation

Time (min) Oven temperature

Figure II1.6 | Mass evolution over time of various initial masses of K2COs alone during the
pyrolysis and gasification procedure.

A very low volatilization of K,CO3; was observed during the pyrolysis step. On the contrary, the
whole mass was volatilized when steam was injected. This behavior is in accordance with literature
(Arvelakis et al., 2004; Knudsen et al., 2004; Zhao et al., 2018). The volatilization time depends on the
initial mass. For the masses in this study—0.68 to 3.20 mg—it varied from 40 min to 2h.

To explain these results, a thermodynamic equilibrium simulation of the process with pure K,COs;
was conducted. In thermodynamic equilibrium conditions, K,COs was slightly volatilized as K(g) and
CO4(g) in an inert atmosphere and largely volatilized as KOH(g) in a steam atmosphere. These
volatilized species can be explained by the following reactions in accordance with literature (Sergeev
et al., 2019; Wood and Sancier, 1984):

K,CO05(s) =2K(g) + CO,(g) + 0.50,(g9) (n.30)
K(g) + H,0(g) = KOH(g) + 0.5 H,(g) (1n.31)

The simulated mass evolution of K,COs during the gasification step is plotted in dotted lines in
Figure 1ll.6. The simulation predicted that the whole amount of K,COs would volatilize in 2 to 20
minutes in thermodynamic equilibrium conditions. It showed that either the reaction was kinetically
limited, or there remained mass transfer limitations during K,CO; volatilization. The latter could be due
to the configuration of the crucible in the carrier gas and/or to the K,COs; particle size.
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The mass evolution of K,COs3 as a function of time and initial mass was modeled to generalize the
experimental results. It has not been attempted in the present work to give a signification to these
coefficients like it has sometimes been done in literature (Knudsen et al., 2004). For example, Knudsen
et al. modelled the evaporation of pure K-compounds based on mass transfer for a carrier gas
sweeping the crucible parallel to its surface, on the contrary to the TGA configuration where the gas is
perpendicular. They assumed it was controlled by diffusion through an external gas film and used mass
transfer correlations to obtain the coefficients. Here, the objective was only to model experimental
results in the TGA configuration to be able to extrapolate the results to other initial masses in the
studied range. The mass loss during pyrolysis was neglected. For the gasification step, each curve was
estimated by a second-degree polynomial of general equation:

m=at?>+bt+c (11.32)
where m is the mass of K,COs5 during the gasification step in milligrams, t is the gasification time
in seconds and a, b and c are the coefficients of the polynomial.

The fitted coefficients are presented in Table Il1.4.

Table 111.4 | Fitted coefficient of the polynomial regression of the curves of mass of K2COs as a
function of time for various initial masses.

Initial mass (mg) a(mg.s?) b (mg.s?) ¢ (mg) R?
2.99 3.8x108 -7.0x10* 3.04 0.9999
1.73 3.4x10® -3.4x10* 1.77 0.9987
1.23 3.9x108 -4.5x10* 1.21 0.9997
0.70 3.7x10°® -4.0x10* 0.72 0.9999
0.54 7.4x108 -5.2x10* 0.54 0.9995

Coefficient a was considered to be constant and its value was taken as the mean of the
experimental values, with the value from 0.54 mg K,COs considered an outlier and excluded from the
mean:

a=37x10"8mg.s2, (11.33)

Coefficient b was modeled as a linear function of the initial mass of K,CO3; my:

b=-14x10"*xmy—28x107% (11.34)

Coefficient ¢ value was taken as the initial mass of K,COs:

c =my. (1n.35)

The mass profiles of the various samples were recalculated from the resulting model. The
experimental profiles as well as the corresponding models are presented in Figure IIl.7.
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Figure IIl.7 | Mass evolution over time of various initial masses of K2COs alone during the
gasification procedure and the corresponding models.

The model could be used to predict the volatilization profile of any mass of K,COs within the
studied range during the gasification step. The modeled mass could be subtracted to results obtained
from TGA of samples with added K,CO; (mixtures and without contact).

2.2. Steam gasification of pure biomass

The steam gasification kinetic behavior of rice husks and sunflower seed shells has been presented
in detail in Chapter Il. The main results are reminded here along with the results for beech wood.

The normalized mass of the three biomass samples is plotted against time in Figure 111.8.
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Figure 111.8 | TGA of rice husks, sunflower seed shells and beech wood presented as the
normalized mass as a function of time.
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The three biomass species showed similar behaviors during pyrolysis where most of the mass was
lost below 450 °C. Then significantly different behaviors were observed during gasification. Gasification
of rice husks needed more than six hours to be completed while gasification of sunflower seed shells
required less than 20 minutes. Rice husks had a gasification rate that was continuously decreasing
whereas sunflower seed shells had a constant and then decreasing conversion rate. Beech wood had
an intermediate behavior with a gasification time of around 40 minutes and a gasification rate that
was constant and then increased.
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3. Results of the interactions between materials

3.1. Influence of K2COs addition on pyrolysis and steam gasification

Pyrolysis and gasification of rice husks—slow-gasifying biomass—were carried out with K,COs;
added in two configurations: mixed and without contact in a divided crucible. Both configurations had
approximately the same proportion of added K,COs, i.e. 7 wt%. This proportion corresponds to
4 wt% of K in the initial mixture (Table 111.5). Such a high content (see natural contents < 1 wt% of K in
raw biomass, in Table Ill.1) was selected to clearly observe the phenomena. Results were compared to
rice husks and sunflower seed shells alone. The evolution with time of the normalized mass of the
samples—including ashes—is presented in Figure I1.9. As stated in the Materials and Methods section
(section 1.3), the measured mass profiles were corrected by subtracting the equivalent mass profiles
of pure inorganic compound.

Table 111.5 | Inorganic composition of the mixture of rice husks and K2COs (in dry basis).

Biomass sample Rice husks Rice husks + Sunflower seed
7wt% K>COs shells
Ash at 550 °C (wt%) 14.6 20.3* 3.3
Si ) 63955 59518 194
K 5822 44632 9729
Ca 1797 1672 4489
Mg 659 613 1838
¢ (mg.kg™)
P 981 913 896
Na 413 384 9
Al 228 212 150
Fe ) 192 179 1099
Sio; | 97.2 62.8 1.3
K0 5.0 26.5 355
Cao 1.8 1.2 19.0
MgO 0.8 0.5 9.2
> (wt% in ashes)
10]3 1.6 1.0 6.2
Na.O 0.4 0.3 0.0
AlLO; 0.3 0.2 0.9
Fe,03 ) 0.2 0.1 4.8
Main inorganic elements Si—K-Ca Si—K-Ca K—-Ca—Mg

*Theoretical, calculated as: %K,COs + (100 - %K,COs3) x Ash of rice husks
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Figure 1.9 | TGA of rice husks with and without added K>COs and of sunflower seed shells
presented as the normalized mass as a function of time.

The results are also represented with the DTG curves in Figure I11.10 and Figure I1.11 (zoom).
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Figure 111.10 | DTG as a function of time of rice husks with and without added K.COz and of
sunflower seed shells.
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Figure 111.11 | DTG as a function of time of rice husks with and without added K2COs and of
sunflower seed shells. Zoom on 1 peak.

The apparent difference between the two biomass species during low temperature pyrolysis was
due to the difference of ash content. When looking at the DTG curves it can be seen that all samples
with and without K,COs had the same behavior during low temperature pyrolysis, i.e. a first very high
peak below 450 °C (Figure 111.11). It corresponds to the degradation of the biomass macromolecular
constituents (de Wild, 2011).

Above 450 °C, the curves indicate that K,COs; addition had an effect on both pyrolysis and
gasification steps. For each step, the results are discussed in detail in the following sections. First, the
behavior during high temperature pyrolysis is analyzed, i.e. above 450 °C. Then, the focus is put on the
behavior during gasification. In a third section, the residues are characterized. Finally conclusions are
given on the influence of K;CO5 addition.

3.1.1. Influence of K2CO3 addition on the pyrolysis reaction

Though the present study focuses on the gasification reaction, an effect of the K addition already
appeared during the pyrolysis step at high temperature, before steam injection. Since the char formed
during pyrolysis is the starting material of the gasification reaction, it is important to also investigate
these phenomena.

3.1.1.1. First observations

Figure 111.12 and Figure I11.13 are zooms on the high temperature pyrolysis from Figure 111.9 and
Figure 111.10 respectively. They show the evolution of the normalized mass and DTG of the samples
during the thirty minutes preceding steam injection, i.e. during the heating from 450 to 800 °C.
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Figure I11.12 | TGA of rice husks with and without added K2COs and of sunflower seed shells
presented as the normalized mass as a function of time. Zoom on the high temperature pyrolysis.
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Figure 111.13 | DTG as a function of time of rice husks with and without added K.COs and of
sunflower seed shells. Zoom on the high temperature pyrolysis.

The oscillations observed for some of the curves were due to the experimental set-up and were
considered as not significant.

Above 450 °C, a second DTG peak was observed around 82 min and 500 °C for all samples with
and without added K,COs. It corresponds to the typical mass loss observed when heating up the
samples between 450 and 800 °C, as seen with pure biomass, and is due to a residual devolatilization
of the char.
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However, when K>CO; was added to rice husks (mixed and without contact), a third DTG peak
was observed close to the beginning of the 800 °C holding time. The effect was stronger when K,CO3
was mixed with rice husks. Nevertheless, it appeared even if rice husks were not in contact with the
added K;CO; which means it was related to the gas phase and probably to K volatilization. The stronger
effect in the case of the mixture can then be explained by a higher concentration of K-compound in
the gas layer around the biomass in this case.

3.1.1.2. Additional experiments

Three additional experiments were conducted in order to determine the origin of this third DTG
peak.

In the additional set of experiments n°1, the same experiments as previously were conducted but
samples were heated up to 1000 °C instead of 800 °C. It aimed to determine the temperature of the
third DTG peak maximum. The same procedure was applied to K,CO; alone. Results are presented in
Figure 111.14 as DTG as a function of temperature between 450 °C and 1000 °C for rice husks alone,
K2COs alone and the two added without contact.
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Figure I11.14 | DTG as a function of temperature during pyrolysis between 450 °C and 800 °C of
rice husks alone, K2COs alone and rice husks with K2CO3 added without contact.

Results confirmed that the third DTG peak had in reality its maximum at a temperature around
860 °C after starting around 700 °C. It occurred just before the high mass loss observed from around
900 °C for K,COs3 alone, corresponding to its melting at 901 °C (Bale et al., 2002). A slight mass loss of
pure K,COs started from around 750-800 °C.

In the additional experiment n°2, the same procedure was conducted on rice husks with K,CO3;
added without contact but it was stopped after the pyrolysis step at 800 °C, i.e. before steam injection.
Optical microscope observation of the crucible before and after the experiment are presented in Figure
11.15.
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800 °Cin the TGA, i.e. procedure stopped before steam injection.

Rice husk chars did not show any visual particularity at this scale. On the K,COs side, grains which
were initially white were covered with a black layer after pyrolysis until 800 °C and material under each
grain suggested a partial fusion. The black layer most likely was carbon deposited on top of the
inorganic residue. It is in agreement with literature observations, where authors observed higher char
yields with K impregnation due to condensation of tars (Di Blasi et al., 2009; Zaror et al., 1985; Zhao et
al., 2013). However, they observed a competition between this char formation and tar cracking (Zaror
et al., 1985). Regarding the residue under the black layer, it could not have been pure K,CO; (whose
melting point is 901 °C (Bale et al., 2002), i.e. above the pyrolysis temperature) but a material with a
lower melting point. Since liquid formation is associated to a higher volatilization, it is in agreement
with the fact that the third DTG peak also occurred before the pure K;CO3; melting point. These results
indicate that a reaction occurs on the K,COs; side when it is in presence of biomass, even without
contact.

It is known that pyrolysis gases (CO,, H.0, CO, H;) and inorganic gases (H.S, NHs, HCI, KCl, etc.) are
released during biomass devolatilization (Bjorkman and Stréomberg, 1997; Bridgwater, 2015).
Therefore, the liquid observed at 800 °C could have been from the reaction of K,CO3 with one of these
gases.

The residue at 800 °C on the K,COs side was analyzed by non-quantitative ionic chromatography
(Annex G). Only K* and COs” were found. This was confirmed by SEM-EDX analysis where only K, C and
O were detected (Annex G). H cannot be detected by either of these two method.

Therefore K,CO3; most likely reacted with H,O(g) originating from biomass devolatilization. The
residue was then a mixture of K,CO3; and KOH where a core of K;CO3 was at equilibrium with a liquid
phase (solidified at ambient temperature). The phase diagram of K,COs; and KOH from the FTsalt —
FACT salt database (Bale et al., 2002) is presented in Figure 111.16.
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Figure 111.16 | KOH-K2COs phase diagram.

The phase diagram predicts that, at 800 °C, solid K,COs is in equilibrium with a liquid for
compositions up to 23.5mol% KOH. This is a reasonable composition that could have been obtained
from the reaction with H,0(g) from the biomass devolatilization. It also predicts that a liquid phase can
appear at 450 °C, , the temperature of the first plateau of the TGA procedure.

Additional experiment n°3 was conducted to simulate this H,O(g) release from the devolatilization
of biomass and its influence on pure K,COs. The same pyrolysis procedure was applied to K,COs alone
but steam was injected for 21 min during the 450 °C plateau. Results are shown in Figure IIl.17 and
Figure 111.18 and compared to the normalized mass profile of K,CO3 when the gas atmosphere is only
NZ.
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Figure I11.17 | TGA of pure K2COs under N2 atmosphere and with injection of steam for 21 min
during the 450 °C plateau.
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Figure 111.18 | Zoom on the 450 to 800 °C section of the DTG curve of pure K2COs under N2
atmosphere and with injection of steam for 21 min during the 450 °C hold.

It must be noted that the apparent slightly lower mass observed during H,0 injection in Figure
[11.17 was only due to a shift in the baseline because of the different gas atmosphere. It had therefore
no physical meaning.

When steam was injected at 450 °C to K,COs alone, no significant change in mass was observed
(Figure 111.17). A repetition of the experiment was stopped after steam injection at 450 °C. Liquid was
observed (Figure 111.19) which confirms the K,COs-liquid equilibrium at this temperature that was
predicted at thermodynamic equilibrium (Figure 111.16).
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Figure 111.19 | K2COs after steam injection at 450 °C.

However, a difference between the mass profiles of the two experiments occurred when the
sample was further heated up to 800 °C. Indeed, as previously observed, the mass loss of pure K,COs
under N, atmosphere was very low, i.e. around 3wt% (Figure I11.17). On the opposite, after K,CO3 was
put in a steam atmosphere for 21 min at 450 °C, a higher mass loss occurs at high temperatures, i.e.
around 9wt% (Figure I11.17). This mass loss started close to the beginning of the 800 °C holding time,
from around 650-700 °C (Figure 111.18). The temperature of this mass loss corresponded to the
temperature where the third DTG peak at the beginning of the 800 °C holding time was observed
when K,CO3; was added to rice husks (Figure 111.13).

3.1.1.3. Pyrolysis results summary and comparison to literature

These observations confirm that H,O(g) reacted with pure K,COs to form a mixture of K,CO3; and
KOH where a core of K,CO3 was at equilibrium with a liquid phase (solidified at ambient temperature).
This material had similar properties at moderate temperatures but a higher volatilization above around
700 °C. Therefore, the third DTG peak was related to the volatilization of this mixture.

However, the whole mass loss corresponding to this third DTG peak of rice husks with added K,CO;
could not only be explained by an earlier volatilization of K;COs. Indeed, compared to rice husks alone,
the third DTG peak corresponded to an additional mass loss of approximately 5wt% in the case where
K2CO3 was added without contact and 9wt% when it was mixed (Figure I11.12) while only 0.6wt% of this
mass loss could be attributed to a loss of K,CO; from the previous results (with 20vol% steam for
21 minutes), i.e. 9wt% (Figure 111.17) of the 7wt% added K,COs. The steam concentration and duration
could have been different but most likely remained in this order of magnitude. This indicates that the
third DTG peak had an additional contribution than only the K,COs;—KOH volatilization. It was then
attributed to the devolatilization of the carbon matrix catalyzed by a K-compound released to the
gas phase.
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In literature, authors do not usually conduct pyrolysis at such high temperatures. Indeed, as
previously stated, the main mass loss occurs below 450 °C so studies are focused on that temperature
range. However, other fields can shed light on the present results, in particular the literature regarding
carbon activation. Carbons can be activated, i.e. the porosity of carbon materials can be increased,
through two types of processes: physical or chemical. Physical activation, also called thermal
activation, consists of gasification under CO;, H,0O or their mixture. Chemical activation consists of
carbonization, i.e. pyrolysis, of the carbonaceous feedstock with a chemical compound (Marsh and
Rodriguez-Reinoso, 2006a). The most commonly used chemicals are phosphoric acid (HsPQO,), zinc
chloride (ZnCly), potassium hydroxide (KOH) and potassium carbonate (K,COs) (Marsh and Rodriguez-
Reinoso, 2006b). In the case of a biomass or char sample impregnated with a K-compound, it has been
shown that pyrolysis at 700 °C or below induces a low porosity while at 850 °C or above it produces
activated carbons with a high porosity. Moreover, at these high temperatures, the char yield is lower
(Marsh and Rodriguez-Reinoso, 2006b). These observations are in accordance with the results from
the present work where pyrolysis at high temperature in the presence of a K-compound induced an
additional mass loss, i.e. third DTG peak. However, in the case of activated carbons the K-compound is
added through impregnation of an aqueous solution, or occasionally through dry mixing (Amoco
process) (Marsh and Rodriguez-Reinoso, 2006b), whereas in the present study the effects have been
observed including when K,COs was not in contact with the biomass.

