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Abstract

Productive systems and their exploitation of conventional fossil fuels for their energy
needs generate increasingly negative impacts on the global ecosystem, involving all sectors
as economic, social and environmental. Human activities and global researches, therefore,
have to move towards renewable energies and improvements in energy efficiency. Among
renewables, biomass is a very attractive resource since its great and widespread availability,
its possibility to be stored and to produce both heat and power. Gasification is currently one
of the most profitable process for biomass conversion, but more efforts on the process
reliability and efficiency need to be conducted in order to enhance the use of this
technology. Chemoresistive gas sensors are a suitable choice in this sense, providing
efficient controls and measurements with simplicity in function, relatively low cost and
direct high temperature operation. The aim of this work is, then, to study and develop
chemoresistive gas sensors, based on perovskite oxides, for the application in biomass
waste gasification plants with different configurations and purposes. Hence, experimental
studies on biomass steam gasification in a bench-scale and in a pilot 100 kW, innovative
dual bubbling fluidized bed (DBFB) gasifier, together with those on gas cleaning and
conditioning system based on dolomite guard bed coupled with an exhaust vegetable oil
scrubber, were performed. Producer gases with high energetic value were obtained, having
also a tars content below the limits accepted in an internal combustion engine thanks to
good and durable operation of the gas cleaning system. Moreover, a global simulation and a
sensitivity study on a commercial plant (1 MW, input) for the production of pure hydrogen
by means of the innovative DBFB gasifier have been carried out, in order to evaluate its
global efficiency and to identify the streams and their main features for sensors
applications. It was chosen to globally analyse a biomass gasification plant for pure
hydrogen production, since its higher restrictions in terms of contaminants and syngas
quality and its high temperature gas conditioning steps. Results demonstrated the great
variability of plant’s performances dependent by process input parameters as steam to
biomass ratio in the gasifier and operating temperature and residence time of water gas
shift reactor. Synthesis, characterization and testing of novel perovskite materials for
sensing purposes were then conducted. After theoretical and chemometric evaluations

focused on reaction parameters, such as citric acid to metal ions ratio, pH acidity and fuel to



oxidizer ratio, for auto-combustion synthesis improvement and optimization, powders of
LaTiosFeo603 were prepared and tested in CO, H, and H,S atmosphere, providing high
sensitivity and thermochemical stability for CO sensing. Additional investigations on the
effects of titanium amount were also performed, revealing that the best solutions for CO
detection are LaTiop.2Feo.s03 or LaTipaFeos03. Hz sensing was, instead, enhanced with partial
substitution with cobalt ions in the based materials, in particular LaCoo.4Feo.603 provided a
very high sensitivity. A chemometric analysis was also carried out for the evaluation of

optimal tests parameters.
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Estratto

| sistemi produttivi e il relativo sfruttamento delle convenzionali fonti fossili di energia
per il soddisfacimento dei bisogni energetici generano sempre maggiore impatto negativo
sull’ecosistema globale, investendo tutti i settori quali quello economico, sociale ed
ambientale. Le attivita umane e il mondo della ricerca, quindi, devono necessariamente
muoversi verso le energie rinnovabili e il miglioramento dell’efficienza energetica. Tra le
rinnovabili, la biomassa & una risorsa altamente vantaggiosa grazie alla sua grande e diffusa
disponibilita in tutto il mondo, la sua possibilita di stoccaggio, per produrre energia
contestualmente alla sua necessita, e la produzione sia di energia termica che elettrica. La
gassificazione € uno dei processi piu efficienti per la conversione delle biomasse, ma
necessita comunque di maggiori avanzamenti sull’affidabilita e I'efficienza del processo in
modo da incoraggiare l'uso di questa tecnologia. | sensori di gas chemoresistivi
rappresentano un’ottima opportunita in questo senso, fornendo efficaci misure e controlli
del sistema insieme a semplicita di funzionamento, relativamente basso costo e
funzionamento on-line e ad alta temperatura. Lo scopo di questo lavoro €, quindi, lo studio
e lo sviluppo di sensori di gas chemoresistivi, basati su ossidi perovskitici, per I'applicazione
in impianti di gasificazione di biomassa residuale con diverse scopi e configurazioni. Sono
stati effettuati, quindi, studi sperimentali su gasificazione di biomassa con vapore sia in un
reattore di scala di laboratorio che in un pilota da 100 kW1 di energia di ingresso, basato su
un innovativo gassificatore a doppio letto fluido bollente (DBFB), oltre a prove sperimentali
su un sistema di pulizia e condizionamento del gas prodotto basato su un letto di guardia
catalitico di dolomite e uno scrubber ad olio vegetale esausto. Sono stati ottenuti gas con
alto contenuto energetico e con contenuto di tars entro i limiti accettati da un motore a
combustione interna grazie al lungo e buon funzionamento del sistema di pulizia del gas. In
piu, e stata effettuata una simulazione globale di un impianto commerciale (1 MW4y) per la
produzione di idrogeno puro attraverso il gassificatore DBFB, in modo da valutare la sua
efficienza globale e da identificare i punti e le relative principali caratteristiche per
I'applicazione dei sensori. | risultati hanno dimostrato la grande variabilita delle prestazioni
dell'impianto al variare dei parametri di input al processo quali steam to biomass (SB) e
temperatura operativa e tempo di residenza del reattore di water gas shift. Inoltre, sono

state portate avanti la sintesi, la caratterizzazione e il test di innovativi materiali perovskitici



per l'utilizzo come materiali sensitivi. Dopo analisi teoriche e chemometriche sul
perfezionamento e ottimizzazione del metodo di sintesi, sono state preparate polveri di
LaTio4Feo 603 e testate in presenza di CO, H, e H,S, fornendo alta sensibilita e stabilita
termica per la misura del monossido di carbonio. Sono state allora effettuate ulteriori analisi
sull’effetto del contenuto di titanio: LaTio2Feos03 o LaTiosFeo.s03 sono risultate essere le
migliori soluzioni per lindividuazione del CO. La misura dell’idrogeno, invece, e stata
perfezionata con la parziale sostituzione con ioni di cobalto nei materiali di base: in
particolare, il materiale LaCoo.4Feos03 ha fornito un’alta sensibilita. Infine, € stata condotta

anche un’analisi chemometrica per la valutazione dei parametri di test ottimali.