For the first time it is here demonstrated that the effect occurs through the gas phase. The main
explanation regarding the mechanism of action involves the intercalation of K followed by its explosive
removal to form the pores (Marsh and Rodriguez-Reinoso, 2006b). As stated in Chapter |, the
intercalation mechanism is not likely in the case of steam gasification (McKee, 1983; Tromp and
Cordfunke, 1984). However, in the case of high temperature pyrolysis, the instability of the
intercalated compounds can explain the observed phenomenon (Marsh and Rodriguez-Reinoso,
2006b).

3.1.2. Influence of K2CO3 addition on the gasification reaction

3.1.2.1. First observations

After pyrolysis, K;COs had an effect on the gasification step. Figure 111.20 and Figure 111.21 show
the gasification solid conversion, and conversion rate respectively, of rice husks with and without
added K,CO3; compared to that of sunflower seed shells.
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Figure 111.20 | Gasification solid conversion as a function of time of rice husks with and without
added K2COs and of sunflower seed shells.
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Figure 111.21 | Solid conversion rate as a function of the conversion of rice husks with and without
added K2COs and of sunflower seed shells.

It must be noted that the reaction continued after 360 min and all samples stabilized at 100%
conversion as fixed by the solid conversion X calculation (Chapter Il).
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As stated in the Materials and Methods section (see 1.3), the results were corrected by subtracting
the equivalent mass profiles of pure K,COs to the measured mass profiles of the total sample.
Therefore, if the rice husks and K,CO3; behaviors were independent, their mass profiles would have
been additive and the presented equivalent mass profile of rice husks would have been similar to rice
husks alone. Yet, the conversion profile of the sample of rice husks and K;CO3; mixed went above 100%.
In additions, both samples with added K,COs3, mixed and without contact, had a sudden slope change
approximately 50 min after steam injection, which corresponds to the completion of the pure K;COs;
volatilization that was subtracted to the results. Moreover, both curves were above the curve of rice
husks alone. These observations show that there was an interaction between the biomass and the
inorganic sample both when K;CO3; was mixed and without contact. The behaviors of the samples could
not be assessed through the simple addition of the behaviors of the pure rice husks and K,COs. This
means that the equivalent rice husks profiles presented do not represent the real mass loss on the rice
husks side. Therefore, quantitative conclusions could not be drawn from these data but trends still
could be analyzed.

When comparing the addition mode of K,COs, it can be seen that mixing induced a stronger
catalytic effect during gasification. However, even if it was weak, the effect of K,CO3; without contact
with rice husks was present. This demonstrates that it acted, at least partially, through the gas phase.
The stronger effect in the case of the mixture can then be explained by a higher concentration of K-
compound in the gas layer around the biomass in this case.

1.1.1.1. Additional experiment

An additional experiment was designed to investigate if a reaction during pyrolysis influenced the
behavior during gasification. Pyrolysis of rice husks with added K,COs without contact was carried out
and the resulting char was gasified alone, after the residue on the K,COs side was removed. Results are
shown in Figure [11.22.
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Figure 111.22 | Gasification solid conversion as a function of time of rice husk char alone produced
in presence of K2CO3 without contact.

In this experiment, only char was gasified, therefore no subtraction of a K,COs3 profile needed to
be done. This explains that the curve does not have the sudden slope change like the previous ones. It
is seen directly that the gasification rate of rice husks increased while K,CO3 was not present anymore
during gasification. Its average reactivity between 1 and 80% conversion increased from 1.4 to
2.2 %.min%. This is an important new result that demonstrates that the interaction between K,COs;
and char during the pyrolysis step catalyzes a subsequent gasification. Moreover, this effect occurs
without contact between the biomass and the inorganic compound, so through the gas phase during

pyrolysis.
3.1.3. Characterization of the ashes

3.1.3.1. First observations

From the normalized mass profiles presented in Figure 111.9, it is observed that when K,CO3 was
added to rice husks, mixed or without contact, the mass stabilized at a higher ash yield (19.7 and
15.2wt% respectively) than rice husks alone (13.6wt%) (Table III.6).

Table 111.6 | Gasification ash yield measured in TGA and associated theoretical yields.

. Rice husks + K;COs; | Rice husks + K;CO;
Rice husks ) .
without contact mixed
Added K>COs (wt%) — 7.0£0.3
Experimental (wt%) 13.6£0.5 15.2+0.7 19.7+1.3
Theoretical if all K;0 remains* (wt%) — 17.4+0.8
Theoretical if all K;CO3; remains** (wt%) — 19.6 +0.8

* AShuien k20 = %oKpC05 X =20~ 4 (100 — %K;C05) X Ashyice pusks

K2cC03

** Ashyith k2c03 = %K2C05 + (100 — %K, CO03) X AShyice husks
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This higher ash yield suggests that at least a part of the added K,COs3 was incorporated to the
biomass ashes. The increase was observed including in the case of addition without contact. Therefore,
the K,COs3 was incorporated after its volatilization. As a result, the K-species in the ashes could have
been another form than directly K;COs, such as K;0. The higher ash yield value corresponds to the
theoretical ash yield calculated if all the added K,COs was incorporated to the ashes, either directly as
K2COs5 (19.6wt%) or as K20 (17.4wt%).

To investigate this supposed reaction of a K-species with the rice husk ashes, the ashes from the
previous experiments were characterized through optical microscope and SEM-EDX.

Pictures from microscope observation of ashes from rice husks alone and mixed with K,COs are
presented in Figure 111.23 and Figure 11.24 respectively.

Figure 111.23 | Ashes from pyrolysis and

gasification of rice husks. gasification of rice husks with mixed
K2COs (same aspect without contact).

Ashes in the presence of K,CO3; showed some black glassy agglomerates on top of the white ashes
(Figure 111.24) that were absent from rice husks alone (Figure I11.23). It suggests the formation of liquid
at the process temperature that solidified at ambient temperature. The phase diagram of SiO; and K;0
from the FToxid — FACT oxide database (Bale et al., 2002) presented in Figure 111.25 confirms that liquid
can be present at the process temperature of 800 °C. The SiO,/(K,0+SiO,) ratio for a mixture of rice
husks and 7wt% of K;COs is of 0.79 (from rice husks composition in Table Ill.1). However,
concentrations could have varied largely locally to reach lower or higher ratios. The change in
appearance in the presence of K,COsz—including without contact—confirmed a reaction occurred
between the added K,COs or one of its decomposition products and the inorganic compounds naturally
contained in the biomass—most likely SiO, which represents 94 wt% of the inorganic content of rice
husks.
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Figure 111.25 | SiO2-K20 phase diagram. The dotted line is the 800 °C isotherm with the red
portions corresponding to liquid phases.

The same ashes were characterized through SEM-EDX, as presented in Figure 111.26 and Figure
[11.27 for rice husks alone and with K2CO3 without contact.

AccV SpotMagn Det WD ——————— 200 um
150KV 58 150x  BSE 11.0 ATG RHB-K2CO3n_cstp_1

AccV SpotMagn Det WD b—————— 200 um
150KV 58 150x  BSE 11.9 ATGRHB_cstp_1

Figure I11.26 | SEM observation of o Figure 111.27 | SEM observation of
ashes from pyrolysis and gasification of ashes from pyrolysis and gasification
rice husks. of rice husks with K2CO3 without

contact (same aspect mixed).
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Again with SEM, the typical rice husk ashes and the glassy agglomerates could be distinguished.
The EDX analysis confirmed that the typical rice husks ashes contained mainly SiO;. In the glassy
agglomerates, the detected elements were K, Si and O. This supports the idea of K-silicates formation.

This demonstrates that, in addition to influencing the pyrolysis and gasification of the
carbonaceous matrix, the added K,COs also reacts with the inorganic elements inherent to the rice
husks. This is supported by literature observations of the reaction between K-compounds and SiO; to
form K-silicates, as described in Chapter | (Gupta et al., 2018; Kannan and Richards, 1990; Link et al.,
2010). However, our study suggests that the reaction involves the gas phase, which is not mentioned
in literature.

It results in a limitation of the catalysis of the gasification by K,COs due to its reaction on the SiO;
inherent to the rice husks.

3.1.3.2. Additional experiments

To demonstrate these competing interactions, two experiments were conducted: one on beech
wood and the other on pure silica, both with K;CO; added without contact. In both cases the same
pyrolysis and gasification TGA procedure was applied. In the first experiment, beech wood had a very
low SiO; content so the K;COs should have induced a stronger catalysis than for rice husks. The second
experiment, on pure silica, aimed to check how K,COs would react with SiO, through the gas phase
during the pyrolysis and gasification procedure.

For the first experiment, on beech wood, the normalized mass evolution is shown in Figure 111.28
for beech wood alone and with K,CO3 without contact during pyrolysis and gasification, with a zoom
on the high temperature pyrolysis in Figure 111.29. The gasification conversion profiles are shown in
Figure 111.30.

Pyrolysis Gasification
100 R 1000
\ Steam injection
) l Oven temperature
80 T 800
g |
> | o
8 60 : 600 o
£ \ : 5
9 | : ©
= 40 | | zoom in Figure 111.29 400 é’_
€ o
S [t
20 Rice husks 200
0 - Sunfloweer seed shells 0
0 60' 120 180 240 300 360 420 480

Time (min)

Figure 111.28 | TGA of beech wood with and without added K>COs and of rice husks and sunflower
seed shells presented as the normalized mass as a function of time.
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Figure 111.29 | TGA of beech wood with and without added K.COs and of rice husks and sunflower
seed shells presented as the normalized mass as a function of time. Zoom on the high
temperature pyrolysis.
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Figure 111.30 | Gasification solid conversion as a function of time of beech wood alone and with
added K2COs, compared to rice husks and sunflower seed shells.

The additional mass loss during high temperature pyrolysis (Figure 111.29) occurred for beech in
the same way as for rice husks (third DTG peak).

Regarding gasification (Figure 111.30), when K,CO; was added without contact, beech wood
reactivity greatly increased (average reactivity increasing from ri.sox = 4.9 to 42.4%minl). It reached
sunflower seed shells level (ri-so% = 30.3%.min). The catalysis was very high compared to what was
observed in the case of rice husks (average reactivity increasing from rigoy = 1.4 to 2.2 %.min). As
stated previously, beech had a very low ash, and Si, content. Therefore it confirmed that the
competing reaction of K,CO3; decomposition product on the inherent SiO, prevented it to catalyze
the gasification.
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For the second experiment, on pure silica, results were expressed as a silica equivalent mass by

subtracting the mass profile of pure K;COs and are shown in Figure 111.31.
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Figure I11.31 | Mass evolution over time of the silica equivalent (purple curve) and the K>CO3
(orange curve) during the pyrolysis and gasification procedure applied to silica with K2CO3 added

without contact.

Temperature (°C)

There was an increase of mass of the silica after steam injection and K,COs; volatilization (purple
curve in Figure Ill.31). At the end of the experiment, the whole mass of K,CO; was volatilized. This
suggests that at least a part of the volatilized K,COs reacted with SiO,. If the mass gain corresponded
directly to K2COs, it means that 29wt% (= 0.33 mg / 1.14 mg, Figure I11.31) of the initial mass reacted.
If the mass gain rather corresponded to K;O from the decomposition of K;COs, the mass gain
corresponded to 42wt% (= 0.33 mg / (1.14 mg x Mo / Mkacos), Figure 111.31) of the theoretical initial
K;0. In both cases, that indicates that a reaction occurred and that a fraction of the K,COs volatilization

products was bonded to the silica.

The residue was characterized by SEM-EDX as presented in Figure 111.32.

“AccV SpotMagn Det WD b——{ 200 um
150KV 58 150x BSE 11.7 ATG Tixosil-K2CO3n_estp_1

Figure 111.32 | SEM observation of the residue after the TGA of silica with K2COs added without

contact.

Solidified liquid
K, Si, O
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Even though K,CO; was added without contact, phases containing K, Si and O were found on
residue on the silica side of the crucible. This confirms that a reaction occurred through the gas phase.
Authors in literature already observed a reaction between K,COs3 and SiO,, either under a steam or a
CO; atmosphere (Anicic et al., 2018; Zhao et al., 2018). However, they only worked in the case of
mixtures. The present work demonstrates for the first time in a direct manner that the gas phase is
involved.

These TGA and SEM-EDX characterizations on silica with K,CO; added without contact confirmed
the results of the experiments on rice husks with K,CO3; added without contact presented above. The
volatile decomposition products of K,COs react with SiO, through the gas phase.

3.1.4. Conclusions on the influence of K2CO3 addition

The addition of K during the pyrolysis and gasification of rice husks had effects at several levels. It
influenced the kinetics of both pyrolysis and gasification steps and it interacted with the inorganic
compounds inherent to the biomass.

It is important to note that all these effects occurred whether K;CO3; was in contact or not with
the biomass. This highlights the fact that K;CO; mechanisms of action are through the gas phase, with
the formation of KOH(g). Effects observed in the case of mixtures were stronger than without contact
which can be explained by a higher concentration of K-compound in the gas layer around the biomass
in this case.

The effects of K;CO3 on biomass pyrolysis and gasification demonstrated in the present study are
summarized in Figure 111.33.
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450°C 800°C
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! : 1 Steam gasification !
E i Additional E catalyzed by KOH(g) i
' Pyrolysis: H,O(g) ! devolatilization ! + Reaction of KOH(g) !
H production + catalyzed by KOH(g) 4 withinherentSiO,
Two- — i char <~ 4| Charwith |7 ™| Asheswith
aw biomass s
compartment K-catalyst K-silicates
thermobalance K,CO, By GOS0 K5 CileKOH )
N (partially liquid) e (partially liquid) -
Reaction with H,0(g) Volatilization of Complete volatilization of
from pyrolysis K,CO,—KOH as KOH(g) K,CO,—KOH as KOH(g)

Figure 111.33 | Scheme of the effects of K2COs on biomass pyrolysis and gasification.

It was demonstrated that the interaction of K,COs; with the biomass during the pyrolysis was
decisive for the ulterior gasification. Indeed, catalysis was observed including when the two materials
were in presence only during pyrolysis and not during gasification.
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However, the catalytic effect remained weaker that what has been observed in literature in the
case of impregnation or occasionally mixing, as described in Chapter | (Feng et al., 2018b; Mudge et
al., 1979; Sueyasu et al., 2012). This is attributed to the fact that the present work intended to catalyze
rice husks that have a high content in Si, while most literature studies work with materials with a low
ash content (Bouraoui et al., 2016; Huang et al., 2009; Kirtania et al., 2017; Kramb et al., 2016, 2017;
Lahijani et al., 2013; Meijer et al., 1994; Perander et al., 2015; Zhang et al., 2008). Hence, we have
confirmed this fact by experiments on beech wood that has a very low Si content. Along with the
characterization of the ashes from the TGA experiments, these results highlighted a competition
between on the one hand the influence of K,CO; on the biomass pyrolysis and char gasification
kinetics and on the other hand its interaction with the SiO; inherent to the rice husks.

As stated in Chapter |, Si is known to react with K and inhibit its catalytic effect (Dupont et al.,
2016; Kannan and Richards, 1990; Link et al., 2010). However, this has not been demonstrated directly
in literature. Indeed, works investigating the influence of SiO, on kinetics are usually based on
correlations and not on experimental additions of SiO, (Bach-Oller et al., 2019; Dupont et al., 2016;
Link et al., 2010; Zahara et al., 2018; Zhang et al., 2008). As a result, the following section focuses on
the particular influence of SiO, on sunflower seed shells that gasify fast.

3.2. Influence of the addition of SiO, on steam gasification

Gasification of sunflower seed shells—fast-reacting biomass species—was carried out with
addition of silica in various conditions. The latter were chosen to characterize the influence of three
parameters: the mode of addition of silica (mixture or without contact), its crystalline form (amorphous
or quartz) and its concentration. Results were compared to sunflower seed shells alone and to rice
husks that naturally contain approximately 14 wt% SiO,.

3.2.1. Influence of the addition mode

The gasification behaviors of i) sunflower seed shells, ii) a mixture of amorphous silica and
sunflower seed shells and iii) the two materials in the same proportions but without contact were
compared.

Solid conversion profiles of the three samples and rice husks alone are presented in Figure 111.34.
The corresponding average reactivities calculated between 1 and 80% conversion are plotted in Figure
111.35.
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Figure 111.34 | Solid conversion as a function of time during gasification of rice husks and of
sunflower seed shells alone, mixed with 17wt% amorphous silica and with 17wt% amorphous
silica without contact.
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Figure 111.35 | Gasification average reactivity between 1% and 80% conversion of rice husks and
of sunflower seed shells alone, mixed with 17wt% amorphous silica and with 17wt% amorphous
silica without contact.

The conversion profile of sunflower seed shells with addition of silica without contact overlaps
the profile of sunflower seed shells alone. This means that there was no TGA detectable interaction
between the biomass and amorphous silica when there was no contact between them. However, it
has been shown in Chapter Il that there was a volatilization of K from sunflower seed shells as KOH(g)
during the gasification. Thus an interaction between KOH(g) and SiO, was expected as shown
previously (Figure 111.31) but was not detectable here. This might be explained by the fact that, in the
present case, the volatile K-species were inherent to the sunflower seed shell char and farther from
SiO,. Therefore they might have catalyzed the gasification before having reached SiO..

On the contrary, with mixed amorphous silica, the conversion of sunflower seed shells was
significantly slower. Its average reactivity between 1 and 80% was divided by a factor 15, going from
35%.min! to 2%.mint. Moreover, the shape of the curve changed to become similar to the one of
rice husks alone. The effect of SiO; in this case might be explained by the fact that, in the mixture, all
species—char, K-species, SiO,—were in close presence.
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3.2.2. Influence of the crystalline form

Gasification of a mixture of sunflower seed shells and SiO; crystallized as quartz was conducted
and compared to the previous results to evaluate the influence of the crystalline form of SiO..
Conversion profiles against time are presented in Figure 111.36 and reactivities between 1% and 80%
conversion are plotted in Figure 111.37.
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Figure 111.36 | Solid conversion as a function of time during gasification of rice husks and of
sunflower seed shells alone, mixed with 17wt% amorphous silica and mixed with 17wt% silica
quartz.
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Figure 111.37 | Gasification average reactivity between 1% and 80% conversion of rice husks and
of sunflower seed shells alone, mixed with 17wt% amorphous silica and mixed with 17wt% silica
quartz.

As in the case of amorphous silica, the conversion of sunflower seed shells was significantly slower
when mixed with quartz. Its average reactivity between 1 and 80% decreased from 35%.min™ to
3%.mint and the shape of the curve changed to become similar to the one of rice husks alone.
Therefore, the effect of SiO, on gasification kinetics does not depend on its crystalline form. It is the
first time several forms of SiO, were compared and this result was demonstrated.
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3.2.3. Influence of the concentration

The influence of the SiO, concentration on gasification kinetics was investigated by gasifying
mixtures of sunflower seed shells and 1, 2, 3, 6, 17 and 25wt% amorphous silica. The inorganic
compositions of the initial mixtures are presented in Table I1l.7. The resulting solid conversion curves
are presented in Figure 111.38 and the corresponding reactivities between 1% and 80% conversion are
plotted in Figure I11.39.
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Table 1.7 | Inorganic composition of the mixtures of sunflower seed shells and amorphous silica

(in dry basis).
samole Sunflower +1wt% +2wt% +3wt% +6wt% +17wt +25wt
P seedshells  Si0, S0,  Si0, S0,  %Si0, %SiO;
Ash at 550 °C (wt%) 33 4.6* 5.3* 5.8* 9.6* 19.8* 27.2%
Si ) 194 6653 9769 12502 30448 80302 116718
K 9729 9594 9529 9472 9098 8058 7299
Ca 4489 4427 4397 4371 4198 3718 3368
Mg 1838 1813 1800 1790 1719 1522 1379
r (mg.kg™)
P 896 884 878 872 838 742 672
Na 9 9 9 9 8 7 7
Al 150 148 147 146 140 124 113
Fe ) 1099 1084 1076 1070 1028 910 824
Sio, ) 1.3 31.0 39.5 46.2 68.0 86.9 92.0
K20 35.5 25.1 21.7 19.7 11.4 4.9 3.2
Cao 19.0 135 11.6 10.6 6.1 2.6 1.7
MgO 9.2 6.5 5.6 5.1 3.0 1.3 0.8
> (wt% in ashes)
P20s 6.2 4.4 3.8 34 2.0 0.9 0.6
Na,O 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al,03 0.9 0.6 0.5 0.5 0.3 0.1 0.1
Fe,0; ) 4.8 34 2.9 2.6 1.5 0.7 0.4
K K Si Si Si Si Si
Main inorganic elements Ca Si K K K K K
Mg Ca Ca Ca Ca Ca Ca

*Theoretical, calculated as: %SiO, + (100 - %Si0O,) x Ash Sunflower seed shells
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Figure 111.38 | Solid conversion as a function of time during gasification of rice husks and of
sunflower seed shells alone and mixed with 1, 2, 3, 6, 17 and 25wt% amorphous silica.
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Figure 111.39 | Gasification average reactivity between 1% and 80% conversion of rice husks and
of sunflower seed shells alone and mixed with 1, 2, 3, 6, 17 and 25wt% amorphous silica.

When silica was added to sunflower seed shells, the shape of its gasification profile progressively
changed to get the shape observed for rice husks. Samples with 1 and 2wt% had an intermediary shape
with an acceleration of the gasification at high conversion values.

The gasification reactivity became lower when more silica was added until stabilization from 6wt%
added amorphoussilica, i.e. from 30000 mg.kg* Si in the biomass. Figure 111.40 represents the reactivity
as a function of the quantity of added silica.
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Figure 111.40 | Gasification average reactivity between 1% and 80% conversion of mixtures of
sunflower seed shells and amorphous silica as a function of the quantity of added silica.

There was not a linear relation between the reactivity and the quantity of added silica. The effect
of SiO, was not proportional to its concentration in the sunflower seed shells and there seemed to be
a saturation effect.

To try and explain this behavior, the ashes of the experiments at various concentrations were
characterized through optical microscope observation and scanning electron microscope (SEM)
observation. Pictures are presented in Figure 111.41.
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of samples of sunflower seed shells a. alone. b. with 1wt% amorphous silica. c. with 2wt%
amorphous silica. d. with 3wt% amorphous silica. e. with 6wt% amorphous silica. f. with 17wt%
amorphous silica. g. with 25wt% amorphous silica. h. and of amorphous silica alone.

These observations showed that sunflower seed shells alone and amorphous silica alone
remained solid after the gasification procedure while residues of the mixtures contained solidified
liquid phases from the first percent of added silica. SEM analysis was complemented by EDX analysis
to identify the elements in the phases. It must be noted that samples were coated with graphite for
the analysis so the presence of C in the residues could not be detected. Solidified liquid phases mainly
contained Si, Kand O, sometimes Ca, with a lower K content when more silica was added. Solid phases
contained a mixture of Si, K, Ca, Mg and O when small amounts of silica were added, and they
contained mainly SiO, when higher amounts of silica were added.

These results confirmed that SiO, reacts with inorganic compounds naturally present in the
biomass/char, namely K-compounds. It complements Anicic et al. (Anicic et al., 2018) study on the
reaction between SiO, sand and K,COs. When low amounts of SiO, are present (< 10000 mg.kg™ Si in
the biomass), K-compounds are still available to catalyze the gasification reaction which is then fast
(> 10%.min?). On the contrary, when high amounts of SiO, are present (>10000 mg.kg™ Si in the
biomass), these catalytic compounds completely react with the SiO, and are not available to enhance
the gasification reaction.

This explains the slow and decreasing reactivity of rice husks in gasification, since the same K-Si-
O liquid phases were found in the ashes (Chapter II).

As a validation, gasification of beech wood with 17wt% added silica was conducted. The inorganic
composition of the initial mixture is given in Table II.8 and its gasification rate is presented in Figure
I11.42. The corresponding reactivities between 1% and 80% conversion are plotted in Figure 111.43.
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Table 111.8 | Inorganic composition of the mixture of beech wood and amorphous silica, sunflower
seed shells and amorphous silica and of rice husks alone (in dry basis).

Sunflower
. . Sunflower Beech +
Biomass sample Rice husks seed shells seed shells + Beech 17Wi% SiO
17wt% SiO; S
Ash at 550 °C (wt%) 14.6 3.3 19.8* 0.6 17.8*
Si ) 63955 194 80302 115 81128
K 5822 9729 8058 910 752
Ca 1797 4489 3718 2516 2079
Mg 659 1838 1522 475 393
r (mg.kg™)
P 981 896 742 75 62
Na 413 9 7 3.6 3
Al 228 150 124 12 10
Fe ) 192 1099 910 34 28
Sio, ) 97.2 1.3 86.9 4.1 97.9
K20 5.0 35.5 4.9 18.3 0.5
Ca0o 1.8 19.0 2.6 58.7 1.6
MgO 0.8 9.2 1.3 13.1 0.4
> (wt% in ashes)
P,0s 1.6 6.2 0.9 2.9 0.1
Na.O 0.4 0.0 0.0 0.1 0.0
Al,Os 0.3 0.9 0.1 0.4 0.0
Fe,03 0.2 4.8 0.7 0.8 0.0

Main inorganic elements Si—K-Ca K—-Ca—-Mg Si—K-Ca Ca—-K-Mg Si—-Ca-K
Gasification average

reactivity between 1 and 14 30.3 2.2 49 2.1
80% conversion (%.min?)

*Theoretical, calculated as: %SiO + (100 - %Si0,) x Ash of pure biomass
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Figure 111.42 | Gasification solid conversion as a function of time of beech wood and sunflower
seed shells both alone and with 17wt% mixed amorphous silica, and of rice husks alone.
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Figure 111.43 | Gasification average reactivity between 1% and 80% conversion of beech wood and
sunflower seed shells both alone and with 17wt% mixed amorphous silica, and of rice husks
alone.

When silica was mixed with beech wood, its gasification slowed down as expected. Its reactivity
was identical to the reactivity of sunflower seed shells mixed with 17wt% silica. Moreover, the shape
of the kinetic profile became similar to the rice husk profile.
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However, these mixtures have a higher reactivity than rice husks (2.1 and 2.2%.min™ for mixtures
of 17wt% silica with sunflower seed shells or beech wood, respectively, compared to 1.2%.min! for
rice husks, Figure 111.43) but they also have a higher Si content (80302 and 81128 mg.kg™?, respectively,
for the mixtures, compared to 63955 mg.kg™ for rice husks, Table 111.8). This higher reactivity cannot
be explained with the K content. Indeed, the K content of the sunflower seed shells-silica mixture
(8058 mg.kg?, Table I11.8) is slightly higher than rice husks (5822 mg.kg™, Table 111.8), which might have
induced a stronger catalysis and explained its higher reactivity. However, this reasoning does not work
in the case of beech wood-silica mixture, whose K content is very significantly lower (752 mg.kg?, Table
[11.8). This result supports the idea that the K and Si concentrations alone are not enough to explain
the behavior in gasification, even though they explain the main trends. The influence of other
elements such as Ca (which can preferentially form silicates compared to K (Arnold et al., 2017)) or Al
and P (which can form stable compounds with K or Ca in the same way as Si (Arnold and Hill, 2019;
Porbatzki et al., 2011)) might be of importance in the gasification mechanisms.

1.1.1. Conclusions on the influence of SiO; addition

The aim of this section was to investigate how SiO; reacts with K-compounds and how it influences
the steam gasification reactivity. In particular, quantitative results were obtained in relation to the
concentration of SiO; in mixtures with biomass.

No significant effect of SiO, on the K-rich sunflower seed shell gasification was observed when
they were not in contact. On the opposite and as expected from the results of K,COs; influence (see
3.1), a strong decrease in gasification rate was observed in the case of mixtures (whatever the SiO,
crystalline form, quartz or amorphous). This was attributed to the fact that, in the case without contact,
the volatile K-species were inherent to the sunflower seed shell char and farther from the SiO..
Therefore they might have catalyzed the gasification before having reached the SiO,, whereas in
mixtures their catalytic effect might have been directly inhibited by their reaction with SiO,.

The effect of SiO, on steam gasification kinetics was quantified. Increasing the SiO; content of the
biomass decreased its steam gasification reactivity in a non-linear way until a saturation effect.
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4. Conclusions

This chapter demonstrates the competition between SiO; and the carbonaceous matrix to react
with K,CO3 mixed or through the gas phase as KOH(g). On the one hand, K;COs catalyzes the high
temperature pyrolysis and the steam gasification of the carbonaceous matrix of biomass. On the other
hand, its decomposition product reacts with the SiO, inherent to biomass. In both cases, effects were
observed including when K;CO3; was not in direct contact with the biomass which demonstrates that
the mechanisms of action involve the gas phase.

During the pyrolysis at high temperature, an additional mass loss occurred in presence of K;COs.
This observation is in accordance with the carbon chemical activation literature. It was demonstrated
in the present work that it is related to an additional volatilization of the carbon matrix in relation with
the formation of KOH(g). The latter is formed from the reaction of K,CO3 with H,O(g) released from
the devolatilization of the carbon matrix.

Regarding the gasification step itself, K;,COs increases the reaction rate both with and without
contact with the biomass. It was demonstrated in the present study that the interaction of K,COs with
the biomass during the pyrolysis step is decisive for the ulterior gasification.

However, there is a competition with the reaction between SiO; and KOH(g) that limits the
catalytic effect on Si-rich biomass species. Nevertheless, it has been shown through the quantitative
analysis of the results that the K and Si concentrations alone are not enough to explain the behaviorin
gasification, even though they explain the main trends. The influence of other elements such as Ca
(which can preferentially form silicates compared to K) or Al and P (which can form stable compounds
with K or Ca in the same way as Si) might be important to consider for a better understanding of the
mechanisms involved in gasification.
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1. Conclusions

Two factors can strongly influence its steam gasification kinetics: the char morphology and its
inorganic content. The inorganic content seems to be the most influential parameter but no clear proof
has been proposed in literature.

In particular, two inorganic elements have been described to have a high occurrence in biomass
as well as a strong influence on gasification kinetics: potassium (K) and silicon (Si). K is known to have
a catalytic effect while Si tends to inhibit this catalysis and therefore slow the gasification down.
However, even though these effects are today well-known, the mechanisms behind them are still
poorly known.

The objective of this work was then to contribute to the understanding of the phenomena
involving K and Si during biomass steam gasification. Particular attention was paid to their influence
on the reaction kinetics.

To reach this purpose, three experimental studies were conducted. The first study aimed to
determine the factor having the strongest influence on steam gasification kinetics between the char
morphology and its inorganic content. It consisted in the characterization of the chars derived from
two biomass species, one K-rich and one Si-rich, at several gasification conversion values, both
regarding their morphology and their kinetic behavior. The second and third studies were
thermogravimetric analyses of these biomass samples with added model inorganic compounds. The
second study aimed to investigate the mechanisms of action of K on steam gasification kinetics by
adding K,COs to the Si-rich biomass. The experiments were designed more specifically to assess the
gas phase influence. The third study aimed to investigate the effect of Si on steam gasification kinetics.
SiO, was added to the K-rich biomass and steam gasification was conducted varying several operating
conditions, the SiO, mode of addition, its crystalline form and its concentration.

The results from these experimental studies, supported by the data from literature, allowed to
reach the following conclusions:

e The inorganic composition is the main parameter that explains the differences between the
gasification kinetic behaviors of the biomass species. On the opposite, the physical properties
of the carbon matrix do not have a major influence. However, the inorganic composition seems
to affect some physical properties of the chars, such as their microporosity and the amount of
functions at their surface.

e A catalytic effect of the K-species produced from K,COs, probably KOH(g), was observed during
the pyrolysis reaction. KOH(g) can be produced from the reaction of K,COs; with H,O(g)
released during the biomass pyrolysis.

¢ The K influence on the steam gasification kinetics has a mechanism involving the gas phase.
Indeed, biomass steam gasification was catalyzed by the addition of K;COs; including when it
was not in direct contact. The catalytic effect was attributed to the formation of KOH(g) formed
from the reaction of K,CO3 with H,0(g), either added during the steam gasification or produced
during the biomass pyrolysis, as explained above.
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The reactions involving K during biomass pyrolysis, i.e. during char formation, have a major
influence on the subsequent char gasification. This behavior was demonstrated by producing
a char in presence of K,CO; without direct contact and by gasifying the resulting char alone.
The resulting char showed a higher reactivity than the char produced from raw biomass alone.

There is a competition between two reactions involving the formed K-species, probably
KOH(g): i) the catalysis of the steam gasification on the one hand, and ii) the heterogeneous
reaction between KOH(g) and SiO; to form non-catalytic species on the other hand. Indeed,
the catalytic activity of K was strongly decreased in presence of Si. The K-species preferentially
reacted on SiO, to form K-silicates and/or liquid phases. Additions of K,CO3 had a stronger
catalytic effect on the Si-poor biomass than on the Si-rich biomass.

It was demonstrated in a direct way that the inherent K in biomass reacted with added SiO>
and, reversely, that added K,CO; formed KOH(g) that reacted with the inherent Si in biomass.

SiO; addition slows the steam gasification down until a saturation effect from around
30000 mg.kg* Si in the biomass. Even before the saturation the relation between the average
reactivity and SiO; addition is not linear. The inhibiting effect of SiO, was demonstrated to be
independent of its crystalline form, i.e. quartz or amorphous.

K and Si concentrations in biomass can explain the main trends of steam gasification kinetics.
However, they are not enough to describe them accurately and other elements, such as Ca, P
or Al, must be taken into account to get a more complete understanding.
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2.

Perspectives

2.1. Towards a full understanding of the K-catalysis mechanisms

As stated in the above conclusions, the present work enabled to better understand the K-catalysis
mechanisms. However, the investigations must be continued in order to fully understand these
mechanisms. To this end, the three following experimental perspectives should be implemented:

The experimental setup used in the present work, i.e. the thermobalance with a crucible
divided in two compartments, can cause issues for data treatment. Indeed, both the char side
and the inorganic side are weighed together with several phenomena occurring on each side.
Therefore it is difficult to decorrelate the phenomena by using these global mass
measurements. Experimental investigations should be conducted in a similar setup but with
the biomass and the inorganic compound in two separate crucibles next to each other and
independently weighed.

The catalytic activity of K,CO3 was attributed to the release of KOH(g). This conclusion was
based on indirect observations, i.e. observations of resulting condensed phases, supported by
literature review and thermodynamic calculations. However, the gas phase was not directly
analyzed in this work due to the difficulty of such analysis. It would be interesting to confirm
the formation of KOH(g), for example with an online mass spectrometer placed after the
thermogravimetric analyzer or any other gasification system.

It was demonstrated that the phenomena involving K-species during biomass pyrolysis had a
major influence on the subsequent gasification. However, the mechanisms associated are still
not clearly understood. Therefore, more investigations could be conducted regarding the K-
species behavior during the pyrolysis step and how it influences the gasification step. In
particular, the physicochemical properties of the chars could be assessed more deeply. In
the present work, their analysis was conducted in depth for two biomass species but it would
also be interesting to conduct the same analysis on chars produced with K,CO3; added with
and without contact. It may allow to determine the active species and how they interact with
the carbon matrix.