Parole chiave: biomasse; gassificazione; sensori di gas chemoresistivi; pervskiti; LaFeOs.
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Introduction

Energy supply is at the basis of every productive system, from the agricultural to the
industrial ones. Since the industrial revolution in the XIX century, the impact of the global
“techno-system” has generated increasingly negative impacts on the planet balance
considering all sectors (economic, social, environmental), due to the unsustainable policies
adopted. The 5° Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC) affirms that the human influence on climate is clear and it could be, with a probability
larger than 95%, the prevailing responsible of the global warming registered from 1950
onwards [1]. In addition, the Millennium Ecosystem Assessment estimated that 60% of the
world’s ecosystems risks the extinction as a direct consequence of human activities [2]. The
necessity of a radical change is then evident. The crucial mission of global Nations and
research fields is to move productive systems towards the preservation of ecosystems,
together with the instauration of an economic and social sustainable development. With
these scopes, a number of worldwide and European policies were arranged and are still
developing, such as Kyoto Protocol in the 1997, Europe 2020 strategy in 2010, Energy
Roadmap 2050 in 2011, Paris Agreement in 2015 and the Italian National Energetic
Strategies (SEN), which implement the European Directives at a national level [3-7]. All of
these global strategies aim to slow down the global warming, whose main causes are
greenhouse gas emissions (GHG), especially those of carbon dioxide (CO;) [8,9], and to
provide an alternative solution to the conventional energy supply sources. Conventional
fossil fuels, in fact, besides being the principal responsible for GHG emissions, are non-
renewable energy sources, whose availability is gradually decreasing and whose production
is concentrated in a limited number of countries: the conversion to renewable and
sustainable energy sources is then fundamental to avoid energetic crisis and to preserve
global ecosystem. The energy supply issue, hence, concerns different worldwide society
sectors and the cooperation between all of them: environmental, energetic, productive,
social and most of all economic. For this reason, the United Nations Conference in 2012,
“Rio+20”, focused the attention principally on the developing of a green economy, for a
sustainable developing and the poverty elimination, overcoming the present economic crisis
and avoiding the occurring of new ones. It is defined as an economy that leads to an

improving of human wealth and social equity, reducing as much as possible environmental
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and ecological risks. It aims to low-carbon usage, high efficiency of the resource and a social
interest [10]. Worldwide policies are oriented in this perspective, including in their directive
three key targets: the reduction of GHG emissions, the promotion of renewable energy
resources and the improvement in energy efficiency, all for limiting the global warming well
below 2°C. Therefore, research studies on renewables energies and tools for maximization
of energy efficiency and reliability of relative power plants are extremely important. Among
renewables, biomass is one of the most promising resource, since its great advantages.
Biomass, in fact, is characterized by a great diffusion and high availability all over the world,
allowing to establish a more sustainable and equilibrated society, besides a carbon free
ecosystem. With the possibility to use biomass waste for energy purpose, then, it is possible
to obtain both the reduction of dependence from fossil fuels and of environmental
problems related to disposal and to methane emissions that occur in their degradation
process. Moreover, with biomass is possible to limit the uncertainty typical of renewables,
thanks to the possibility of storage and accumulation, and it is also possible to produce both
heat and power production [11,12]. Gasification is currently considered one of the most
effective technologies to produce power and biofuels from biomass. The optimization of
biomass conversion plants, however, could be improved by using an efficient system
control, able to instantly measure gas composition and other important parameters and
simultaneously adjust input conditions of the process, in order to maximize the reliability
and efficiency of the whole plant. Standard analytical techniques for the monitoring of
hydrocarbons and other involved gases, based on gas/liquid chromatography and mass
spectrometry, besides being relatively expensive and large in size, are not able to operate
directly, nor at high temperatures. Chemoresistive gas sensors, instead, are a very promising
technology in this sense, due to their simple structure, small size, low cost, possibility to
work on-site, coupled with good sensitivity, stability and speed of response [13,14].
Moreover, using perovskite-type oxides as sensing material, raises the possibility to operate

also at relatively high temperatures as those involved in biomass gasification systems.

The aim of this work is to study and develop chemoresistive gas sensors, based on
perovskite oxide, for the application in biomass waste gasification plants. In particular, a
preliminary research activity was focused on an innovative biomass steam gasification, the

relative different plant configuration and gas cleaning techniques for the different biomass
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conversion purposes. After obtained an extended knowledge on biomass gasification system
and their better integration with gas sensor devices, research activities were focused on the
synthesis, characterization and testing of innovative perovskite materials for the sensing of
typical biomass gasification gases. The activities involved and the results obtained within
this work were conducted thanks to the cooperation of different national and international
universities and research centres, as Tuscia University, Marconi University, Sapienza

University, ENEA research centre in Casaccia and EC-Joint Research Centre in Petten.

In chapter 1 the state of art of biomass gasification, gas cleaning and fuel utilization is
presented, while in chapter 2 that of gas sensors, their sensing material and operation is
provided. Chapter 3 reports the experimental activity performed in the bench-scale fluidized
bed gasifier, that in the pilot dual fluidized bed gasifier and the global simulation on a real
gasification power plant. In Chapter 4 the experimental activities carried out in the field of
chemoresistive gas sensors are discussed, including studies on synthesis, materials and
testing optimization. Finally, in chapter 5 some conclusion and outlooks for the future have

been drawn.
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1. Biomass Gasification

Biomass

Biomass is ever since the major source of energy in most of the developing countries.
Unfortunately, it was not always completely exploited. Starting from the end of the XIX
century, indeed, its importance was gradually reduced since the arising of the fossil fuels
era. In XX century, however, the First Oil Shock in 1970 allowed a new increase of the
percentage of energy produced by biomass. The crucial role of biomass as source of energy
is today totally recognized, thanks to the increasing awareness of the depletion of fossil
fuels and the greater attention of the population to environmental issues. Since this, the
worldwide government policies and research activities are always more interested in

biomass conversion technologies development and establishment.

Biomass is defined as all the organic materials on Earth, vegetal or animal, that have
stored sunlight in the form of chemical energy and that could be transformed for energy
purposes. Even if is difficult to find a generally accepted definition, according to the United
Nation Framework Convention on Climate Change (UNFCCC, 2005) it is defined as “non-
fossilized and biodegradable organic material originating from plants, animals and micro-
organisms. This shall also include products, by-products, residues and waste from
agriculture, forestry and related industries as well as the non-fossilized and biodegradable
organic fractions of industrial and municipal wastes”. The same definition is accepted even
by Italian regulations. In general, biomass directly or indirectly originates from the process
of photosynthesis and thus constitutes an important renewable energy source derived from
the sun. However, fossil fuels (coal, oil and natural gas), though they were formed in past
eras starting from organic vegetable and animal matter, and their derivatives (such as
plastics) are not considered biomass, since their regeneration time is far greater than the
utilization time. The materials considered as biomass are [15]:

e woody and herbaceous species deriving from agricultural crops and forestry;
e agricultural and forestry residues (straw, brushwood, barks, etc.);

e agro-industrial residues (rice husk, olive residues, bagasse, etc.);

e livestock residues (animal manure, etc.);

e organic fraction of municipal solid waste, also called humid fraction.
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Depending on its origin, it is possible to have residual biomass or biomass derived from
dedicated energy crops. Residues and waste matter of agricultural, agro-industrial and
forestry origin obviously fall within the first case, together with the humid fraction of
Municipal Solid Wastes (MSW). Energy recovery from residual biomass is doubly
advantageous because on one hand it reduces dependence from fossil fuels and on the
other hand it alleviates environmental problems related to their disposal and to methane
emissions that occur in their degradation process (it must be remembered that methane is
twentyfold more powerful than carbon dioxide as a greenhouse gas). Biomass can
additionally be classified as [16]:

e triglycerides (rape, soy, sunflower, etc.), from which vegetable oils and biodiesel

are produced;
e amorphous sugars (starch, glucose, etc.), used to produce bioethanol;
e lignocellulosic or woody (poplar, black locust, grasses, miscanthus etc.), dedicated

to solid and gas fuel production.