2.2. Towards a phenomenological modeling of the inorganics influence on biomass

gasification kinetics

A long term major perspective to the present work is to design a gasification kinetic model that
takes into account the inorganic elements influence and that is based on phenomenological
parameters. Indeed, as stated in Chapter |, several models are available in literature (Arnold et al.,
2017; Ding et al., 2017; Dupont et al., 2011; Hognon et al., 2014; Kramb et al., 2016; Lépez-Gonzdlez
et al., 2014; Romero Millan et al., 2019; Struis et al., 2002; Umeki et al., 2012; Zhang et al., 2008).
However, these models are semi-empirical, coming from correlations between the gasification rate or
reactivity and the inorganic elements concentrations. The kinetic parameters have no physical
meaning or they are not unified, i.e. there are several parameters depending on the conditions and

not one equation for all biomass species. The perspective would be to have one single model for all
biomass species with unified parameters correlated with physical values.
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From our results, it appeared that K was a major inorganic element influencing the gasification
kinetics and it was demonstrated that its mechanism of action was through the gas phase. It was also
shown that the catalytic effect of K was inhibited by SiO, which reacted with KOH(g) to form non-
catalytic condensed phases. Additionally, it was demonstrated that, even though they can explain the
main trends, K and Si are not sufficient to describe the inorganics influence on steam gasification
kinetics and that the influence of other elements must be considered. In particular, it has been
demonstrated in literature that Ca, which is a main inorganic element in biomass, also interacts with
SiO,. It reacts preferentially with SiO, compared to K (Arnold et al., 2017). The latter then remains
available to catalyze the gasification. Moreover, Al and P can form stable compounds with K or Ca in
the same way as Si (Arnold and Hill, 2019; Porbatzki et al., 2011). They are not often the major inorganic
elements in biomass but they can reach significant concentrations in some species, such as sugar cane
bagasse (14.60 wt% Al,03 in ashes), bamboo, palm kernels or plum pits (20.33, 31.06 and 20.40 wt%
P,Os in ashes respectively) (Vassilev et al., 2010). These Ca, Al and P influences therefore seem to all
be related to the capacity of K to be released and stay into the gas phase around the carbon matrix. It
would then be this capacity that would determine its catalytic effect. As a result, the physical value
suggested to be introduced in a future kinetic model is the quantity of volatilized K.

This quantity of volatilized K could be obtained from calculations at thermodynamic equilibrium
from the initial biomass composition. With an accurate database, these calculations would take into
account the aforementioned reactions. However, the database still is poorly known in some crucial
parts of the considered system, for example K-Ca equilibria.

To reach this long term perspective, shorter term perspectives can be suggested:

e Similarly to this work with additions of K,COs3 and SiO,, the effect on biomass gasification
kinetics of the addition of Ca-, P- and Al-species may be investigated.

e The reaction of K and Si inherent to the biomass species could be studied in more details to
determine the composition of the resulting K-silicates and K-Si-containing liquids. In particular,
guantification of the crystalline phases as well as of the composition of the amorphous phases
could be conducted. Indeed, in the present work, only the measurement of the global
inorganic composition could be conducted along with a qualitative investigation of these
phases in order to determine their occurrence. Such study would help to determine the
fraction of volatilized K, i.e. the remaining fraction of K after its reaction with SiO..

e Theinfluence of the reaction temperature and atmosphere (H,0 or CO;) on the catalytic effect
and on the reaction between K-species and SiO; should also be investigated.

2.3. Towards practical applications to the gasification process

At a process level, the understanding of the K-catalysis mechanisms, from the present work as
well as from potential future investigations, will allow to control the phenomena in order to optimize
the gasification process. Three first perspectives can already be described:

e As the K-catalysis occurs through the gas phase, catalytic gasification could be conducted by
adding a K-source in the gas inlet, instead of adding it to the biomass. However, K-compounds
condensate at high temperature, therefore a close control of the temperature should be
carried out in order to avoid slagging and corrosion issues.
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Since SiO; strongly inhibits the K-catalysis, removing the SiO; fraction of the biomass would
increase its gasification rate. Therefore, Si-rich species may be studied in order to identify if
SiO; is located in a specific part of the plant that could be put aside. It could also be investigated
if SiO; has a specific behavior during grinding that would allow to remove it through sieving.

In the present work, a model K-compound (K,COs;) was added to biomass. This model
compound was chosen because it can be found naturally in biomass. Therefore, similar effects
might be observed with the addition of a K-rich biomass or ashes as a catalyst. A similar
investigation to the present one but with biomass mixtures with and without contact should
be conducted.

159






References

Ahmed, I.l.,, and Gupta, A.K. (2011). Kinetics of woodchips char gasification with steam and carbon
dioxide. Appl. Energy 88, 1613-1619.

Alalwan, H.A., Alminshid, A.H., and Aljaafari, H.A.S. (2019). Promising evolution of biofuel generations.
Subject review. Renew. Energy Focus 28, 127-139.

Allen, M.R., Dube, O.P., Solecki, W., Aragdn-Durand, F., Cramer, W., Humphreys, S., Kainuma, M., Kala,
J., Mahowald, N., Mulugetta, Y., et al. (2018). Framing and Context. In Global Warming of 1.5°C. An
IPCC Special Report on the Impacts of Global Warming of 1.5°C above Pre-Industrial Levels and
Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global
Response to the Threat of Climate Change, Sustainable Development, and Efforts to Eradicate
Poverty, V. Masson-Delmotte, P. Zhai, H.-O. Portner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, W.
Moufouma-Okia, C. Péan, R. Pidcock, et al., eds. p.

Anca-Couce, A. (2016). Reaction mechanisms and multi-scale modelling of lignocellulosic biomass
pyrolysis. Prog. Energy Combust. Sci. 53, 41-79.

Anicic, B., Lin, W., Dam-Johansen, K., and Wu, H. (2018). Agglomeration mechanism in biomass
fluidized bed combustion — Reaction between potassium carbonate and silica sand. Fuel Process.
Technol. 173, 182—-190.

Appavou, F., Brown, A., Epp, B., Gibb, D., Kondev, B., McCrone, A., Murdock, H.E., Musolino, E.,
Ranalder, L., Sawin, J.L., et al. (2019). REN21 Renewables Global Status Report.

Arnold, R.A., and Hill, J.M. (2019). Catalysts for gasification: a review. Sustain. Energy Fuels 3, 656—672.

Arnold, R.A., Habibi, R., Kopyscinski, J., and Hill, J.M. (2017). Interaction of Potassium and Calcium in
the Catalytic Gasification of Biosolids and Switchgrass. Energy Fuels 31, 6240-6247.

Arriagada, R., Garcia, R., Molina-Sabio, M., and Rodriguez-Reinoso, F. (1997). Effect of steam activation
on the porosity and chemical nature of activated carbons from Eucalyptus globulus and peach
stones. Microporous Mater. 8, 123-130.

Arvelakis, S., Jensen, P.A., and Dam-Johansen, K. (2004). Simultaneous Thermal Analysis (STA) on Ash
from High-Alkali Biomass. Energy Fuels 18, 1066-1076.

Bach-Oller, A., Fursujo, E., and Umeki, K. (2019). Effect of potassium impregnation on the emission of
tar and soot from biomass gasification. Energy Procedia 158, 619—624.

Bajpai, P. (2016). Structure of Lignocellulosic Biomass. In Pretreatment of Lignocellulosic Biomass for
Biofuel Production, (Springer, Singapore), pp. 7-12.

Baker, E.G., and Mudge, L.K. (1984). Mechanisms of catalytic biomass gasification. J. Anal. Appl.
Pyrolysis 6, 285—-297.

Bale, C.W., Chartrand, P., Degterov, S.A., Eriksson, G., Hack, K., Ben Mahfoud, R., Melancon, J., Pelton,
A.D., and Petersen, S. (2002). FactSage thermochemical software and databases. Calphad 26, 189—
228.

161



References

Barrio, M., Ggbel, B., Rimes, H., Henriksen, U., Hustad, J.E., and Sgrensen, L.H. (2001). Steam
Gasification of Wood Char and the Effect of Hydrogen Inhibition on the Chemical Kinetics. In
Progress in Thermochemical Biomass Conversion, A.V. Bridgwater, ed. (John Wiley & Sons, Ltd), pp.
32-46.

Bartels, M., Lin, W., Nijenhuis, J., Kapteijn, F., and van Ommen, J.R. (2008). Agglomeration in fluidized
beds at high temperatures: Mechanisms, detection and prevention. Prog. Energy Combust. Sci. 34,
633-666.

Basu, P. (2010a). Chapter 5 - Gasification Theory and Modeling of Gasifiers. In Biomass Gasification and
Pyrolysis, (Boston: Academic Press), pp. 117-165.

Basu, P. (2010b). Chapter 6 - Design of Biomass Gasifiers. In Biomass Gasification and Pyrolysis,
(Boston: Academic Press), pp. 167-228.

Bennici, S., Jeguirim, M., Limousy, L., Haddad, K., Vaulot, C., Michelin, L., Josien, L., and Zorpas, A.A.
(2019). Influence of CO2 Concentration and Inorganic Species on the Gasification of Lignocellulosic
Biomass Derived Chars. Waste Biomass Valorization.

Biswas, R.K., Khan, P., Mukherjee, S., Mukhopadhyay, A.K., Ghosh, J., and Muraleedharan, K. (2018).
Study of short range structure of amorphous Silica from PDF using Ag radiation in laboratory XRD
system, RAMAN and NEXAFS. J. Non-Cryst. Solids 488, 1-9.

Bjorkman, E., and Stromberg, B. (1997). Release of Chlorine from Biomass at Pyrolysis and Gasification
Conditions. Energy Fuels 11, 1026-1032.

Blasing, M., Zini, M., and Miiller, M. (2013). Influence of Feedstock on the Release of Potassium,
Sodium, Chlorine, Sulfur, and Phosphorus Species during Gasification of Wood and Biomass Shells.
Energy Fuels 27, 1439-1445.

Bouraoui, Z., Dupont, C., Jeguirim, M., Limousy, L., and Gadiou, R. (2016). CO2 gasification of woody
biomass chars: The influence of K and Si on char reactivity. Comptes Rendus Chim. 19, 457-465.

Bridgwater, A.V. (2015). Pyrolysis of Biomass. In Biomass Power for the World: Transformations to
Effective Use, W.P.M. Van Swaaij, S.R.A. Kersten, and W. Palz, eds. (Singapore: Pan Stanford
Publishing), pp. 473-513.

Chabalala, V.P., Wagner, N., and Potgieter-Vermaak, S. (2011). Investigation into the evolution of char
structure using Raman spectroscopy in conjunction with coal petrography; Part 1. Fuel Process.
Technol. 92, 750-756.

de Coninck, H., Revi, A., Babiker, M., Bertoldi, P., Buckeridge, M., Cartwright, A., Dong, W., Ford, J.,
Fuss, S., Hourcade, J.-C., et al. (2018). Strengthening and Implementing the Global Response. In
Global Warming of 1.5°C. An IPCC Special Report on the Impacts of Global Warming of 1.5°C above
Pre-Industrial Levels and Related Global Greenhouse Gas Emission Pathways, in the Context of
Strengthening the Global Response to the Threat of Climate Change, Sustainable Development, and
Efforts to Eradicate Poverty, V. Masson-Delmotte, P. Zhai, H.-O. Portner, D. Roberts, J. Skea, P.R.
Shukla, A. Pirani, W. Moufouma-QOkia, C. Péan, R. Pidcock, et al., eds. p.

Dahmen, N., and Sauer, J. (2015). Synfuels via Biomass Gasification. In Biomass Power for the World:
Transformations to Effective Use, W.P.M. Van Swaaij, S.R.A. Kersten, and W. Palz, eds. (Singapore:
Pan Stanford Publishing), pp. 323-341.

162



References

Dahou, T., Defoort, F., Thiéry, S., Grateau, M., Campargue, M., Bennici, S., Jeguirim, M., and Dupont,
C. (2018). The Influence of Char Preparation and Biomass Type on Char Steam Gasification Kinetics.
Energies 11, 2126.

Deglise, X., and Donnot, A. (2017). Bois énergie - Propriétés et voies de valorisation. Tech. Ing. Energ.
Renouvelables.

DeGroot, W.F., and Shafizadeh, F. (1984). Kinetics of gasification of Douglas Fir and Cottonwood chars
by carbon dioxide. Fuel 63, 210-216.

DeGroot, W.F., Kannan, M.P., Richards, G.N., and Theander, O. (1990). Gasification of agricultural
residues (biomass): influence of inorganic constituents. J. Agric. Food Chem. 38, 320-323.

Delannay, F., Tysoe, W.T., Heinemann, H., and Somorjai, G.A. (1984). The role of KOH in the steam
gasification of graphite: Identification of the reaction steps. Carbon 22, 401-407.

Di Blasi, C. (2008). Modeling chemical and physical processes of wood and biomass pyrolysis. Prog.
Energy Combust. Sci. 34, 47-90.

Di Blasi, C. (2009). Combustion and gasification rates of lignocellulosic chars. Prog. Energy Combust.
Sci. 35, 121-140.

Di Blasi, C., Galgano, A., and Branca, C. (2009). Effects of Potassium Hydroxide Impregnation on Wood
Pyrolysis. Energy Fuels 23, 1045-1054.

Ding, L., Dai, Z., Wei, J., Zhou, Z., and Yu, G. (2017). Catalytic effects of alkali carbonates on coal char
gasification. J. Energy Inst. 90, 588-601.

Dirbeba, M.J., Brink, A., DeMartini, N., Lindberg, D., and Hupa, M. (2016). Sugarcane vinasse CO2
gasification and release of ash-forming matters in CO2 and N2 atmospheres. Bioresour. Technol.
218, 606-614.

Dupont, C., Boissonnet, G., Seiler, J.-M., Gauthier, P., and Schweich, D. (2007). Study about the kinetic
processes of biomass steam gasification. Fuel 86, 32-40.

Dupont, C., Nocquet, T., Da Costa, J.A., and Verne-Tournon, C. (2011). Kinetic modelling of steam
gasification of various woody biomass chars: Influence of inorganic elements. Bioresour. Technol.
102,9743-9748.

Dupont, C., Jacob, S., Marrakchy, K.O., Hognon, C., Grateau, M., Labalette, F., and Da Silva Perez, D.
(2016). How inorganic elements of biomass influence char steam gasification kinetics. Energy 109,

430-435.

Elliott, D.C., Hallen, R.T., and Sealock, L.J. (1984). Alkali catalysis in biomass gasification. J. Anal. Appl.
Pyrolysis 6, 299-316.

ENS Lyon (2019). Handbook of Minerals Raman Spectra.

European Commission (2018). Press release - Europe leads the global clean energy transition:
Commission welcomes ambitious agreement on further renewable energy development in the EU.

163



References

European Parliament (2009). Directive 2009/28/EC of the European Parliament and of the Council of
23 April 2009 on the promotion of the use of energy from renewable sources and amending and
subsequently repealing Directives 2001/77/EC and 2003/30/EC.

European Standards (2009). Solid biofuels - Determination of ash content (EN 14775).
Eurostat (2019). Renewable energy statistics.

Feng, D., Zhao, Y., Zhang, Y., Sun, S., and Gao, J. (2018a). Steam Gasification of Sawdust Biochar
Influenced by Chemical Speciation of Alkali and Alkaline Earth Metallic Species. Energies 11, 205.

Feng, D., Zhao, Y., Zhang, Y., Xu, H., Zhang, L., and Sun, S. (2018b). Catalytic mechanism of ion-
exchanging alkali and alkaline earth metallic species on biochar reactivity during CO2/H20
gasification. Fuel 212, 523-532.

Fermoso, J., Arias, B., Pevida, C., Plaza, M.G., Rubiera, F., and Pis, J.J. (2008). Kinetic models comparison
for steam gasification of different nature fuel chars. J. Therm. Anal. Calorim. 91, 779-786.

Figueiredo, J.L., Pereira, M.F.R., Freitas, M.M.A., and Orfio, J.J.M. (1999). Modification of the surface
chemistry of activated carbons. Carbon 37, 1379-1389.

Ganesh, A., Dutt Grover, P., and lyer, P.V.R. (1992). Combustion and gasification characteristics of rice
husk. Fuel 71, 889-894.

Gautbhier, G., Melkior, T., Grateau, M., Thiery, S., and Salvador, S. (2013). Pyrolysis of centimetre-scale
wood particles: New experimental developments and results. J. Anal. Appl. Pyrolysis 104, 521-530.

Gonzalez-Vazquez, M.P., Garcia, R., Gil, M.V., Pevida, C., and Rubiera, F. (2018). Unconventional
biomass fuels for steam gasification: Kinetic analysis and effect of ash composition on reactivity.
Energy 155, 426-437.

Guerrero, M., Ruiz, M.P., Millera, A., Alzueta, M.U., and Bilbao, R. (2008). Oxidation Kinetics of
Eucalyptus Chars Produced at Low and High Heating Rates. Energy Fuels 22, 2084—-2090.

Guizani, C., Jeguirim, M., Gadiou, R., Escudero Sanz, F.J., and Salvador, S. (2016). Biomass char
gasification by H20, CO2 and their mixture: Evolution of chemical, textural and structural properties
of the chars. Energy 112, 133-145.

Guizani, C., Jeguirim, M., Valin, S., Limousy, L., and Salvador, S. (2017). Biomass Chars: The Effects of
Pyrolysis Conditions on Their Morphology, Structure, Chemical Properties and Reactivity. Energies
10, 796.

Gupta, A., Thengane, S.K., and Mahajani, S. (2018). CO2 gasification of char from lignocellulosic garden
waste: Experimental and kinetic study. Bioresour. Technol. 263, 180-191.

Hack, K., Jantzen, T., Miiller, M., Yazhenskikh, E., and Wu, G. (2012). A novel thermodynamic database
for slag systems and refractory materials. In Proceedings of the 5th International Congress on the
Science and Technology of Steelmaking (Dresden, Germany).

Hognon, C., Dupont, C., Grateau, M., and Delrue, F. (2014). Comparison of steam gasification reactivity
of algal and lignocellulosic biomass: Influence of inorganic elements. Bioresour. Technol. 164, 347—-
353.

164



References

Huang, Y., Yin, X., Wu, C., Wang, C,, Xie, J., Zhou, Z., Ma, L., and Li, H. (2009). Effects of metal catalysts
on CO2 gasification reactivity of biomass char. Biotechnol. Adv. 27, 568-572.

Hattinger, K.J., and Minges, R. (1986a). Influence of the catalyst precursor anion in catalysis of water
vapour gasification of carbon by potassium: 1. Activation of the catalyst precursors. Fuel 65, 1112—-
1121.

Hattinger, K.J., and Minges, R. (1986b). The influence of the catalyst precursor anion in catalysis of
water vapour gasification of carbon by potassium: 2. Catalytic activity as influenced by activation
and deactivation reactions. Fuel 65, 1122-1128.

International Energy Agency (2019a). Climate change.
International Energy Agency (2019b). Bioenergy.

International Organization for Standardization (2010). Solid mineral fuels - Determination of ash (ISO
1171:2010).

International Organization for Standardization (2015). Solid biofuels - Determination of major
elements - Al, Ca, Fe, Mg, P, K, Si, Na and Ti (ISO 16967:2015).

Jiang, L., Hu, S., Xu, K., Wang, Y., Syed-Hassan, S.S.A,, Su, S., Liu, C., and Xiang, J. (2017). Formation,
fates and roles of catalytic precursors generated from the K2CO3-carbon interactions in the K2CO3-
catalyzed CO2 gasification of coal char. J. Anal. Appl. Pyrolysis 124, 384—392.

Kannan, M.P., and Richards, G.N. (1990). Gasification of biomass chars in carbon dioxide: dependence
of gasification rate on the indigenous metal content. Fuel 69, 747-753.

Kersten, S.R.A., Palz, W.D., Spitzer, J.D., Prins, W., Drift, A. van der, Maniatis, K.D., Kwant, K.D., Helm,
P.D., and Grassi, A.D. (2002). Interpretation of biomass gasification by 'Quasi’-Equilibrium models.
(Sustainable Process Technology), pp. 772-776.

Kilpinen, P., Hupa, M., and Leppaélahti, J. (1991). Nitrogen Chemistry at Gasification - A Thermodynamic
Analysis (Abo Akademi University).

Kirtania, K., Axelsson, J., Matsakas, L., Christakopoulos, P., Umeki, K., and Furusjo, E. (2017). Kinetic
study of catalytic gasification of wood char impregnated with different alkali salts. Energy 118,
1055-1065.

Knudsen, J.N., Jensen, P.A., and Dam-Johansen, K. (2004). Transformation and Release to the Gas Phase
of Cl, K, and S during Combustion of Annual Biomass. Energy Fuels 18, 1385-1399.

Koukios, E.G. (1993). Progress in Thermochemical, Solid-State Refining of Biofuels — From Research to
Commercialization. In Advances in Thermochemical Biomass Conversion, A.V. Bridgwater, ed.
(Dordrecht: Springer Netherlands), pp. 1678-1692.

Kramb, J., DeMartini, N., Perander, M., Moilanen, A., and Konttinen, J. (2016). Modeling of the catalytic
effects of potassium and calcium on spruce wood gasification in CO2. Fuel Process. Technol. 148,
50-59.

Kramb, J., Gdmez-Barea, A., DeMartini, N., Romar, H., Doddapaneni, T.R.K.C., and Konttinen, J. (2017).
The effects of calcium and potassium on CO2 gasification of birch wood in a fluidized bed. Fuel 196,
398-407.

165



References

Krishnarao, R.V., Subrahmanyam, J., and Jagadish Kumar, T. (2001). Studies on the formation of black
particles in rice husk silica ash. J. Eur. Ceram. Soc. 21, 99-104.

Lahijani, P., Zainal, Z.A., Mohamed, A.R., and Mohammadi, M. (2013). CO2 gasification reactivity of
biomass char: Catalytic influence of alkali, alkaline earth and transition metal salts. Bioresour.
Technol. 144, 288-295.

Lane, D.J.,, van Eyk, P.J., Ashman, P.J., Kwong, C.W., de Nys, R., Roberts, D.A., Cole, A.J., and Lewis, D.M.
(2015). Release of Cl, S, P, K, and Na during Thermal Conversion of Algal Biomass. Energy Fuels 29,
2542-2554,

de Lasa, H., Salaices, E., Mazumder, J., and Lucky, R. (2011). Catalytic Steam Gasification of Biomass:
Catalysts, Thermodynamics and Kinetics. Chem. Rev. 111, 5404-5433.

Lide, D.R. (1996). CRC Handbook of Chemistry and Physics (Boca Raton: CRC Press).

Lindberg, D., Backman, R., Chartrand, P., and Hupa, M. (2013). Towards a comprehensive
thermodynamic database for ash-forming elements in biomass and waste combustion — Current
situation and future developments. Fuel Process. Technol. 105, 129-141.

Link, S., Arvelakis, S., Hupa, M., Yrjas, P., Kllaots, |., and Paist, A. (2010). Reactivity of the Biomass Chars
Originating from Reed, Douglas Fir, and Pine. Energy Fuels 24, 6533—6539.

Liu, X., Zheng, Y., Liu, Z., Ding, H., Huang, X., and Zheng, C. (2015). Study on the evolution of the char
structure during hydrogasification process using Raman spectroscopy. Fuel 157, 97-106.

Lépez-Gonzalez, D., Fernandez-Lopez, M., Valverde, J.L., and Sanchez-Silva, L. (2014). Gasification of
lignocellulosic biomass char obtained from pyrolysis: Kinetic and evolved gas analyses. Energy 71,
456-467.

Luque, R., Herrero-Davila, L., Campelo, J.M., Clark, J.H., Hidalgo, J.M., Luna, D., Marinas, J.M., and
Romero, A.A. (2008). Biofuels: a technological perspective. Energy Environ. Sci. 1, 542—-564.

Lv, P., Bai, Y., Yang, X., Gao, M., Bao, W., and Li, F. (2018). Impacts of char structure evolution and
inherent alkali and alkaline earth metallic species catalysis on reactivity during the coal char
gasification with CO2/H20. Int. J. Energy Res. 42, 3633—-3642.

Lv, X., Xiao, J., Shen, L., and Zhou, Y. (2016). Experimental study on the optimization of parameters
during biomass pyrolysis and char gasification for hydrogen-rich gas. Int. J. Hydrog. Energy 41,
21913-21925.

Marquez-Montesinos, F., Cordero, T., Rodriguez-Mirasol, J., and Rodriguez, J.J. (2002). CO2 and steam
gasification of a grapefruit skin char. Fuel 81, 423-429.

Marsh, H., and Rodriguez-Reinoso, F. (2006a). CHAPTER 5 - Activation Processes (Thermal or Physical).
In Activated Carbon, H. Marsh, and F. Rodriguez-Reinoso, eds. (Oxford: Elsevier Science Ltd), pp.
243-321.

Marsh, H., and Rodriguez-Reinoso, F. (2006b). CHAPTER 6 - Activation Processes (Chemical). In
Activated Carbon, H. Marsh, and F. Rodriguez-Reinoso, eds. (Oxford: Elsevier Science Ltd), pp. 322-
365.

166



References

McKee, D.W. (1983). Mechanisms of the alkali metal catalysed gasification of carbon. Fuel 62, 170-
175.

McKendry, P. (2002a). Energy production from biomass (part 1): overview of biomass. Bioresour.
Technol. 83, 37-46.

McKendry, P. (2002b). Energy production from biomass (part 2): conversion technologies. Bioresour.
Technol. 83, 47-54.

McKendry, P. (2002c). Energy production from biomass (part 3): gasification technologies. Bioresour.
Technol. 83, 55-63.

Meijer, R., Kapteijn, F., and Moulijn, J.A. (1994). Kinetics of the alkali-carbonate catalysed gasification
of carbon: 3. H20 gasification. Fuel 73, 723-730.

Min’ko, N.l., and Binaliev, .M. (2013). Role of sodium sulfate in glass technology. Glass Ceram. 69, 361—
365.

Moulijn, J.A., Cerfontain, M.B., and Kapteijn, F. (1984). Mechanism of the potassium catalysed
gasification of carbon in CO2. Fuel 63, 1043-1047.

Mudge, L.K., Sealock, L.J., and Weber, S.L. (1979). Catalyzed steam gasification of biomass. J. Anal.
Appl. Pyrolysis 1, 165-175.

Nzihou, A., Stanmore, B., and Sharrock, P. (2013). A review of catalysts for the gasification of biomass
char, with some reference to coal. Energy 58, 305-317.

Park, B.-D., Wi, S.G., Lee, K.H., Singh, A.P., Yoon, T.-H., and Kim, Y.S. (2003). Characterization of
anatomical features and silica distribution in rice husk using microscopic and micro-analytical
techniques. Biomass Bioenergy 25, 319-327.

Patel, M., Zhang, X., and Kumar, A. (2016). Techno-economic and life cycle assessment on
lignocellulosic biomass thermochemical conversion technologies: A review. Renew. Sustain. Energy
Rev. 53, 1486-1499.

Perander, M., DeMartini, N., Brink, A., Kramb, J., Karlstrém, O., Hemming, J., Moilanen, A., Konttinen,
J., and Hupa, M. (2015). Catalytic effect of Ca and K on CO2 gasification of spruce wood char. Fuel
150, 464-472.

Petit, M., Froment, K., Patisson, F., Seiler, J.-M., and Defoort, F. (2009). VP2.2.23 Relation between
oxygen partial pressure in the syngas and inorganic releases during biomass gasification. In 17th
European Biomass Conference & Exhibition, (Hamburg), pp. 960—965.

Porbatzki, D., Stemmler, M., and Miiller, M. (2011). Release of inorganic trace elements during
gasification of wood, straw, and miscanthus. Biomass Bioenergy 35, S79-S86.

Rodriguez-Reinoso, F., Molina-Sabio, M., and Gonzalez, M.T. (1995). The use of steam and CO2 as
activating agents in the preparation of activated carbons. Carbon 33, 15-23.

Romero Millan, L.M., Sierra Vargas, F.E., and Nzihou, A. (2019). Steam gasification behavior of tropical
agrowaste: A new modeling approach based on the inorganic composition. Fuel 235, 45-53.

Rubin, E.M. (2008). Genomics of cellulosic biofuels. Nature 454, 841-845.

167



References

Ryu, S.-E., Kim, T.-N., and Kang, T.-K. (1997). Pulverization of rice husks and the changes of husk
densities. J. Mater. Sci. 32, 6639-6643.

Saavedra Rios, C. del M., Simone, V., Simonin, L., Martinet, S., and Dupont, C. (2018). Biochars from
various biomass types as precursors for hard carbon anodes in sodium-ion batteries. Biomass
Bioenergy 117, 32-37.

Sadezky, A., Muckenhuber, H., Grothe, H., Niessner, R., and Poschl, U. (2005). Raman
microspectroscopy of soot and related carbonaceous materials: Spectral analysis and structural
information. Carbon 43, 1731-1742.

Sansaniwal, S.K., Rosen, M.A., and Tyagi, S.K. (2017). Global challenges in the sustainable development
of biomass gasification: An overview. Renew. Sustain. Energy Rev. 80, 23-43.

Scarlat, N., Martinov, M., and Dallemand, J.-F. (2010). Assessment of the availability of agricultural crop
residues in the European Union: Potential and limitations for bioenergy use. Waste Manag. 30,
1889-1897.

Septien, S., Escudero Sanz, F.J., Salvador, S., and Valin, S. (2018). The effect of pyrolysis heating rate on
the steam gasification reactivity of char from woodchips. Energy 142, 68-78.

Sergeev, D., Yazhenskikh, E., Kobertz, D., and Miiller, M. (2019). Vaporization behavior of Na2CO3 and
K2CO3. Calphad 65, 42—49.

Shafeeyan, M.S., Daud, W.M.A.W., Houshmand, A., and Shamiri, A. (2010). A review on surface
modification of activated carbon for carbon dioxide adsorption. J. Anal. Appl. Pyrolysis 89, 143-151.

Sheng, C. (2007). Char structure characterised by Raman spectroscopy and its correlations with
combustion reactivity. Fuel 86, 2316-2324.

Sikarwar, V.S., Zhao, M., Clough, P., Yao, J., Zhong, X., Memon, M.Z., Shah, N., Anthony, E.J., and
Fennell, P.S. (2016). An overview of advances in biomass gasification. Energy Environ. Sci. 9, 2939-
2977.

Sikarwar, V.S., Zhao, M., Fennell, P.S., Shah, N., and Anthony, E.J. (2017). Progress in biofuel production
from gasification. Prog. Energy Combust. Sci. 61, 189-248.

Strandberg, A., Holmgren, P., Wagner, D.R., Molinder, R., Wiinikka, H., Umeki, K., and Brostrém, M.
(2017). Effects of Pyrolysis Conditions and Ash Formation on Gasification Rates of Biomass Char.
Energy Fuels 31, 6507-6514.

Struis, R.P.W.J., von Scala, C., Stucki, S., and Prins, R. (2002). Gasification reactivity of charcoal with
CO2. Part I: Conversion and structural phenomena. Chem. Eng. Sci. 57, 3581-3592.

Sueyasu, T., Oike, T., Mori, A., Kudo, S., Norinaga, K., and Hayashi, J. (2012). Simultaneous Steam
Reforming of Tar and Steam Gasification of Char from the Pyrolysis of Potassium-Loaded Woody
Biomass. Energy Fuels 26, 199-208.

Tascdn, J.M. (2012). Novel Carbon Adsorbents (Elsevier).

Thommes, M., Kaneko, K., Neimark, A.V., Olivier, J.P., Rodriguez-Reinoso, F., Rouquerol, J., and Sing,
K.S.W. (2015). Physisorption of gases, with special reference to the evaluation of surface area and
pore size distribution (IUPAC Technical Report). Pure Appl. Chem. 87, 1051-1069.

168



References

Tromp, P.J.J., and Cordfunke, E.H.P. (1984). A thermochemical study of the reactive intermediate in
the alkali-catalyzed carbon gasification. I. X-ray diffraction results on the alkali-carbon interaction.
Thermochim. Acta 77, 49-58.

Umeki, K., Moilanen, A., Gomez-Barea, A., and Konttinen, J. (2012). A model of biomass char
gasification describing the change in catalytic activity of ash. Chem. Eng. J. 207-208, 616—-624.

United Nations Framework Convention on Climate Change (2015). Paris Agreement.

United Nations Framework Convention on Climate Change (2019). Paris Agreement - Status of
Ratification.

Van Swaaij, W.P.M. (1981). Gasification — the process and the technology. Resour. Conserv. 7, 337-
349,

Vassilev, S.V., Baxter, D., Andersen, L.K., and Vassileva, C.G. (2010). An overview of the chemical
composition of biomass. Fuel 89, 913-933.

Vassilev, S.V., Baxter, D., Andersen, L.K., Vassileva, C.G., and Morgan, T.J. (2012). An overview of the
organic and inorganic phase composition of biomass. Fuel 94, 1-33.

Vassilev, S.V., Baxter, D., Andersen, L.K., and Vassileva, C.G. (2013). An overview of the composition
and application of biomass ash. Part 1. Phase-mineral and chemical composition and classification.
Fuel 105, 40-76.

Wang, Q., Zhang, R., Luo, Z., Fang, M., and Cen, K. (2016). Effects of Pyrolysis Atmosphere and
Temperature on Coal Char Characteristics and Gasification Reactivity. Energy Technol. 4, 543-550.

Wang, S., Wang, C., and Ji, X. (2017). Towards understanding the salt-intercalation exfoliation of
graphite into graphene. RSC Adv. 7, 52252-52260.

Wen, W.-Y. (1980). Mechanisms of Alkali Metal Catalysis in the Gasification of Coal, Char, or Graphite.
Catal. Rev. 22, 1-28.

de Wild, P. (2011). Biomass pyrolysis for chemicals. University of Groningen.

Wood, B.J., and Sancier, K.M. (1984). The Mechanism of the Catalytic Gasification of Coal Char: A
Critical Review. Catal. Rev. 26, 233-279.

Xiao, R., Chen, X., Wang, F., and Yu, G. (2011). The physicochemical properties of different biomass
ashes at different ashing temperature. Renew. Energy 36, 244—-249.

Yip, K., Tian, F., Hayashi, J., and Wu, H. (2009). Effect of Alkali and Alkaline Earth Metallic Species on
Biochar Reactivity and Syngas Compositions during Steam Gasification. Energy Fuels 24, 173-181.

Zahara, Z.F., Kudo, S., Daniyanto, Ashik, U.P.M., Norinaga, K., Budiman, A., and Hayashi, J. (2018). CO2
Gasification of Sugar Cane Bagasse: Quantitative Understanding of Kinetics and Catalytic Roles of
Inherent Metallic Species. Energy Fuels 32, 4255-4268.

Zaror, C.A., Hutchings, 1.S., Pyle, D.L., Stiles, H.N., and Kandiyoti, R. (1985). Secondary char formation
in the catalytic pyrolysis of biomass. Fuel 64, 990-994.

169



References

Zhang, Y., Ashizawa, M., Kajitani, S., and Miura, K. (2008). Proposal of a semi-empirical kinetic model
to reconcile with gasification reactivity profiles of biomass chars. Fuel 87, 475-481.

Zhao, D., Dai, Y., Chen, K., Sun, Y., Yang, F., and Chen, K. (2013). Effect of potassium inorganic and
organic salts on the pyrolysis kinetics of cigarette paper. J. Anal. Appl. Pyrolysis 102, 114-123.

Zhao, H., Xu, W., Song, Q., Zhuo, J., and Yao, Q. (2018). Effect of Steam and SiO2 on the Release and
Transformation of K2CO3 and KCI during Biomass Thermal Conversion. Energy Fuels.

Zhao, Y., Feng, D., Zhang, Y., Huang, Y., and Sun, S. (2016). Effect of pyrolysis temperature on char
structure and chemical speciation of alkali and alkaline earth metallic species in biochar. Fuel
Process. Technol. 141, 54-60.

170



Annex A. Determination of the TGA chemical regime
conditions

To ensure that the TGA measurements represent the intrinsic kinetics, the experiments must be
performed in chemical regime. This means that the gasification kinetics must be controlled by the
chemical reaction. The heat and mass transfers must be faster and therefore not limiting, i.e.
considered as instantaneous compared to the chemical reaction.

Experiments with several initial masses are conducted in order to determine the mass required
for the chemical regime.