Biomass is a renewable energy resource, since its generation rate could surely be greater
than the consumption one. It is evident that, for an environmentally sustainable utilisation
of biomass, it is necessary to couple the collection of natural material with a following
process of reinstatement (reforestation, etc.). Moreover, it is also CO, neutral, since
amounts of carbon monoxide generated during biomass conversion are equal to those
absorbed during its growth. Apart from these good characteristics, typical of all renewable
resources, biomass shows also other great advantages [17,18]. Biomass, indeed, is the
fourth worldwide energy resource (following oil, coal and natural gas). Besides being an
abundant resource, biomass is even widespread almost all over the world, with the
possibility of reducing countries supplying and energy depending issues and helping to
create a more sustainable system even from a social point of view. Moreover, it allows to
solve or at least limit the conventional supplying uncertainty of renewable sources, since it
can be accumulated, and then used when necessary. In addition, it can be converted in
solid, liquid or gaseous fuels, suitable for simultaneous heat and power production,
differently from other renewable energies. Finally, it allows the exploitation of unemployed
areas with dedicated crops or the conversion of agricultural lands, generating positive

occupational implications.
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Also some disadvantages characterized biomass as energy source, even if they are not
expected to affect its attractiveness [19]. First of all, a low energy density, both in terms of
lower heating value (LHV), that for dry solid biomass is about 15 + 20 MJ/kg (versus 42
MJ/kg of oil and 50 MJ/kg of methane) and, more in general, in terms of land productivity,
since wide areas are required to produce significant quantities of raw material. This affects
also transport, storage and handling in complexity and costs. Moreover, production is
generally strongly dependent on weather and environmental conditions and it is not
constant during the year, besides being not cost-free because necessity of irrigation and
fertilisers. Some of these issues, however, can be defeated in the case of residual and
biomass waste and with the installation of conversion plant of proper size, namely the one

related to the biomass availability in the local installation area.

Biomasses are characterized by different chemical properties [20], such as moisture,
chemical composition and lower heating value. Two kind of analysis are at the basis of
biomass characterization: the ultimate and proximate analyses. The ultimate analyses
consist on the measurements of the content of the chemical elements, such as Carbon (C),
Hydrogen (H), Oxygen (O), Sulphur (S) and Nitrogen (N), usually expressed in mass % on dry
material (wt% dry) or on dry and ash free material (wt% daf) or as received material (wt%
ar). The proximate analysis, instead, indicates the moisture, ash, volatile matter and fixed
carbon content. The ash is usually expressed in weight % on dry bases or in weight % as
received material, the water in weight % on wet bases and the total amount of volatile is
expressed in weight % on dry material or as received material or on dry and ash free

material. The fixed carbon is calculated as the remaining part.

The evaluation of biomass chemical properties is fundamental for the utilization of the
resource itself, since they highly affect the kind of conversion process to be used. The
conversion processes can be grouped as [21]:

¢ mechanical/physical (drying and dewatering);
e biochemical (microbial conversion, biochemical liquefaction);
e thermochemical (combustion, pyrolysis and gasification).
Generally, oleaginous crops are more suitable for mechanical and physical conversion

processes. Regarding the other two groups, the choice between them is influenced mostly
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by two fundamental biomass parameters: moisture and carbon to nitrogen ratio (C/N).
Indeed, biomasses with moisture content larger than 30% and C/N lower than 30 are more
suitable for biochemical conversion, while in the opposite situation thermochemical
conversion is the preferable choice. Moreover, alcoholigen crops are proper biomass for the

former conversion process, while lignocellulosic crops for the latter.
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Figure 1. Biomass conversion processes and possible end-use applications

Among thermochemical process, the main used are the simple direct combustion, the
pyrolysis, that is a conversion at 400-800 °C in totally absence of oxidizing agent, and

gasification, that is a partial oxidization at temperature higher than 800 °C.

In this work, we focused the attention in lignocellulosic biomasses, because the cheapest,
most abundant, fastest growing and with less moisture and higher energetic content, and

their consequent thermal conversion, in particular by means of gasification [16,22].

Gasification for biomass conversion

Gasification is a thermochemical conversion process of biomass to a gaseous fuel by
heating by means of a gasifying medium such as air, oxygen or steam. Unlike combustion
where chemical bonds are broken to release energy, gasification packs energy into chemical

bonds in the product gas. The great attraction of gasification is that it can convert waste or
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low-priced fuels, such as biomass, into a high-value product gas. In addition, the gas
produced is easier to be handled, stored or transported than the original biomass.
Gasification provides higher efficiency and residence time respect to other conversion

processes [20,23,24].

The gasification reaction is generally defined as:

CHoOg+H;0 = aC+bH+cCO+dH,0+eCO+fCH4+gCHxOy (1.1)
The gasification process can be divided in four steps [25-27]:

e Drying: dehydratation at 100-150 °C of biomass with steam release useful for
successive gasification step;

e Pyrolysis: termochemical decomposition of biomass between 200 and 650 °C and
in totally absence of oxidizing agents, producing gas, solid residue (charcoal) and
tars (heavy condensable hydrocarbons);

e Combustion: oxidization of charcoal, some gases and vapours between 700 and
1200 °C;

e Gasification: reduction of pyrolysis products and residual charcoal between 800
and 100 °C.

The gasification step involves a number of endothermic reactions, whose heat requirement
could be provided either by indirect or external heat source (indirect gasification) or directly

by combustion of the fuel (direct gasification).
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Figure 2. Scheme of reaction and heat flow in gasification process (adapted from [28])

Reactions involved in the entire process are summarized in Table 1. The last two reactions
are the principal ones that provide the necessary heat for the maintenance of a direct

gasification process.

Water gas equilibrium reaction C+H;0 +122.6 kJ/mol = CO + H;

Boudouard reaction C+CO; +164.9 ki/mol = 2CO
Hydrogasification C + 2H> = CHs + 74.9 ki/mol
Methane Steam reforming CHa + H20 + 206 kJ/mol = CO + 3H;
Water gas shift CO + H,0 = CO; + Hy + 41 kl/mol
Tar steam reforming CHxOy + H20 > CO + H,

Char combustion C+ 02 =2 CO; + 394 ki/mol

Char partial oxidation C+0.50, 2 CO + 111 kJ/mol

Table 1. Reactions involved in biomass gasification process

In any case, the product gas obtained from the entire process is a gas mixture mainly
composed by H;, CO, N, CO;, CHa, H,0 and other hydrocarbons, named syngas. It could be
then used in those numerous industrial applications which need of both heat and electrical
energy, such as gas turbine [29,30], internal combustion engine (ICE) [31-33], fuel cells (FC)

and production of liquid or gaseous biofuels, like hydrogen or biodiesel [34-37]. However, in
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syngas stream also some impurities and undesired components are present, such as sulphur
and nitrogen compounds, chlorine, tars, particulate, volatile inorganics, ashes and trace
elements. Of course, syngas needs to be treated, conditioned and cleaned from these
impurities prior to be used in the final utilization systems, in order to prevent severe

damage of them [38—40]. More details on this issue are provided in the next paragraph.

A crucial element for gasification process is the gasifying agent, which reacts with solid
carbon and heavier hydrocarbon to convert them into low-molecular-weight gases like CO
and H2. The possible gasifying agents are oxygen, air, steam or a mix of them [41]. The kind
of gasifying agent used highly influence the energetic content of syngas obtainable, besides
the complexity and cost of the system. The lower heating value (LHV), indeed, can range
between the minimum of 4-7 MJ/Nm3, typical of syngas produced with air, and the
maximum of 10-18 MJ/Nm?3, typical of syngas produced with oxygen. Gasification with
steam provides syngas with intermediate energetic values, but at the same time allows to
quite reduce costs of biomass conversion respect to the oxygen configuration, whose
production is pretty expensive [42,43]. The differences in energetic values are strictly
dependent from the nitrogen content: high dilution in N leads to lower LHV, as in the case
of gasification with air. The quantities of gasyfing agents respect to biomass amounts,
together with operating temperatures and biomass used, strongly influence the process
outputs. In particular, steam to biomass ratio (SB) is the ratio between the mass flow of
steam and the mass flow of biomass sent to the reactor. Equivalence ratio (ER), moreover, is
the ratio between the oxygen sent to the reactor and the quantity of stoichiometric oxygen
needed for the complete combustion of biomass. Generally SB ranges between 0 and 2, and
ER has its theoretical optimal value in 0.25-0.3 [20]. Higher values of ER generate lower tar
concentration in the product gas, but it also reduces the quality of the gas, as decreases its
heating value. Increasing SB ratio also reduced tar content, by promoting the steam
reforming reactions, however it cannot be higher than 2 for reasons of energy balance of

the overall plant.

Different kinds of reactor are currently available for biomass gasification [22,24,38,44].
They may be classified in three main groups, based on the gas-solid contacting mode: fixed
or moving bed, fluidized bed and entrained flow gasifiers, which are in turn subdivided into

different types. In the last two cases, the biomass particles are conveyed through the
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reactor by the gasifying medium, while in the fixed bed gasifiers the fuel is supported on a
grate. Each kind of gasifier, however, has its own appropriate range of application: moving
bed reactors are suitable for smaller units as 0.01-10 MW, while the entrained flow type is
appropriate for capacity higher than 50 MW4y,; fluidized bed gasifiers, instead, are used for
intermediate units like 5-100 MW:. These and characteristics proper of the different

gasifiers are summarized in Table 2.

Fixed/Moving Bed Fluidized Bed Entrained Bed
Feed size <51 mm <6 mm <0.15 mm
Steam requirement high moderate low
Exit gas temperature 450-650 °C 800-1000 °C >1260 °C
Reaction zone temperature 1090 °C 800-1000 °C 1990 °C
Cold-gas efficiency 80% 89% 80%
Application small capacities medium-size units  large capacities

tar production and

Problem areas e s .
utilization of fines

carbon conversion  raw-gas cooling

Table 2. Comparison of some commercial gasifiers [20]

The main attraction of fixed bed gasifiers is the possibility to be built inexpensively in small
size. On the contrary, they are characterized by poor mixing and heat transfer, complicating
the uniformity of fuel distribution, temperature and gas composition. Two kind of fixed bed
reactor are currently available: downdraft and updraft gasifier. In the former, particularly
suitable for the smallest units (10 kW:h-1 MWhi,), both solid fuel and gasifying medium flow
from the top to the bottom of the reactor (Figure 3.a). The biomass is inserted from the top
where is dried by means of the heat developed by other processes. Subsequently, biomass
is thermal decomposed in the pyrolysis zone, where tar and charcoal are produced. In the
central zone, reactor shows a restriction where the oxidizing agent (air) is inserted and
suitable for tar cracking and charcoal combustion. Finally, in the gasification zone reduction
and production of syngas are reached. This kind of gasifier is characterized by high biomass
residence time and thus high conversion rate. Moreover, concentration of tars produced is
minimized (0.015-3 g/Nm3), thanks to the cracking in the restriction. On the contrary, the
gas exit temperature is relatively high (700 °C) and the suitable biomass needs to have a low
moisture wet basis. In the updraft gasifier, instead, the solid fuel is inserted from the top of
the reactor and flows in the opposite sense of the gasyfing medium, generally air and steam,

which is inserted from the bottom (Figure 3.b). Biomass is dried by hot product gas
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generated in the bottom combustion and gasification zone of pyrolysis products as charcoal
and tar. Even in this configuration, biomass residence time and heat velocity of the reactor
are quite high, but tar content are surely higher than the previous one, being in the range of
30-150 g/Nm3. Gas exit temperatures are lower (200-400 °C) and the moisture wet basis of

biomass could be even higher than 25%.
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Figure 3. Downdraft (a) and updraft (b) fixed bed gasifier [20]

Entrained flow gasifiers are the best choice for large scale gasification of coal, coke and
refinery residues, but not so appropriate for biomass since its large moisture content. They
operate at very high temperature and with only pure oxygen or steam as medium. However,

content of tars in product gas is almost absent.

The fluidized bed gasifiers are characterized by their excellent mixing and temperature
uniformity. This is indeed possible for the presence of a bed of granular solid particles,
named “bed materials”, kept in a semi-suspended condition, which is exactly the fluidization
state, by means of the gasifying medium passage at proper velocity. The presence of the
bed material provides good thermal inertia and helps to uniform distribution of fuel,
temperature and conversions inside the whole reactor, improving thus the overall
conversion efficiency. In some cases, this could be a catalytic compound which enhances the
gasification reactions development. Solid fuel needs to feed the reactor in very small
particles, in order to support the fluidization. Differently from the fixed bed gasifiers, in the

fluidized ones is not possible to distinguish between all the conversion phases. Its tar
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production lies between that for updraft and downdraft gasifiers, with an average value of
around 10 g/Nm?3 [45]. The higher uniformity of temperature in the reactor helps to avoid
ashes fusion and the very high residence time leads to lower pollutants and higher
efficiency. Since these considerations, they are particularly advantageous for gasification of
biomass, even if their higher technical complexity. Fluidized bed (FB) can be classified in two
principal groups: bubbling (BFB) and circulating (CFB). In the former (Figure 4.a), the
gasifying agents’ velocity is around the minimum fluidization point where frictional forces
between solid particles and gas are the same of particles weight, so that bubbles of reaction
gas are generated, which guarantee a continuous mixing of the solid phase. It is possible to
identify two zone of reaction: one dense bed at the bottom and one dilute and larger zone
at the top, named freeboard. This type of reactors offers several advantages, such as a very
uniform gas and temperature distribution, larger range of granulometry accepted and a
better volumetric compactness. Unfortunately, syngas produced drags higher amounts of
particulate and so high efficiency cleaning steps are necessaries. In the circulating fluidized
bed gasifier (Figure 4.b), instead, the gasifying agents’ velocity is high enough to drag the
solid particles outside the reactor together with the product gas. A cyclone is then used for
the separation and then the solid particles are re-inserted inside the reactor. In this
configuration, the separation between freeboard and bed zone is less clear. There is the
necessity of higher height of the reactor for maintaining same residence times of the

bubbling gasifier, dimension of fuel particles very small and higher complexity of the system.
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Figure 4. Bubbling (a) and circulating (b) fluidized bed gasifier [46]