For this study, the samples are chars from sunflower seed shells produced in the slow pyrolysis
furnace MATISSE (see 1.2.1 in Chapter Il). Results of the gasification solid conversion as a function of
time are plotted in Figure Annex A.1.
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Figure Annex A.1 | Gasification conversion as a function of time for several initial mass of
sunflower seed shells chars.

The gasification kinetics are similar for 3 and 4 mg of initial char. On the opposite, for an initial
mass of 5 mg and above, gasification takes a longer time, i.e. the apparent reactivity decreases. These
observations indicate that there are transfer limitations from 5 mg of initial char.

Itis better to use the highest mass as possible to reduce the uncertainties, i.e. to reduce the signal-
to-noise ratio. Consequently, the mass of char to use in the TGA must be of approximately 4 mg.
Considering the mass loss of around 75% occurring during pyrolysis in the TGA (see 2.1 in Chapter Il),
it corresponds to a mass of raw biomass of approximately 15 mg.
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Abstract: A study was conducted to investigate the parameter that has influence on steam gasification
kinetics between the biomass type and char preparation. Thermogravimetric analysis (TGA) was
carried out on steam gasification of seven biomass samples as well as chars from three of these
samples. Chars were prepared using three different sets of low heating rate (LHR) pyrolysis conditions
including temperature and biomass bed geometry. It was shown by a characteristic time analysis that
these pyrolysis conditions were not associated with a chemical regime in a large amount of devices.
However, it has been shown experimentally that conditions used to prepare the char had a much
lower influence on steam gasification kinetics than the biomass type.

Keywords: biomass; steam gasification; kinetics; pyrolysis conditions; thermogravimetric analysis;
characteristic time analysis

1. Introduction

Today, there is a consensus about the increasing need of biomass use for energy applications.
Given the limited availability of wood, it seems essential to identify and to convert other biomass
resources such as agricultural co-products. Among the various techniques for biomass conversion to
energy, the gasification process is a promising one [1] such as in the case of hydrogen production [2—4]
or liquid fuel synthesis [5-7]. This process includes two main steps that can overlap: biomass pyrolysis
leading to char formation and gasification of the char producing syngas, i.e., a gas mixture of mainly
CO and Hy. It has been shown that, with steam as a gasifying agent, the char gasification reaction has
the slowest reaction under typical operating conditions [8]. Therefore, the design of industrial gasifiers
requires the understanding and control of the steam gasification kinetics.

Since char is the starting material for gasification, it is important to identify the main parameter
affecting char gasification kinetics.

In literature, two charring parameters are identified as having a potential influence on the steam
gasification kinetics including pyrolysis operating conditions and biomass type [9]. The influence of
pyrolysis conditions is largely related to the heating rate. Differences are especially noted between
slow pyrolysis—low heating rate (LHR), <50 °C-min~!—and fast pyrolysis—high heating rate (HHR),
500 °C-min~! [10]. The steam gasification rate increases when the heating rate increases, which is

Energies 2018, 11, 2126; doi:10.3390/en11082126 www.mdpi.com/journal/energies
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linked to char morphology differences. During LHR pyrolysis, the char keeps its natural porosity
while, in HHR pyrolysis, larger cavities are formed [Y]. This larger surface area in the case of HHR
pyrolysis along with the higher content in oxygen and hydrogen results in more available active
sites [11]. The influence of the biomass type is basically related to the inorganic elements content of
the biomass [|7], which can attain high values for some resources such as agricultural residues [ °].
In particular, alkali and alkaline earth metals (AAEMs) have a catalytic effect on gasification [14-17].
In contrast, elements such as silicon or phosphorus have an inhibiting effect [15,19].

To explain the origin of the influence of these two parameters, the first step is to determine the
regime of the transformation, i.e., the phenomenon—chemical reaction or transfer—limiting its kinetics.
Char preparation in conditions outside the chemical regime could result in variations in the properties
of the chars. Differences between the chars obtained could lead to differences between their gasification
behaviors. The regime of the transformation can be assessed through an analysis of the characteristic
times of the phenomena involved. In literature, such an analysis has already been conducted by several
authors. For instance, this can include pyrolysis [20-24], pyrogasification [8], and torrefaction [25] at
the particle scale. However, most of these studies were performed for fast pyrolysis (HHR) and not
slow pyrolysis (LHR). Moreover, time scale analysis is usually applied to a particle (for micrometric to
centimetric scale particles), but more rarely to a bed of fine particles. One example can be found for
torrefaction for which Gonzalez Martinez et al. [25] performed such an analysis at particle as well as at
bed scale.

The present work combines the analysis of these characteristic times both at a particle scale and at
a bed scale and an experimental study through thermogravimetric analysis (TGA). It focuses on slow
pyrolysis (LHR) conditions (10 to 24 °C-min~1) and parameters as the amount of biomass treated, i.e.,
geometry (height and surface) of the crucible and the working temperature (450 °C or 800 °C in one or
two steps). Gasification was carried out on seven biomass samples as well as on chars prepared from
three of these samples in four different sets of conditions. It aims to assess the relative influence of
the two parameters previously discussed including char preparation conditions and biomass type on
steam gasification kinetics.

2. Materials and Methods

2.1. Biomass Samples

Seven biomass samples covering a variety of compositions were selected for this study.
The selection mainly includes agricultural residues. Samples were ground below 200 pm in a rotor
mill. The ash content and inorganic element composition of the samples was measured, according to
solid fuel standards NF EN 14775 [26] and NF EN ISO 16967 [27], respectively. Values obtained for
each biomass sample can be found in Table 1. From these values, the three main inorganic elements in
mass were identified.

The main inorganic elements contained in all biomasses are Ca and K. The third main element
is Si, Mg, or P. Rice husk and wheat straw can be classified as silica-rich. Sunflower seed shells and
alfalfa have a high potassium content. The others are rich in calcium.
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Table 1. Ash and inorganic element content of the biomass samples (on dry basis).

30f15

, fice et oArft?::d Obarg  Vineyard  Sunflower
Biomass Sample Straw 2 : Residue Seed Alfalfa
Husk o Residue  Residue :
[28] > ) [28] Shells
[26] [25]
Ash at 550 °C (wt %) 14.1 6.8 3.8 37 2.6 3.3 7.8
Si (mg-kg™1) 60,750 20,757 820 990 1012 258 510
K (mg-kg™1) 5363 13,063 3771 7254 5045 12,926 25,695
Ca (mg-kg™) 1718 5627 9472 10,927 7808 6392 9694
Mg (mg-kg™!) 538 693 872 1374 1604 2812 1123
P (mg-kg™') 630 1373 1325 1161 1011 1323 2997
Na (mg-kg™1) 270 164 25 41 37 20 289
Al (mg-kg™1) 166 429 71 104 151 257 83
Fe (mg-kg™") 163 299 58 88 113 233 109
Mn (mg-kg™") 183 50 11 20 42 12 <11
Si Si Ca Ca Ca K K
Main Inorganic Elements K K K K K Ca Ca
Ca Ca P Mg Mg Mg P

2.2. Char Preparation

LHR pyrolysis in 1 L-min~! N, was carried out in three different sets of conditions in order to
prepare large amounts of char from the different biomass feedstocks. Two devices were used to carry
out the pyrolysis. They are illustrated in Figure 1.

NE\

@)

 Oven
— Sample
Nitrogen

Sample
‘ :j— Induction oven
Nitrogen
(b)

Figure 1. (a) Device M used for pyrolysis; (b) Device P used for pyrolysis.

Device M consists of a sample holder swept by nitrogen and placed in an oven. It can be used
for large quantities of sample (30 g to 50 g depending on biomass) but only operates at moderate
temperatures (450 °C). Device P consists of a mesh basket sample holder placed in a tube swept by
nitrogen and heated by induction. It can reach higher temperatures (800 °C), but a lower amount of
sample (approximately 5 g) can be converted at once.

Each set of conditions for char preparation from the biomass samples is described in Table 2.
The first set of conditions (char M) is at a low temperature (450 °C) while the two other sets of
conditions (char M-P and char P-P) have two temperature steps (450 °C and 800 °C) in the same or

different devices.

In addition, char was produced from in-situ pyrolysis of the biomass before gasification in the
thermo-balance (see following section), which pyrolysis conditions (char TGA) are listed in Table 2.
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Table 2. Pyrolysis conditions for char preparation from the biomass samples.

Char TGA Char M Char M-P Char P-P

Device for treatment at 450 °C TGA Device M Device M Device P
Sam!:)le hold«?r dimension at 450 °C 25 %7 40 x 70 40 x 70 48 x 32
height x diameter (mm x mm)
Heating rate to 450 °C (°C-min~1) 24 10 10 24
Holding time at 450 °C (min) 60 60 60 60
Cooling between treatment at 450 °C
and 800 °C No - Yes No
Device for treatment at 800 °C TGA - Device P Device P
Heating rate to 800 °C (°C-min~1) 24 - 24 24
Holding time at 800 °C (min) 30 - 30 30

TGA: thermogravimetric analysis.

2.3. Steam Gasification Reactivity

Steam gasification reactivities of the four types of char (Table 2) were obtained through
thermogravimetric analysis (TGA). Experiments were carried out at an atmospheric pressure using a
Setsys thermobalance (SETARAM, Caluire, France) coupled with a Wetsys steam generator. For chars
M, M-P, and P-P, which is a mass of 3 mg to 4 mg—i.e., the mass experimentally determined to be
independent from heat and mass transfer influence—was placed in a cylindrical crucible of 2.5 mm
height and 7 mm diameter. Samples were heated at 24 °C-min~! until 800 °C under 0.05 L-min~"
N, except for char TGA, which starting material was biomass and for which an intermediate step at
450 °C was performed, which is shown in Table 2. In this last case, a mass of 14 mg of biomass was
placed in the crucible. Samples were swept by N for 45 min after the final temperature was reached to
ensure pyrolysis completion and mass stability. Gas was then switched to a mixture of 20 vol % H,O
in Nj.

Steam gasification reactivities of the biomass samples were also measured. It corresponds to
the preparation of char TGA described in the previous section, which is directly followed by steam
gasification. The experimental procedure was similar to the one used for chars.

A solid conversion was then defined from mass loss measured as a function of time during TGA

by using the following expression.
m; — m(t
y = Dl <1>
m; — my
where m;, m(t), and my are the masses of char before gasification (at the time of steam injection) at the
time f and at the end of gasification (remaining ash), respectively.
The gasification rate could then be defined as the variation of conversion versus the

equation below.

ax

An average reactivity between two values of conversion X; and X, was also defined below.

tx, r()dt
ffxlz 1 - X(1)

tx; — %, ’

@)

™ -X, =

2.4. Characteristic Time Calculation

The characteristic time of a phenomenon is the theoretical time needed for a process to occur when
it is only controlled by this phenomenon [29]. It depends on the operating conditions. Phenomena
to consider can be chemical reactions, heat transfers, mass transport, or other phenomena. From
comparing characteristic times, the limiting phenomenon can be identified and the regime of the
process can be defined.
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In this study, characteristic times were calculated for char preparation through pyrolysis and for
steam gasification of the char to represent the chosen experimental procedure as closely as possible
in which the two reactions occur one after the other. Analysis of the characteristic times of the
pyrolysis step is important since, if other phenomena than the chemical reaction occur, it could result
in the production of different chars in the different conditions. Since char is the starting material to
gasification, it could mean that these chars would behave differently during gasification. Analysis of
the characteristic times of the gasification step is meant to validate the results from steam gasification
TGA since reactivities are meaningful only in a chemical regime, i.e., when the chemical reaction is the
leading phenomenon.

Phenomena involved in each process are illustrated in Figure 2.

System (porous Gas atmosphere System (porous Gas atmosphere
particle or bed of particle or bed of
biomass) Heat transfer char)
by radiation
Pyrolysis reaction e ieat: drandfer Gasification reaction *° External
-‘ o ss transf
Heat conduction o by convection Internal mass dlfquIO;\‘ Ll ti
(@) (b)

Figure 2. (a) Phenomena involved in pyrolysis; (b) Phenomena involved in gasification.

In the case of pyrolysis, the process is not led under isothermal conditions. Therefore, the
characteristic times of the phenomena were compared to the heating time.
Characteristic times of each phenomenon as well as heating time are defined in Tables 3 and 4 for

pyrolysis and gasification, respectively.

Table 3. Characteristic time definition for the pyrolysis of biomass.

Phenomenon Definition of Characteristic Time
Pyrolysis chemical reaction tpyro = lﬁ
External heat transfer by convection by = 1fe ch sotidle
1
S ak _ PsalidCp solid Le
b1 =
External heat transfer by radiation rad P22 Tome -+ Tustd) (TX;‘ g |
Internal heat transfer by conduction teond = PeotidCp solia L
solid
. Teas — Teolid
" = ol oSOl
Heahng thzalmg Theating

Table 4. Characteristic time definition for the gasification of biomass.

Phenomenon Definition of Characteristic Time
Gasification chemical reaction teasif = ‘x:—‘l
External mass transfer tmass.ext = h’:""}',"—""fﬁ"a
Internal mass diffusion taiffint = D'j‘,

Pyrolysis and gasification chemical reactions of kinetic parameters were taken from literature.

Pyrolysis kinetic parameters were taken from Di Blasi’s review [30]: results were calculated both for the
fastest [31] and the slowest [32] laws. For gasification, a law taking into account biomass composition
was chosen [18]. Among a fast-reacting biomass, alfalfa, and a slow reacting one, barley straw were
chosen for comparison. All kinetic constants and their parameters values are gathered in Table 5.
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Table 5. Kinetic constants for pyrolysis and gasification reactions.

E my

. . . . . aa] a
Reaction Kinetic Constant Expression Biomass ko (s™7) (J-mol-1) s a b
. Ei yyrs Rice husk 5.8 x 10' 200 E - -
Byl Kpyro 0exp (_ “R‘I[\T) lenﬂower
) 1.0 x 10° 78.15 - - -
shells
E v Barley g8 x 10t 167 01 018 059
Gasification  Kgasif €xp (— -ﬁ-fr}i) Pi% (a o+ b) straw
’ Alfalfa 8.8 x 104 167 50 018 059

Characteristic lengths used in characteristic time calculations are defined in Table 6.

Table 6. Characteristic lengths used for characteristic time calculations with d), the particle diameter,
D, the bed diameter, and H, the bed height.

Characteristic Length Characteristic Length L,

System Considered 1. Definition Device Value (m)
] d All devices 3.3 %1073
Particle scale + TGA 6.3 x 1074
D.H Device M 1.6 x 1073

Bed scale 2D, + 4H; Device P 53 x 1073

Properties of the solids—biomass and char—were estimated from literature data or from our own
measurements. They are gathered in Table 7.

Table 7. Physical properties of biomass and char particles and beds.

Property Biomass Particle Biomass Bed Char Particle Char Bed
Porosity €giiq (-) - 0.5 (estimated) 0.7 [33] 0.5 (estimated)
Tortuosity Tspia (-) - - 3[34] 1.57 [35]
Density pg,iq (kg-m~3) 860 430 (measured) 400 (estimated) 200
Specific heat ¢, jig (J-kg™*-K™) 1266 [36] 1266 - -
Thermal conductivity Agyig 0.18 [37] 0.09 - %
W-m~1.K™1)

Emissivity wgeiq (-) 0.9 [37] 0.9 - . -

Lastly, transfer coefficients were obtained from correlations from literature. They use gas
properties from literature [37] and are defined in Table 8.

Table 8. Definition of transfer coefficients.

Transfer Coefficient Coefficient Definition Correlation
Heat transfer coefficient AeasNu _ ! 2 0.4 20
b Wty il Nu = 2+ (04Ret + 0.06Re} ) Pr [35]
Effective diffusion — 0002 s+ i)
coefficient D (m?-s™ 1) Tt DH20-N2 Dy,0-n, 7 = ; [39]
P (@004 201,
Mass transfer coefficient Du,0-N, Sh o 1 2\ .04 2
e gl Sh =2 + (04Rel + 0.06Re? )sc [36]

Gas properties have a satisfactory accuracy while biomass and char properties as well as heat and
mass transfer coefficients and kinetic parameters are estimated or calculated from empirical equations.
Therefore, this low accuracy on the values used for calculations must be taken into account when
analyzing the results obtained for characteristic times.
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3. Results and Discussion

7 of 15

The experimental method used to demonstrate the influence of char preparation and biomass
type involves various experimental devices at different scales. Therefore, it is necessary to look at the
time scales of the phenomena involved in the process to determine its regime, i.e., chemical regime
or regime led by heat or mass transfer. The analysis was conducted separately on pyrolysis and on

gasification since these two steps were experimentally separated.

3.1. Characteristic Time Analysis

3.1.1. Analysis of Characteristic Times of the Pyrolysis Step

Characteristic times of the pyrolysis step are represented in Figure 3 for particle scale and for
bed scale in the conditions of TGA, device M, and device P for a particle size below 200 pm. Results
are shown as a function of temperature between 200 °C and 450 °C, i.e., in the range of temperature
corresponding to biomass degradation, according to the literature [40].
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Figure 3. Characteristic times of the pyrolysis step as a function of temperature for: (a) particle scale
in TGA conditions; (b) bed scale in TGA conditions; (c) bed scale in device M conditions; and (d) bed
scale in device P condition. TGA: thermogravimetric analysis.
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Calculations at particle scale were carried out for each of the three device conditions but
results showed very negligible differences that were not noticeable through graphical representation.
Therefore, only results obtained from TGA conditions are presented in this paper.

In all four cases, heating time and pyrolysis reaction times are the same except for heating time in
device M conditions, but its variation is negligible. Only the three heat transfer characteristic times
vary since they depend on the geometry of the system. Clearly, these characteristic times increase
when the scale of the system—particle and beds of different sizes—increases.

When comparing heat transfers to the pyrolysis chemical reaction, it can be seen that their
characteristic times are of the same order magnitude at least in part of the temperature range.
This indicates that these phenomena occur simultaneously and none can be neglected.