Fluidized bed reactors offer the possibility to have an additional system configuration:
the twin bed gasifier [47-50]. In this kind of reactor, the fluidized bed is divided in two zones
or chambers, one designated for gasification and one for combustion reactions (Figure 5.a).
Circulation of bed material between the two chambers occurs, providing the heat transport
from the combustion to the gasification zone. Fuel is inserted in the gasification zone
together with steam as gasifying agent: in absence of oxygen, biomass is pyrolysed and
generate the desired product gas with the aim of steam, but carbon is not completely
converted generating charcoal. This last one circulates to the combustion zone, where it is
oxidized with air and burned, releasing heat to the bed material that re-circulates back to
the gasifier providing the heat necessary for the endothermic gasification reactions. Flue gas
from combustion are released outside separately and do not enter in the gasification
chamber. A typical scheme of a dual fluidized bed gasifier is shown in Figure 5.b. Thank to
this technology it is possible to obtain a very high value syngas (>15 MJ/Nm3), since it
contains only the nitrogen of the fuel and not that coming from the air, and greater H;
content. Moreover, it is characterized by low contents of tars, since the use of steam and
their burn out in the combustion zone. Since these numerous advantages, in this work
attention was focused on this type of gasification reactor, specifically on a dual bubbling
fluidized bed gasifier (DBFB) with a catalytic bed material of olivine sand, having the
additional advantage of operating at ambient pressure, simplifying the technical complexity

of the system.
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Figure 5. Process (a) and scheme (b) of a dual fluidized bed gasifier
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The interest of the research field towards the dual fluidized bed gasifier is relatively
recent. First studies were conducted by Battelle in 1970 [51], together with U.S. Department
of Energy (DoE), which developed a wood gasification plant of 50 MWe.. Since that, several
other biomass gasification plants based on twin bed fluidized bed or simple fluidized bed
gasifier were developed, either in large either in small-pilot scale. Figure 6 shows their
distribution all over Europe [52]. Regarding large scale plants, they were divided in two
groups: the successfully experiences (black point in Figure 6.a), meaning that they are
operative under commercial conditions and for more than 6000 hours (or for 2000 hours
per year), and other operative remarkable plants with less than 2000 hours of operation
(red point in Figure 6.a). The only large scale based on the twin fluidized bed technology is
that operative in Gussing in Austria since 2002 (number 1 in the figure). It is a CHP plant at
demonstrative scale with 8 MW, of capacity, using steam as gasifying agent. Thanks to this
plant, the whole city is supplied with green electricity and heat from biomass [49]. The other
successful plants, are all based on fixed bed gasifiers (the ones in Denmark) and simple
fluidized bed reactors, bubbling or circulating. All of them use air as gasifying medium,
except the plant of Varnamo in Sweden (number 25 in the figure), that is a pressurized CFB
gasification plant that, after an upgrading in 2007, works also with steam or oxygen [53]. In
Italy, only two large scale gasification plants are present: the one in Greveé di Chianti, a
successful experience of an air fluidized gasifier with an electric power output of 6.7 MW.
[54], and the one in ENEA research centre of Trisaia, a 1 MW gasification plant based on an
internal circulating bubbling fluidized bed (ICBFB) fed with steam and oxygen [55].
Regarding the small and pilot scale, around 50% of the total number of plants considered
adopt a fluidized bed configuration. The gasifying agent mainly used is air or a mixture of air
and steam, while the less used is pure oxygen, even if it produces a gas with higher heating
value. The use of oxygen, in fact, implies its purchase, a safe storage place and safety
measures to handle it. In Italy there are one small scale gasification plant [56], based on a
fixed bed reactor gasified with steam, and two lab-scale gasifier, one in L’Aquila [41],

fluidized bed with steam, and one in Trento [57], fixed bed with inert gas and air.
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Figure 6. Operative gasification plant in Europe: (a) large scale (b) small and pilot scale [52]

Medium-large (1-50 MW:) coal and biomass gasification power plants are in a more
commercial stage, but these power plants can effort, owing to the size, advanced pre-
processing, gasification and gas conditioning technologies. Regarding the small power
plants, instead, the technology development issues still remain. Nevertheless, to really
exploit the biomass energy potential, reliable, high efficiency and low environmental
impacts, small scale power plants have to be developed, to follow the low energy density
and perishability of this fuel. Indeed, one of the major limitations associated with the use of
the large bioenergy potential (e.g. the Italian territory amounted to about 30 million metric
tons/year [58,59]) is the biomass dispersion. Actually, a small biomass power plant can have
annual operating hours lower than 7000, efficiency lower than 25%, high local and

environmental impacts and a capital cost greater than 10.000 €/kWhe [60].

Gas cleaning and conditioning

As previously reported, products of biomass gasification are not only composed by the
producer syngas, but also by some impurities and pollutants detrimental either for
environmental and human health either for downstream components. Among them,
condensable tars are one of the most harmful components and their removal is necessary
and essential. Tars are defined as the condensable heavier hydrocarbons generated from
the pyrolysis and gasification reactions. According to the National Renewable Energy

Laboratory (NREL) of the U.S. DoE, tars are all those hydrocarbons with a molecular weight
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higher than that of benzene. Benzene, thus, is not considered a tar but, since it is produced
in large amounts and since it can cause severe problems when condensed, it is anyway
taken into account [45,61]. At ambient temperature, they are a thick, black, highly viscous
liguid that can condense in the low-temperature zones of a gasifier, clogging the gas
passage and leading to system disruptions. Tars are produced primarily through
depolymerisation. During the pyrolysis phase, lignin, cellulose and hemicelluloses of
biomass are break down and produce oxygenate condensable molecules, named as primary
tars, such as acids, sugars and alcohols. Increasing the temperature (>500°C), these
substances are converted in a gaseous phase and transformed in other molecules like
phenols, alkenes and ethyl hydrocarbons, defined as secondary tars. Finally, at the highest
process temperatures (750-850 °C) when the primary tars are completely decomposed, the
secondary tars are transformed in gaseous products and other molecules, classifiable in
alkyl compounds (methyl-naphthalene, toluene and indene) and polycyclic aromatic
hydrocarbons (PAH, benzene, naphthalene, acenaphthylene, anthracene and pyrene). Tar
production is highly undesirable, as it can create a number of problems such as
condensation and subsequent plugging of downstream equipment, formation of tar
aerosols and polymerization into more complex structures [62]. In Table 3 are listed the
limits of tar for the different application of the product gas. As it is possible to note, fuel

cells and gas turbine involve higher restriction level respect to ICE.

Tar (g/Nm?3)
Direct combustion no I|'rr'1|t
specified
Syngas production 0.1
Gas turbine 0.05-5
IC engine 50-100
Pipeline transport 50-500 for
compressor
Fuel cells <1.0

Table 3. Upper limits of tars in different application [45]

Several methods for tar removal are currently available [63,64], classifiable in two
groups: in-situ or primary reduction and post-gasification or secondary reduction. The
formers are carried out either by adjust gasifier operating condition (gasifying agent, reactor

temperature, reactor pressure, residence time, oxygen to carbon ratio) or its design, so that
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tar formation is reduced, either by conversion into other products by means of catalysts
addition in the bed material. The aim is to lessen generation of tar directly inside the
gasifier, influencing also the product gas quality. Primary methods allow to obtain tar
reduction quite high, but the complete removal is achievable only with the additional use of
the secondary methods [65]. These methods are carried out downstream the gasifier and
can be based on chemical or physical technology, usually at high or low temperature
respectively.