Moreover, since pyrolysis was experimentally carried out in a dynamic mode, these times
need to be compared with the heating time. For the phenomena to have enough time to occur,
heating time should be higher than the phenomena characteristic times. In this study, heating times
chosen for preparing the chars are of the same order of magnitude as the characteristic times of the
phenomena involved.

In conclusion, characteristic time analysis shows that the pyrolysis step does not occur in a
chemical regime. All phenomena occur simultaneously—none of them is negligible—and heating is
too fast for the phenomena to occur.

Not being in a chemical regime during pyrolysis could result in chars that have different properties.
Having different starting materials for gasification could, therefore, induce different kinetic behaviors.
This is why it is important to check experimentally that chars produced under various conditions give
the same gasification kinetics.

3.1.2. Analysis of Characteristic Times of the Gasification Step

Characteristic times of the gasification step are represented in Figure 4 for particle scale and bed
scale under TGA conditions. Results are shown as a function of temperature between 500 °C and
1000 °C with the experimental study carried out at 800 °C in our study.

10,000,000 10,000,000
1,000,000 1,000,000
% 100,000 @ 100,000
P 10,000 v 10,000
£ 1,000 £ 1,000 }
= 1[118 = 100
g 1 g B
3 0.1 2 0.1
£ 0.01 < 0.01
g 0.001 ! 0.001 #—S—————————
& 0.0001 £ 0.0001 ———t——t
O 0.00001 O 0.00001
0.000001 ——— 0.000001
0.0000001 I 0.0000001
500 600 700 800 900 1000 500 600 700 800 900 1000
Temperature (°C) Temperature (°C)
=—tpassext _._tdyfim‘ == tacs ext +td§ffimt
— tgasi{sfow _N_tgnsifﬁ:st _“_tgasgfsfow _“_tgns'pffasr
(a) (b)

Figure 4. Characteristic times of the gasification step as a function of temperature for TGA conditions
at: (a) particle scale and (b) bed scale.
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At both scales, gasification chemical reactions with characteristic times remain the same. Mass
transfer times slightly increase when the scale increases. However, at both scales and for both
gasification kinetic laws, the gasification chemical reaction times are significantly higher—five to
eight orders of magnitude—than mass transfer times. Therefore, according to time scales analysis,
the gasification chemical reaction is the limiting phenomenon and mass transfers are negligible in
comparison. The process occurs in the chemical regime.

This result is important since it means that kinetics obtained through TGA in these conditions
should be intrinsic. According to this analysis, they exclusively represent the gasification chemical
reaction without any bias from mass transfers.

However, Di Blasi’s review [Y] states that, even in TGA, typical operating condition mass transfers
can have a non-negligible effect on char gasification. To verify this result experimentally for the
conditions of the work presented in this study, gasification was carried out on different masses of
the same char sample ranging from the full crucible (14 mg) to 3 mg. Only gasification of 4 mg or
below showed the same kinetics. Higher masses of samples reacted more slowly, which indicated
mass transfer limitations. These observations were close to previous results obtained on the same
apparatus under similar conditions [12]. It shows the limits of characteristic time analysis, which relies
on parameters known with limited accuracy.

3.2. Influence of Biomass Type

The influence of the biomass type on gasification kinetics was investigated through TGA of the
biomass samples, i.e., preparation of char TGA and gasification of this char. Results from the mass loss
as a function of time in these experiments are presented in Figure 5. Replicates are not shown in this
paper but were carried out to ensure repeatability of the process, which was validated—variability can
be seen in Figure 6 through error bars.

100 - 1000
W Pyrolysis : Gasification
i~ N 5 N,+H,0 00
30 2 ! 2702 800 Rice husk
S 70 700 5,3 —— Wheat straw
E 60 600 E —— Apple orchard residue
< 50 500 = ] .
E 10 00 & ——— Apricot orchard residue
= 30 300 E —— Vineyard residue
20 200 —— Sunflower seed shell
10
100 —— Alfalfa
0 : 0
0 50 100 150 200 250 Oven temperature

Time (min)
Figure 5. TGA of biomass samples presented as a mass loss and as a function of time. Pyrolysis:
0.05 L-min~! N, 24 °C/minutes, 1 h hold at 450 °C, 15-min hold at 800 °C. Gasification: 0.05 L-min~!
mixture 80 vol % N, /20 vol % H,0, 800 °C.

It can be noted that mass loss profiles obtained during the pyrolysis of biomass samples are
very similar.

The highest mass loss is observed for temperatures below 450 °C with approximately 75% of the
mass volatilized. Subsequently, around 5% of the mass is lost between 450 °C and 800 °C. These yields
align with results from literature [41]. They can be compared with char yields obtained after pyrolysis
in other devices used for char preparation, which are gathered in Figure 6.
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Figure 6. Char yield obtained in each char preparation condition (see Table 2).

There is a visible difference between values obtained at the thermo-balance scale and values
obtained on devices M and P. This observation might be due to heat transfer limitations that are
higher in the devices M and P, which are seen with characteristic times and can result in a lower solid
conversion, i.e., a higher char yield. However, large scale values are close to what is expected for slow
pyrolysis at pilot or industrial scale—35% char, 30% condensable products, and 35% non-condensable
products [40,42].

The focus is made on the gasification step in Figure 7 and presented as a solid conversion and as a
function of time.

100 z
90
£ 80 Rice husk
> 70
< —— Wheat straw
260
§ 50 —— Apple orchard residue
§ 40 —— Apricot orchard residue
- 30
E 20 —— Vineyard residue
10 —— Sunflower seed shell
0 —— Alfalfa
0 5 10 15 20

Time (min)

Figure 7. Solid conversion of biomass samples as a function of time during the gasification step (char
TGA, 0.05 L-min~! mixture 80 vol % N5 /20 vol % H;0, 800 °C). Including data from Dupont et al. [28].

Three families of behavior can be identified, which is identified in literature [18]:

e  Family 1 and its conversion rate is the highest and is constant and then increases such as in apple
orchard residue, apricot orchard residue, and vineyard residue.

e  Family 2 and its conversion rate is the slowest and is continuously decreasing such as in a rice
husk and wheat straw.

e  Family 3 and its conversion rate is intermediate and is constant and then decreases such as in
sunflower seed shells and in alfalfa.

In addition, average reactivities of these biomass samples can be compared. Values of average
reactivities between 1% and 80% conversion rates are gathered in Figure 8.
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Figure 8. Gasification average reactivity between 1% and 80% conversion of biomass samples (char
TGA, 0.05 L-min~! mixture 80 vol % N5 /20 vol % H,O, 800 °C).

Substantial variation between biomasses is noted due to a factor of almost 50 between average
reactivities of rice husk—slowest sample to be gasified at 1.2%-min~!—and alfalfa—fastest sample to
be gasified at 54.7%-min 1.

These results could be related to inorganic composition of biomass samples. Silica-rich samples
tended to have lower reaction rates than silica-poor samples. Among the latter, the reaction rate tends
to increase with increasing content of potassium, which is in accordance with literature [18,43]. Other
physicochemical characterizations such as a surface area measurement or H and O quantification have
not been performed in the present study and may bring a better understanding of the results.

3.3. Influence of Char Preparation

To investigate the influence of char preparation, steam gasification kinetics of chars prepared in
different conditions were compared. To carry out this comparison, samples with extreme behaviors
were selected from the study of biomass samples. Sunflower seed shells and alfalfa were chosen for
their high reactivity, high potassium content, and low silicon content. The rice husk was chosen for its
low reactivity, low potassium content, and high silicon content.

TGA of the gasification step was conducted on this chars selection. Results expressed in the form
of solid conversion as a function of time are presented in Figure 9. Reactivities between 1% and 80%
were derived from these results and are given in Figure 10.

100

Sunflower ——— CharTGA
seed shell

= === CharP-P

e P TS .
10 T B Rice husk

Solidconversion X (%)
BE5383388

Time (min)

Figure 9. Solid conversion of chars as a function of time during gasification (0.05 L-min~! mixture 80
vol % N3 /20 vol % H,0, 800 °C).
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Figure 10. Gasification average reactivity between 1% and 80% conversion of biomass and char samples
(see Table 2).

For each biomass, chars prepared in different conditions—in particular LHR pyrolysis conditions
and not in a chemical regime—have the same reactivity during gasification. One exception for char
M-P comes from the sunflower seed shells. No explanation was found regarding this result but it may
be found by characterizing the chars. However, variations are negligible compared to differences that
are observed between fast-reacting and slow-reacting biomass types. There is a factor of 1.2 in average
between reactivities of the various char samples from each biomass, which is very low when compared
to the factor of almost 50 calculated between reactivities of rice husk and alfalfa.

4. Conclusions

Thermogravimetric analysis (TGA) of biomass samples and of chars prepared from these
biomasses in different LHR pyrolysis conditions outside the chemical regime showed that the biomass
type has a significantly higher influence on steam gasification kinetics than char preparation conditions.
In the range of the seven studied biomass samples, a factor of almost 50 was measured between average
reactivities of the two samples with extreme behavior (rice husk with 1.2%-min~! and alfalfa with
54.7%-min~!). In comparison, chars prepared in conditions outside the chemical regime from various
amounts of biomass depending on the crucible geometry (height and surface) and several working
temperatures (450 °C or 800 °C in one or two steps) showed a much lower difference with an average
factor of 1.2 for a given biomass type.

The influence of biomass type could be assumed to be related to inorganic content of the biomass as
opposed to its molecular constituents—lignin, hemicellulose, cellulose. This assumption is supported
by literature data. However, further investigations are in progress and consist of physicochemical
characterization of chars from different biomass samples. It will confirm if inorganic composition is
the main influential parameter or if it should rather be explained by structural or textural properties of
the char.
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Specific heat of the solid phase (bed or particle)
Particle diameter

Diameter of the cylindrical bed

Effective diffusion coefficient

Diffusion coefficient of the mixture N,-H,O
External mass transfer coefficient

Heat transfer coefficient

Height of the cylindrical bed

Kinetic constant of the gasification reaction
Kinetic constant of the pyrolysis reaction
Molecular weight of water

Molecular weight of nitrogen

Nusselt number

Partial pressure of steam

Pressure of the gas

Prandtl number

Gasification rate

Heating rate

Universal gas constant

Reynolds number

Schmidt number

Sherwood number

Internal heat conduction time

External heat convection time

Characteristic time of internal mass diffusion
Characteristic time of the gasification chemical reaction
Heating time

Characteristic time of external mass transfer
Characteristic time of the pyrolysis chemical reaction
External radiation time

Gas temperature

Solid (bed or particle) temperature

Solid conversion

Porosity of the solid phase (bed or particle)
Thermal conductivity of the gas phase
Thermal conductivity of the solid phase (bed or particle)
Density of the solid phase (bed or particle)
Boltzmann constant

Diffusion volume of H,O

Diffusion volume of N

Tortuosity of the solid phase (bed or particle)
Emissivity of the biomass
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Annex C. Characteristic time analysis of the gasification step

This annex presents the results of the characteristic time analysis of the gasification step both at
particle scale and at bed scale for the cases of TGA and of the induction furnace PYRATES. The method
and the data used for the calculations are given in a published article (Dahou et al., 2018). The “device
P” in the article corresponds to the induction furnace PYRATES.

1. Characteristic times analysis of the gasification step

Characteristic times of the gasification step are represented as a function of temperature for the
particle scale in Figure Annex C.6 for a particle diameter of d,, = 0.2 mm, for the bed scale in Figure
Annex C.4 and Figure Annex C.2 for TGA and PYRATES respectively for a bed height of and H. = 2 mm
and H. = 48 mm respectively. Results are also displayed as a function of the particle diameter and
the bed height for a temperature of Ty, = 800 °C in Figure Annex C.5 and Figure Annex C.3.

At particle scale, the experimental device only has an influence on characteristic time of external
mass transfer and this influence is negligible compared to differences between the characteristic times
of the different phenomena.
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Annex C. Characteristic time analysis of the gasification step

Conclusions are the same at bed scale whatever the set up (TGA or PYRATES) and at particle scale.
Characteristic times of mass transfers are of the same order of magnitude but they are significantly
lower than the characteristic time of gasification chemical reaction—except for high temperatures in
PYRATES. The gasification reaction is therefore the limiting phenomenon during the gasification step
and the transformation occurs in chemical regime at 800 °C. This means that the transformation occurs
homogeneously inside the bed of particles and inside each particle under the conditions of the
calculations.

2. Sensitivity analysis of the characteristic times of the gasification step

Several numerical data used in this analysis have some uncertainties like the bed porosity and
tortuosity. Some other numerical data like the gasification kinetics law have different values depending
the biomass, the temperature range and the slow or fast pyrolysis thermal process.

Bed porosity and tortuosity have an effect into the characteristic times of internal mass diffusion
and external mass transfer at particle and bed scale. These parameters could not be measured and
have been estimated (Table 7 in (Dahou et al., 2018)) based on literature review. The sensitivity of
these two parameters have been investigated (+ 50%) for Tyqs = 800 °C d,, = 200 ym and H, =
48 mm at particle and bed scale respectively. Results from these analyses are presented in Figure
Annex C.7 and Figure Annex C.8 where a bar uncertainty represent the minimum and the maximum
values obtained.

1000 10000 o

=z 100 = 1000 ||
o o 100 !
£ 1? E 10 |
- = 1 i #_,_,_,_.'.—-——4-——3
2 0.1 a 01 ! 1
= 0.01 =
= = 0.01
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g oooo T §  oocom §
= 000001 ] 0.00001 |
S 0.000001 G 0000001 |
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—+—tmass ext tdiff int —+—tmassext —8—tdiff int
tgasif slow tpasif fast tgasif slow tgasif slow
Figure Annex C.7 | Characteristic times Figure Annex C.8 | Characteristic times
for the gasification step at particle- for the gasification step at bed scale
scale for Tgas = 800°C with the for Tgas = 800°C with the uncertainty
uncertainty related to bed porosity related to bed porosity and tortuosity
and tortuosity values. values.

Results show that for both characteristic times (internal mass diffusion and external mass
transfer) changes of one to two orders of magnitude in relation to bed porosity and tortuosity, in the
analyzed ranges, but remains several orders of magnitude lower than gasification characteristic time
for both particle and bed scale.
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Annex D. Pore size distribution of rice husk and sunflower
seed shell chars expressed in incremental volume
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Figure Annex D.9 | Pore size distribution using DFT model from N2 and COz adsorption isotherms
of rice husk and sunflower seed shell chars at several pyrolysis and gasification conversions
expressed in terms of incremental volume.
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Figure Annex D.10 | Ultramicropore size distribution using DFT model from CO: adsorption
isotherms of rice husk and sunflower seed shell chars at several pyrolysis and gasification
conversions expressed in terms of incremental volume.
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Annex E. Example of detailed results from calculations at
thermodynamic equilibrium

1. Simulation of the rice husks X0 sample from charM data

FactSage 7.2
(gram) 0.08565 C + 0.00495 H + 0.0345 0 + 0.0012 N +
(gram) 0.00028 S + 0.00015 C1 + 0.0195 si + 0.00225 K +
(gram) 0.0006 Ca + 0.00015 Mg + 0.0003 P + 0.00015 Na +

(gram) 0.00015 A1 + 0.00015 Fe + 25 N2 =

0.89562 mol gas_ideal

(25.026 gram, 0.89562 mol, 78.868 litre, 3.1731E-04 gram.cm-3)

(800 C, 1 atm, a=1.0000)
(0.99649 N2

+ 2.7355E-03 H2

+ 7.6536E-04 Cco

+ 4.7053E-06 H2S

+ 4.6455E-06 KC1

+ 7.9626E-07 HCN

+ 3.4734E-07 CH4

+ 2.7652E-07 H20

+ 8.4961E-08 Co2

+ 5.3721E-08 NH3

+ 5.2516E-08 KCN

+ 4.8099E-08 HC1

+ 4.1673E-08 Cos

+ 4.0111E-08 K

+ 1.5215E-08 (KC1) 2

+ 6.8012E-03 gram Slag
(6.8012E-03 gram, 3.8050E-05 mol)
(800 C, 1 atm, a=1.0000)

+ 0.23801 wt.% K451206

+ 15.589 wt.% K251205
+ 4.9899 wt.% K251409
+ 32.377 wt.% 51204

+ 14.966 wt.% KSi2A1l06

+ 0.57139 wt.% CaSioO3
+ 15.579 wt.% K25i5Mg012

+ 3.4510 wt.% FeS
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Annex E. Example of detailed results from calculations at thermodynamic equilibrium

+ 1.3574 wt.
+ 1.7058 wt.
+ 2.8864 wt.

+ 0.34445 wt.

+ 5.6751 wt.

System component
Fe

Ca

Si
Al

Mg

+ 1.0898E-03 gram K3P_MT

Na4Pp207

KAls2

K3P0O4

K4p207

Na4MgP208)

Amount/mol

2

3.

(1.0898E-03 gram, 2.6651E-06 mol)

(800 C, 1 atm,

( 8.6442 wt.
+ 0.74318 wt.
+ 2.7530E-04 wt.
+ 49.987 wt.

+ 40.625 wt.

System component
Ca
K
P

Mg

oe

.6860E-06

6251E-07

.5680E-05

.4684E-06

.3555E-06

.2580E-05

.5594E-06

.7494E-06

.5246E-06

.8281E-04

a=1.0000)

(K20) 2 (P205) (K20)

(K20) 2 (P205) (CaO)

(K20) 2 (P205) (K2Ca02)

(K20) 2 (P205) (MgO)

(K20) 2 (P205) (K2Mg02) )

Amount/mol

2

1

5

2

2

+ 7.7403E-02 gram C_Graphite

(7.7403E-02 gram, 6.4445E-03 mol)

(800 ¢, 1 atm, S1,

.0966E-08

.3009E-05

.3301E-06

.4222E-06

.2273E-05

a=1.0000)

+ 3.3412E-02 gram SiO2 quartz beta (s3)

(3.3412E-02 gram, 5.5609E-04 mol)

(800 C, 1 atm, S2,

a=1.0000)

Amount/gram

1

1

.5000E-04

.4529E-05

.0041E-03

.4328E-04

.3491E-04

.0385E-03

.5000E-04

.1129E-05

.5000E-04

.9248E-03

Amount/gram

8.

5.

4027E-07

0863E-04

.6509E-04

.8871E-05

.5635E-04

Mole fraction

8.

1

Mole fraction

4.

6989E-03

.1740E-03

.3168E-02

.4471E-02

.4106E-02

.23506

.8005E-02

.2143E-02

.1131E-02

.59205

8695E-04

.30215

.12380

.6258E-02

.51731

Mass fraction

2.2055E-02

2.1362E-03

0.14763

2.1067E-02

1.9836E-02

0.29972

2.2055E-02

1.3399E-02

2.2055E-02

0.43005

Mass fraction

7.7104E-04

0.46672

0.15149

5.4021E-02

0.32699
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Annex E. Example of detailed results from calculations at thermodynamic equilibrium

+ 5.4492E-03 gram Ca2K25i19021_solid
(5.4492E-03 gram, 7.2937E-06 mol)

(800 C, 1 atm, S1, a=1.0000)

R EE RS E RS E SRS SRS SRR E SRS EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

H G \ S Cp
(J3) (J) (litre) (J/K) (J/K)

R R R R R R

2.07315E+04 -2.01020E+05 7.88685E+01 2.06636E+02 2.98299E+01

H G S Cp
(J) (J) (J/K) (J/K)

gas_ideal 2.12950E+04 -2.00173E+05 2.06372E+02 2.96252E+01
K3P_MT -1.37068E+01 -1.61841E+01 2.30841E-03 2.15587E-03
Slag -8.57252E+01 -1.02908E+02 1.60116E-02 1.53409E-02
C Graphite 8.63116E+01 -9.34791E+01 1.67535E-01 1.42369E-01
Si02_quartz_beta (s3) -4.78380E+02 -5.50555E+02 6.72549E-02 3.87429E-02
Ca2K28i9021 solid -7.20195E+01 -8.33393E+01 1.05482E-02 6.08256E-03

Total mass/gram = 25.150

Total mass/gram excluding gas ideal = 0.12415

Databases: FTsalt 7.2, GTOX, FactPS 7.2

2. Simulation of the sunflower seed shells X0 sample from charM data

FactSage 7.2
(gram) 0.1149 C + 0.0057 H + 0.0186 O + 0.0018 N +
(gram) 0.00018 S + 0.00015 Ccl1 + 0.00015 si + 0.00405 K +
(gram) 0.00195 ca + 0.0009 Mg + 0.00045 P + 0.00015 Na +

(gram) 0.00015 AL + 0.00075 Fe + 25 N2 =

0.89638 mol gas _ideal

(25.039 gram, 0.89638 mol, 78.935 litre, 3.1721E-04 gram.cm-3)

(800 C, 1 atm, a=1.0000)
( 0.99565 N2

+ 3.1525E-03 H2

+ 1.1207E-03 Cco

+ 3.9431E-05 KCN

+ 3.0129E-05 K

+ 4.6890E-06 KC1
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Annex E. Example of detailed results from calculations at thermodynamic equilibrium

8.5444E-07

4.6663E-07

4.6131E-07

1.8218E-07

6.6434E-08

4.3220E-08

1.5501E-08

1.2442E-08

+ 2.8597E-03 gram K3P MT

(2.8597E-0
(8

(

+

+

+

Ca
K
P

Mg

HCN
H20
CH4
Cco2
NH3
(KCN) 2
(KC1) 2

KOH

3 gram, 6.1520E-06 mol)

00 C, 1 atm,

2.6151E-03

6.7414E-05

2.0252E-02

1.4889E-04

99.977

wt.

wt.

wt.

wt.

wt.

+ 1.6010E-03 gram MeO#2

(1.6010E-0
(8

(

+

+

Fe
Ca

Al

System component Amount/mol Amount/gram
1.2100E-09 4.8495E-08
3.6912E-05 1.4432E-03
1.2304E-05 3.8110E-04
6.1507E-06 1.4949E-04
5.5368E-05 8.8586E-04

3 gram, 2.8553E-05 mol)

00 C, 1 atm, a=1.0000)
4.4029E-04 wt.% Al+3:0-2
99.970 wt.% Ca+2:0-2
5.3339E-04 wt.$% Fe+2:0-2
1.3266E-05 wt.% Fe+3:0-2
2.8574E-02 wt.% Mg+2:0-2
8.3431E-05 wt.% Va:0-2
1.4147E-25 wt.% Na+1:0-2)

System component Amount/mol Amount/gram
1.2182E-10 6.8030E-09
2.8541E-05 1.1439E-03
1.6401E-10 4.4251E-09
1.1350E-08 2.7587E-07

Mg

oe

a=1.0000)

(K20) 2 (P205) (K20)
(K20) 2 (P205) (CaO0)
(K20) 2 (P205) (K2Ca02)
(K20) 2 (P205) (MgO)

(K20) 2 (P205) (K2Mg02))

Mole fraction

1.0927E-05

0.33333

0.11111

5.5543E-02

0.50000

Mole fraction

2.1332E-06

0.49980

2.8719E-06

1.9876E-04

Mass fraction

1.6958E-05

0.50467

0.13327

5.2275E-02

0.30977

Mass fraction

4.2492E-06

0.71448

2.7640E-06

1.7231E-04
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Annex E. Example of detailed results from calculations at thermodynamic equilibrium

Na 7.3090E-32 1.6803E-30 1.2799E-27 1.0495E-27

¢} 2.8553E-05 4.5683E-04 0.50000 0.28534

+ 1.2100E-03 gram MeO#1
(1.2100E-03 gram, 2.9985E-05 mol)
(800 C, 1 atm, a=1.0000)
( 2.9013E-03 wt.% Al+3:0-2
+ 2.4188E-03 wt.% Ca+2:0-2

+ 0.26722 wt.% Fe+2:0-2

+

5.7341E-05 wt.% Fe+3:0-2
+ 99.727 wt.% Mg+2:0-2
+ 5.4642E-04 wt.% Va:0-2

+ 1.9867E-25 wt.% Na+1l:0-2)

System component Amount/mol Amount/gram Mole fraction Mass fraction
Fe 4.5012E-08 2.5137E-06 7.5058E-04 2.0775E-03
Ca 5.2189E-10 2.0916E-08 8.7025E-06 1.7287E-05
Al 8.1675E-10 2.2037E-08 1.3619E-05 1.8213E-05
Mg 2.9938E-05 7.2765E-04 0.49922 0.60139

Na 7.7568E-32 1.7833E-30 1.2934E-27 1.4738E-27
0 2.9985E-05 4.7974E-04 0.50000 0.39650

+ 8.0925E-04 gram OLIVINE
(8.0925E-04 gram, 4.6995E-06 mol)

(800 C, 1 atm, a=1.0000)

(99.776 wt.% Ca+2:Ca+2:3i+4:0-2
+ 1.4035E-07 wt.% Cat2:Fe+2:5i+4:0-2
+ 1.9185E-14 wt.$ Ca+2:Mg+2:Si+4:0-2
+ 1.9343E-04 wt.% Fet2:Ca+2:5i+4:0-2
+ 2.7017E-13 wt.% Fet2:Fe+2:5i+4:0-2
+ 3.7507E-20 wt.% Fe+2:Mg+2:5i+4:0-2
+ 0.22350 wt.% Mg+2:Ca+2:51i+4:0-2
+ 3.1703E-10 wt.%$ Mg+2:Fe+2:Si+4:0-2

+ 4.2537E-17 wt.% Mg+2:Mg+2:5i+4:0-2)

System component Amount/mol Amount/gram Mole fraction Mass fraction
Fe 8.3321E-12 4.6530E-10 2.5328E-07 5.7498E-07
Ca 9.3874E-06 3.7623E-04 0.28536 0.46491
Si 4.6995E-06 1.3199E-04 0.14286 0.16310
Mg 1.1559E-08 2.8095E-07 3.5139E-04 3.4718E-04
o] 1.8798E-05 3.0076E-04 0.57143 0.37165

196



Annex E. Example of detailed results from calculations at thermodynamic equilibrium

+ 4.1805E-04
(4.1805E-0
(8

(

+

+

+

System component

Ca

K

gram N3P _HT

4 gram, 1.1122E-06 mol)

00 C, 1 atm,

2.7556E-02 wt.

76.747 wt.

1.7178E-03 wt.

5.4333 wt.

17.790 wt.

a=1.0000)

% Na6P208

8

3.

+ 4.0495E-04 gram Oldhamite

(4.0495E-0

(8

4 gram, 5.613

00 C, 1 atm,

2E-06 mol)

% CaP2Na609
% K2P2Na408
% Nad4MgP208

% Na6MgP209)

Amount/mol

.3563E-07

9884E-11

.2243E-06

.7618E-07

.5246E-06

.9350E-06

a=1.0000)

( 3.6951E-05 wt.$% FeS

+ 2.0445E-04 wt.% MgS

+1

System component

Fe
Ca
S

Mg

+ 0.10239
(0.10239 g

(8

+ 7.4748E-04
(7.4748E-0

(8

+ 5.8752E-04 gram Al26Ca20Mg3Si3068_ Pleochroite

(5.8752E-0

00.000 wt

.% Cas)

1

5

5

1

gram C_Graphite

ram, 8.5251E-

00 C, 1 atm,

03 mol)

Amount/mol

.7021E-12

.6132E-06

.6132E-06

.4687E-11

S1, a=1.0000)

gram Fe_bcc_a2(s)

4 gram, 1.338

00 C, 1 atm,

5E-05 mol)

S1, a=1.0000)

4 gram, 2.1378E-07 mol)

Amount/gram

3.

1

3490E-05

.5594E-09

.8896E-05

.7125E-06

.5000E-04

.5895E-04

Amount/gram

9

2

1

3

.5056E-11

.2497E-04

.7999E-04

.5697E-10

Mole fraction

4.

2

Mole fraction

1

0

0

1.3083E-06

2212E-02

.0148E-06

.11236

.3951E-02

.32960

.50187

.5162E-07

.50000

.50000

Mass fraction

8.

3.

0110E-02

7302E-06

.16480

.6056E-02

.35880

.38022

Mass fraction

2.

0.

0.

8.

3473E-07

55553

44446

8151E-07
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Annex E. Example of detailed results from calculations at thermodynamic equilibrium

(800 C, 1 atm, S1,

a=1.0000)

B R R o R R R R

H G

(J) (J)

v

(litre)

(J/K)

S

Cp

(J/K)

R EE RS E RS SRS RS RS E SRS SRS EE R SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE SR

2.13013E+04 -2.00635E+05

gas_ideal

MeO#1

MeO#2

K3P MT

Oldhamite

OLIVINE

N3P HT

C_Graphite
Al26Ca20Mg3Si3068_Pleochroite

Fe bcc_a2(s)

Total mass/gram = 25.150

Total mass/gram excluding gas

7.89351E+01

_ideal =

H

(J)

.12832E+04

.69249E+01

.70078E+01

.43011E+01

.44156E+00

.03162E+01

.31054E+00

.14177E+02

.10501E+00

.83454E-01

0.11103

Databases: FTsalt 7.2, GTOX, FactPS 7.2

2.06808E+02

G

(J)

.00397E+05

.96930E+01

.01203E+01

.07214E+01

.17440E+00

.19321E+01

.27680E+00

.23659E+02

.29757E+00

.33321E-01

2.98508E+01

S
(J/K)
2.06570E+02
2.57937E-03
2.90037E-03
5.98270E-03
6.82886E-04
1.50576E-03
9.00388E-04
2.21625E-01
1.11127E-03

9.47468E-04

Cp

(J/K)

.96490E+01

.67078E-03

.54221E-03

.55307E-03

.09706E-04

.79970E-04

.20316E-03

.88333E-01

.57596E-04

.42261E-04
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Annex F. P-XRD analysis of the model inorganic compounds

1. Amorphous silica
25000

20000

15000 Amorphous SiO,

Intensity (a.u.)

10000

5000

10 20 30 40 50 60
20 (°)

Figure Annex F.11 | P-XRD diffractogram of the pure amorphous silica.

2. Quartz
600000

SiO, quartz

500000

400000

300000

Intensity (a.u.)

200000

100000

. L N |

10 20 30 40 50 60
20 (%)

Figure Annex F.12 | P-XRD diffractogram of the pure quartz.
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Annex F. P-XRD analysis of the model inorganic compounds

3. Potassium carbonate

25000 e
] ® K,CO,
v K,CO,1.5H,0
20000
5 15000
s
>
g
£ 10000
- v
5000
A\
v ef[v
0
10 20 30 40 50 60

20 (°)

Figure Annex F.13 | P-XRD diffractogram of the pure K2COs.
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Annex G. Characterization of the residue on the K;COs from
the pyrolysis at 800 °C of rice husks and K,CO; added without
contact

1. lonic chromatography
The analysis was not quantitative due to a lack of calibration on some ions.

Table Annex G.1 | Detected elements through ionic chromatography in the residue.

lon Na* Ca* K* cl NOs5 SO4* COs*
Detected? No No Yes No No No Yes

2. SEM-EDX analysis

The sample was coated with graphite before analysis.

Acc.Y SpotMagn Det WD |—| 1 mm
15.0kv 58 35x BSE 11.6 ATG RHB-K2CO3n_cstp_pyro1

Figure Annex G.14 | SEM observation of the residue.
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Annex G. Characterization of the residue on the K,COs from the pyrolysis at 800 °C of rice husks and
K2CO3 added without contact

Det WD ——— ] 50um

»

‘ 150kv 58 500x SE 11.7 ATGRHB-K2CO3n_cstp_pyrol

Figure Annex G.16 | SEM observation of the residue. Zoom on zone B.
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Annex G. Characterization of the residue on the K,COs from the pyrolysis at 800 °C of rice husks and
K2CO3 added without contact

Table Annex G.2 | EDX analysis of the residue.

Point C (wt%) O (wt%) K (wt%) Total (wt%)
1 19.50 45.17 35.34 100
2 1.29 0 98.71 100
3 15.72 39.02 45.26 100
4 17.89 40.40 41.71 100
5 0 51.32 48.68 100
6 3.18 10.49 86.33 100
7 17.13 34.10 48.77 100
8 1.73 0 98.27 100
9 17.12 12.95 69.94 100
10 18.67 14,51 66.82 100
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Abstract: Contribution to the understanding of the role of inorganic elements in biomass steam
gasification.

In the current energy context, there is a need to develop the use of renewable energy sources,
such as biomass. A promising way to produce energy from biomass is through gasification. However,
some biomass species can be problematic during the gasification process due to their high inorganic
content that can strongly influence the reaction kinetics. To date, the inorganic effects are known but
the underlying mechanisms are still poorly understood. In this context, the objective of the present
work was to contribute to the understanding of the inorganic elements role during the biomass steam
gasification. In particular, the phenomena involving K and Si during the biomass steam gasification,
especially through the gas phase, and with particular attention on their influence on the reaction
kinetics were investigated. Investigations were conducted at an experimental level, with
thermogravimetric analyses and physicochemical characterizations of the chars and ashes. They were
supported by calculations at thermodynamic equilibrium as well as by literature review. The results
have proven that the biomass inorganic composition is the main parameter explaining the differences
between the gasification kinetic behaviors of the biomass species. From this conclusion, the specific
effects of K and Si—two major inorganic elements in biomass—were further investigated in details. A
competition was highlighted between two reactions involving K, most likely in the form of KOH(g):
i) the catalysis of the steam gasification—whose mechanism starts from the pyrolysis step—on the one
hand, and ii) the heterogeneous reaction between KOH(g) and SiO; to form non-catalytic species on
the other hand. Additionally, it was showed that increasing the biomass SiO, content, whatever its
crystalline form, slows its gasification down in a non-linear way and until a saturation effect.

Keywords: biomass; steam gasification; reaction kinetics; catalysis; potassium; silica.

Résumé : Contribution a la compréhension du role des éléments inorganiques sur la cinétique de
gazéification sous vapeur d’eau de la biomasse.

Dans le contexte énergétique actuel, I'utilisation de sources d’énergie renouvelables, telle que la
biomasse, doit étre développée. La gazéification est I'une des voies prometteuses de production
d’énergie a partir de la biomasse. Cependant, certaines biomasses peuvent étre problématiques lors
de la gazéification a cause de leur taux élevé en éléments inorganiques qui peut fortement influencer
la cinétique de la réaction. A ce jour, ces effets sont connus mais les mécanismes en jeu restent mal
compris. Dans ce contexte, |'objectif de ce travail était de contribuer a la compréhension du role des
éléments inorganiques au cours de la gazéification sous vapeur d’eau de la biomasse. En particulier,
les recherches se sont concentrées sur les phénomeénes impliquant K et Si au cours de la gazéification
sous vapeur d’eau de la biomasse, notamment dans la phase gaz, et avec une attention particuliere
vis-a-vis de leur influence sur la cinétique de la réaction. Les résultats ont démontrés que la
composition en éléments inorganiques de la biomasse est le paramétre principal permettant
d’expliquer les différences entre les cinétiques de gazéification des différentes espéces de biomasse.
A partir de cette conclusion, I'effet particulier de K et Si (deux des éléments inorganiques majeurs de
la biomasse) a été étudié en détails. Une compétition a été mise en évidence entre deux réactions
impliquant K, trés probablement présent sous forme de KOH(g) : i) la catalyse de la gazéification, dont
le mécanisme commence dés la pyrolyse, d’'une part, et ii) la réaction hétérogéne entre KOH(g) et SiO;
pour former des espéces non-catalytiques d’autre part. De plus, il a été montré qu’augmenter la
concentration en SiO,, quelle que soit sa forme cristalline, de la biomasse ralentit sa gazéification de
facon non-linéaire et jusqu’a une saturation.

Mots-clés : biomasse ; gazéification sous vapeur d’eau ; cinétique de réaction ; catalyse ; potassium ;
silice.