Other classifications of tar removal techniques are based on their operating temperature,
distinguishing between hot and cold methods. The formers avoid the cooling down of the
product gas and mainly consist in tar destruction by means of catalytic and thermal actions.
Other hot cleaning system are available, mainly physical such as cyclones and ceramic filter
candles, but these are more appropriate for char and particulate removal. The main
reactions responsible for tar destruction are wet or dry reforming, which convert tars in
hydrogen and carbon monoxide with steam or CO;, respectively, and catalytic cracking,
where in presence of specific catalysts tars are decomposed producing carbon, hydrogen
and lighter hydrocarbons, or thermal cracking, that is a cracking at very high temperatures
(900-1200 °C) but without catalysts [66]. Reduction of the gravimetric tar mass is 78% in the
case of the thermal cracking, whereas it is in the range of 77-92% in the case of the steam
reforming [67]. Several catalysts are used for these purposes, such as the silicate mineral
olivine, generally used as part or total of fluidized bed, alkali metals, premixed with biomass,
dolomite (MgCos, CaCos), appropriate for tar removal but not that of methane, and finally
nickel, optimal for tar and methane reduction [68—71]. The hot tar removal methods could
be used both inside the reactor or downstream it, as primary or secondary method. The cold
tar removal methods, instead, needs to be used necessarily downstream the gasifier, since
they all involve the cooling down of the product gas, using materials not resistant at high
temperature. Among these techniques, wet scrubbers are at the moment the most used
technique in many gasification plants to remove contaminants and tars, mainly based on
water [72-74]. In the scrubbing process, or gas absorption process, product gas is cooled
down to 25-50 °C and the contaminants of gas stream are absorbed into an absorbent
media. In order to have an efficient absorption the contaminant in the gas phase must have
some solubility in the scrubbing liquid [75]. Tar is a mixture of several organic compounds

having low or no water-solubility characteristics (hydrophobic substances): water is thus not
29



appropriate to be used as a scrubbing medium for tar removal in efficient way. Therefore,
use of other kinds of absorbents, especially hydrophobic absorbents, should be more
effective for tar absorption. Performance of hydrophobic absorbent as a scrubbing liquid in
biomass gasification, such as water, diesel fuel, engine oil biodiesel fuel and vegetable oil,
can be hardly found in open literatures [76—78]. The results showed that only 31.8% of
gravimetric tar was removed by the water scrubber, whereas the highest removal of
gravimetric tar was obtained by a vegetable oil scrubber with a removal efficiency of 60%
while for lighter PAH efficiency was higher than 90%. These results were obtained for 100
min of operation. Further research are thus necessaries in order to evaluate performances
of a such system for a longer period of operation.

In any case, the wet scrubbing technique is aimed just to remove tars from the product gas
stream, without improving its energetic content, dealing with gas cleaning systems in this
case. Thermal or catalytic steam reforming/cracking of tar at high temperature, instead,
eliminate tar compounds converting these into syngas and thus recovering their energy
content whilst reducing pollution: they are thus generally defined as conditioning systems.
An effective catalyst for this scope is nickel, but further works are necessary in the medium-
long period to reduce their production and management costs (deactivation, sulphur
poisoning, etc.). A low cost and available catalyst would be preferable at the moment for
this reason, like natural catalyst as calcined dolomite. Different works showed that calcined
dolomite is an efficient and cheap natural catalyst at least to reduce tar before any further
treatments [79-81].

In this work, therefore, a deep investigation on a combined gas cleaning and conditioning
system is carried out, based on an exhaust vegetable oil scrubber coupled with a dolomite
secondary guard bed, evaluating its tar removal efficiency for several hours of operation
(chapter 3). However, a such tar removal apparatus is suitable for further application of
product gas in system like ICE, since the cooling down of product gas is required and the
conventional gas inlet temperature in an ICE is surely lower than 100 °C. For other
gasification application, instead, such as production of pure hydrogen, hot gas cleaning and
conditioning methods are more appropriate, particularly catalytic cracking and steam
reforming of low and high molecular weight hydrocarbons, mostly based on nickel catalysts,
since they offer several advantages such as thermal integration with gasification reactor,

high tar conversion and hydrogen rich syngas production [82—86]. This was confirmed also
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by the results of the UNIQUE concept [87], which integrates both the fluidized bed and the
hot gas cleaning system into a single and compact gasifier. It has been possible by virtue of a
bundle of ceramic filter candles operating at high temperature directly in the gasifier
freeboard, producing a syngas free of tars and allowing remarkable plant simplifications and
reduction of costs [87—89]. This technology was taken into account in the global simulation

of a biomass gasification plant for hydrogen production reported in chapter 3.
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2. Flow and Sensors

Background

Reliability and efficiency of biomass gasification systems are extremely dependent by
product gas quality and purity in the various gas streams. The numerous devices
downstream the gasifier, indeed, are highly affected by product gas composition and
contaminant content. These characteristics can several damage their operation, besides
influencing the overall performances of the system and even its environmental impact. The
continuous monitoring of syngas composition and trace contaminants is thus evidently
crucial in biomass gasification systems, either for health, optimization and efficiency of
components and overall system either for environmental and safety considerations. There is
the necessity of an adequate process control system based on on-line and real time
measurements of the gas flows, in order to quickly detect variations in composition and,
thanks to suitable control apparatus, simultaneously adjust the system operating conditions,

as recognized even by the US Department of Energy [90].

Conventional measurement systems, such as chromatography and mass spectrometry,
are not appropriate for these purposes, since they require gas extraction and
preconditioning (cooling, dehumidification, depressurisation...) before the analysis,
involving possible gas alteration and significant time lag. In addition, these devices still
suffer from miniaturization problems and are often very expensive instrumentations. Even if
highly reliable and sensitive, they are not able to provide continuous and real time
measurements [13,14]. On the other hand, gas-sensing devices allow fast, direct and in-situ
monitoring and are characterized by small size and low cost, due to their simplicity in
design, fabrication and function. Moreover, since their output consists in electrical
resistance values, they are extremely suitable for coupling with control circuits [91-93]. In
addition, using chemoresistive gas sensors based on perovskite oxides, the additional
advantage of high temperature operating arises, allowing measurements directly on gas
streams. Since these numerous advantages, they are always more under the attention of
the scientific research field and they are gradually substituting the conventional analytic
methods, also thanks to the miniaturization and technology progresses. Nevertheless, much

micro gas-sensing equipment have not yet reached a commercial stage, even less in the
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application field of the biomass gasification systems: more studies are then needed on

suitable materials with the required and proper characteristic.

Gas sensors can have different applications in biomass gasification systems and the
relative coupled devices for heat or electricity production. First of all, in dual fluidized bed
gasifiers, the combustor operates at temperatures of 900-1050 °C and the flue gas
composition needs to be measured and controlled, both for environmental and energy
optimization reasons [94]: CO emissions, in fact, are limited from national and international
normative and the limits for a biomass combustion system are around 100-400 ppm
depending on various parameters, like the size of the plant [95,96]. In addition, it is useful to
measure hydrogen content in the flue gas in order to evaluate presence of some unburned
hydrocarbons and, thus, the combustion efficiency. On the other side, syngas from the
gasifier (at 700-900 °C) is mainly composed by H;, CO, CHs and CO; and by some organic
(tar) and inorganic contaminants (H2S, HCI, NHs), as showed in the previous chapter. Syngas
composition is a crucial parameter for the system efficiency, since it highly affects the gas
quality and its heating value: it is evident the importance to monitor continuously the
syngas produced. Moreover, in the case of usage of syngas from a biomass conversion
process in an internal combustion engine, could be useful to measure carbon monoxide and
hydrogen contents in its flue gas, for the same reasons previously reported for the
combustor. On the contrary, in the case of a biomass gasification system for hydrogen
production to be fed an integrated fuel cell system, limits on syngas quality are even stricter.
The coupling of biomass gasification systems with fuel cells, indeed, is effectively
advantageous, since it can provide higher electrical efficiency and negligible emissions in
comparison with the conventional ICE [97-99]. Furthermore, the gasification systems well
thermal integrate with the high temperature fuel cells (such as SOFC-Solid Oxide Fuel Cells
and MCFC-Molten Carbonate Fuel Cells). Nevertheless, FC present lower tolerance
thresholds than ICE on detrimental trace elements compounds, like sulphur compounds
[100-102]. The cleaning and purification of the syngas produced and the composition
control of the various streams are thus essential to avoid damages to the various system
components and to reduce the environmental impact. In particular, in this case is
fundamental the presence of secondary fixed bed reactors of catalysts properly developed

for the water gas shift (WGS) reaction, in order to increase the hydrogen content by means
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of the carbon monoxide presents in the syngas. Low temperature water gas shift reactors
work at an operating temperature around 300 °C and accept only low concentration of H,S,
otherwise the copper catalysts of WGS reactor will deactivate after the irreversible reaction
with sulphur. For this reason, a sulphur guard bed based on ZnO is necessary before the
WGS reactor, in order to reduce the hydrogen sulphide content in the syngas below 1 ppm,
and the measuring and control of H,S content in the syngas entering in the WGS reactor is
extremely important for its preservation [103-105]. It is important also to measure the
content of carbon monoxide at WGS reactor exit, in order to evaluate its efficient operation.
Fuel cells can be then directly fed by the conditioned and hydrogen rich syngas produced or
by pure hydrogen proper separated from product gas. Using a low temperature fuel cell like
PEMFC (Proton Exchange Membrane Fuel Cell), H.S needs to be completely removed from
the syngas, while CO content has to be lower than 10 ppm. Using high temperature fuel
cells, instead, no limitations are required for carbon monoxide, while the limits on the H3S
content are around 0.5-1 ppm [106—109]. Monitoring of syngas composition is thus
necessary for the preservation of the FC. Moreover, for a system safety operation, is also
extremely important to measure possible H; leakages, considering that the lower flammable
limit of hydrogen is around 4% [110-112]. A scheme of the crucial application of gas

sensors devices in biomass gasification systems is reported in Figure 7.
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Figure 7. Crucial role of gas sensors in biomass gasification technology

Gas sensors

According to the International Union of Pure and Applied Chemistry (IUPAC) “a chemical
sensor is a device that transforms chemical information, ranging from the concentration of a
specific sample component to total composition analysis, into an analytically useful signal.

The chemical information, mentioned above, may originate from a chemical reaction of the
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analyte or from a physical property of the system investigated” [113]. A sensor is, hence,
constituted by two principal components: a receptor, sensitive to the unit to be measured,
defined also as the exact sensor, which recognizes the input information and transforms it
into an energy form measurable by the second component, the transducer, which converts

this energy into a useful, typically electrical, analytical signal.

Sensors can be classified according to a number of different rules, based on the operating
principle of the receptor or the transducer. Regarding the first classification, it is possible to
distinguish between [113,114]:

e physical sensors, where the measure results by a physical process like mass,
absorbance, refractive index, temperature, or conductivity change;
e chemical sensors, which are based on the chemical reaction that take place
between analyte’s molecules and the receptor;
e biochemical sensors, which are a subclass of the previous ones, but with a
biochemical reaction, e.g. microbial potentiometric sensors or immune-sensors.
This classification, however, it is not always clear, since the discrimination between chemical
and physical sensors is not always possible, as in the case of a gas sensor where the
response signal is a consequence of a gas adsorption. For these reasons, the classification
based on the transducer is sometimes preferable. An exhaustive summary about this is
reported in Table 4 [115-118]. Other typical classification can be based on type of sensing
material used (metal-oxide, polymeric and inorganic), fabrication technology (screen-

printed and vapour deposited), field of application and some others.

Measured .
Transducer . Source of signal
properties
Optic Absorbance Analyte itself or due to reaction with certain
indicator
Fluorescence Changes in fluorescence properties

Luminescence Emission caused by chemical reaction

Refractive For example caused by change in solution

index composition

Scattering Caused by particles of definite size present in the
sample
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Electrochemical Voltammetric Change of current is measured

Potentiometric  Change of electrode potential is measured against a
reference electrode

Electrical Resistive Change of resistivity dependent on analyte’s
amount adsorbed

Mass Piezoelectric Changes of resonant frequency of quartz oscillator
plate due to adsorption of analyte on its chemically
modified surface

Acoustic wave Changes of propagation velocity of acoustic wave
Magnetic Paramagnetic For example, oxygen monitors

Thermometric Heat effects Changes of temperature due to heat effects of
reaction or adsorption

Table 4. Classification of chemical sensors by transducer operating principle

The application of gas sensors is widespread in numerous sectors, from the automotive
to the environmental, and also in the food and health areas [119-121]. In particular, in the
automotive they are used for filter and ventilation control, besides the alcohol tests and
gasoline vapour detection. In the food and industrial sector, sensors are useful for quality
and process control, while in medicine they are able to carry out the breath analysis and
disease detection. One of the most important applications of chemical sensors is in the
environmental control, placed in the weather and pollution monitoring station. Also the
safety application is very crucial, where sensors are able to detect fire and leaks, besides
toxic and flammable gas. In any case, the most important application fields for gas sensors
are those of combustion control and environmental pollutants monitoring, showing the two
crucial function of a chemical sensor: the gas concentration reception and the information
sending to the control system. It is important to stress here that there are two kind of
configuration for gas sensors: the single gas sensors, used for the detection of only one
analyte, such as fire and leakages detector or the alarm devices warning the overcoming of
threshold concentration values of hazardous gases in the work places, and multisensor
systems, note also as electronic nose. These devices are composed by several sensors, each

of them sensitive to a certain chemical specie; they are typically used for the Volatile
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Organic Compounds (VOCs) detection or for odours recognition from foods and indoor air

[122-124).

For the evaluation of gas sensor performances, it is necessary to refer to specific factors

which allow to totally characterize the component. The most important parameters are

those named as 35 [125,126]:

Sensitivity: the measured signal variation per analyte concentration unit; it
corresponds to the slope of a calibration curve;

Selectivity: the ability of the sensor to detect changes of a specific or more
analytes;

Stability: the ability to maintain their performances and characteristics during the
time e for high temperatures, in order to permit the reproducibility of the

measures.

In addition to these, other characteristics typical of all measurement instruments are:

detection limit: the minimum analyte’s concentration that can be measured by
the sensor under given conditions, especially at a specific temperature;

linearity: the relative deviation of a certain calibration curve from an ideal straight
line;

resolution: the lowest concentration difference that can be distinguished by the
sensor;

response time: time requested by the sensor to respond to a variation from the
zero to a certain concentration level;

recovery time: time requested by the sensor to return to its initial value after the
variation;

working temperature: temperature at which the sensor shows its maximum
sensitivity;

hysteresis: maximum difference in output signal when the value is approached
with an increasing and a decreasing analyte concentration range.

dynamic range: analyte’s concentration range between detection limit and
highest limiting concentration;

life cycle: period in which sensor can operate continuously.
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These parameters allow to enough characterize a specific device. An ideal chemical
sensor should have high sensitivity, selectivity and stability, low detection limit, hysteresis
and response time, good linearity and life cycle long as much as possible [115]. A sensor
with all of these characteristic is, besides very difficult, quite worthless. Indeed, it has always
to be considered the application of a determined gas sensor, since that not all of these
conditions simultaneously need to be verified. In Table 5 a schematic comparison of

different gas sensors is proposed [127].

Parameters Resistive Electrochemical Thermal conductive Optic
Sensitivity e g b e
Selectivity p g b e
Stability g b g g
Accuracy g g g e
Response time e p g p
Life cycle g p g e
Maintenance e g g p
Cost e g g p
Portable device e p g b

Table 5. Comparison of different gas sensors (e: excellent; g: good; p: poor; b: bad) [127]

As it is possible to note from Table 5, resistive (or conductometric) sensors, mainly based
on semiconductor metal oxides (MOS), are one of the most promising type, since their
numerous qualities. In fact, they provide very high sensitivity and optimal response time,
besides long life time and elevated simplicity in function and fabrication, which leads to low
cost of production and maintenance. In addition, their possibility to integrate in the same
device both the sensing element and the signal converter for electronic control allows to
extremely simplify their design. These several qualities and attractions of resistive sensors
demonstrate their advantageous application in various fields. In addition, if based on
chemical material particularly suitable for high temperature application, such as perovskites
oxide, they offer the additional possibility to operate at high temperature. All these features
highlight the great opportunity of their application in biomass gasification systems.
Nevertheless, resistive sensors are characterized also by leaks of selectivity, instability
(especially in the long periods) and low reproducibility. These drawbacks can be overcome
by means of thermal treatment or catalysts addition or coupling with filters or
chromatograph columns for selectivity improvement and mostly through carrying out

research activities in the field.
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Analysing also the commercial gas sensors attractiveness, it is highlighted the increasingly
development of this kind of device in global market and research. The work of Gopel et al.
[128] showed that gas sensors market is increasing since 1993, reaching a value of 542 MS
in the 1998. More recent reports [129,130], moreover, estimated a value of 1700 MS in
2012, so that in 14 years market has become more than three times larger, with a linear
trend from 1988 to 2012 having a slope of +89.6 MS/year. Figure 8 shows the distribution of
gas sensors market relative to 2012, classifying by gas sensor type and world spreading,
calculated by overlapping data from different sources [129-131]. Among the global sensor
market, biosensors and chemical sensors covered about 13 BS, being the 21% of the global
market. Chemical sensors, then, represented the 13% of this part and sensors based on
MOS were 221 MS in 2012 (1% of chemical sensors). Finally, in 2012 market of gas sensors
was mainly present in Europe, Asia and North-America, with 29%, 29% and 27%
respectively. These data highlight the crucial role of chemical sensors all over the world,
representing a widespread and increasing technology in the global market of measurement
instruments. In addition, influence of MOS chemical sensors seems to be here very low,
being only 1% of all chemical sensors, since this analysis focused on already marketable
devices; considering, instead, also patents and researches on MOS sensors, it is evident that
they are one of the most attractive technology for sensing purposes. Patents on MOS in
2012, in fact, were 26% of total ones on gas sensors, with an increasing trend in the next
years; total research works in the same year all over the world were 312 and 499 in 2016,
showing the increasing interest in the field (data extrapolated by Scopus and Web of

Science).

Bio- and chemical a) Others
Sensors 15%

/ Chemical sensors

21% 12%

Europe

5
L% MOS sensors

m Gas Sensors m Asia = North-America

Figure 8. Typology (a) and world (b) distribution of gas sensors market
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Chemoresistive gas sensors

Chemoresistive gas sensors are one of the most attractive type of electrical sensors.
These devices operate due to a surface interaction with target gas and cover a large group
of gas sensors: polymer, metal, metal oxide, or semiconductor conductometric sensors,
capacitance sensors, work—function-type and Schottky barrier-, MOS-, and FET-based
sensors [132]. Chemoresistive sensors are in the group of conductometric (or resistive)
sensors and are characterized by a simple structure and an operating principle based on the
modulation of their electrical conductivity by the presence or absence of some chemical
species that comes in contact with the device [133]. In particular, in presence of specific
compounds the conductometric sensors changes its resistance as an effect of reactions
(adsorption, chemical reactions, diffusion, catalysis, swelling) that take place on the surface
or in the bulk of the sensing material. The electrical conductivity is then modulated by the

chemical species and these variations can be measured as changes in the current.

The basic scheme of a chemoresistive sensor is constituted by different components
[134,135]:

e layer of sensing material, deposited as compressed powders or thick or thin film;

e substrate, for the sensing layer deposition;

e electrodes, for electric characteristics measuring;

o heater, for the independent device heating and operation at its optimal
temperature: it is generally separated from the sensing material and electrodes
by means of an insulator layer.

A graphical representation of such a configuration is reported in Figure 9.a, where a scheme
of the Taguchi sensor is presented, since it is the first resistive sensor produced, exact by
Taguchi around the end of 60s of the last century, and the most representative one. The
current chemical resistive sensors can have some structural differences, such as a plane
alumina support with interdigitated gold sensing electrodes, that maximize electrical
responses, on which a thin film of sensing material is sprinkled, as it is possible to see in
Figure 9.b. In the case of their usage in gasification systems, then, it is possible to operate
without the heater, if the sensor is installed in gas streams with temperatures equal to

those characterizing the operating condition of the measurement device.
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Figure 9. Chemical sensor structure: a)Taguchi sensor [136] b)current configuration [137]

Sensing layer of resistive sensors could be constituted by different kind of materials:
organic, such as polymers, porphyrins and phthalocyanines, or inorganic. These latter are
the most widely used, since their higher stability [138]. Among them, metal oxides
semiconductors (MQS) are a very attractive solution as gas sensors receptors [139]. They
are, in fact, very economic materials, even thanks to the possibility to be produced by a
number of different simple methods. Moreover, they have an elevate thermal and temporal
stability and can provide very advantageous sensing properties [140—145]. Semiconductivity
of the materials is highly dependent on its electronic band structure. In every crystalline
material, indeed, electrons are able to occupy only determined bands, defined as a range of
allowed or prohibited energies to an electron. Three different bands are then possible
[137,146]:

e valence band (E)), the highest energy band totally filled with electrons;
e conduction band (E), the lowest normally empty energy band where electrons
are free to move;
e band gap (Eg), the energy range between the other two bands where no electron
states can exist due to the quantization of energy.
In addition, it should be considered the Fermi energy, Ey, referring to the energy for which
an allowed level at that energy has an equal chance of being found occupied or empty by
electrons. Materials, thus, can be classified by the wideness of band gap and the Fermi
energy’s position (Figure 10): conductors have no band gap and the energy level is inside
one band; insulators have a wide band gap with the Fermi energy in its centre;
semiconductors, finally, have intermediate conditions of small band gap and Fermi energy
anyway placed in its centre, but with a higher probability for electrons to pass in the

conduction band.
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Semiconductors, then, can be n-type or p-type: the former has donor impurities in the
crystal structure, namely impurities that provide additional free electrons to the
semiconductor, which tend to occupy the conduction band and can conduct electricity
under the application of an electric field (the majority charge carriers are electrons); the
latter, instead, has acceptor impurities that can generate unsatisfied chemical bonds
naturally fulfilled by valence band electrons, which in turn create “holes” in the valence

band (conduction is regulated by positive holes being the majority charge carriers).

Several semiconductors metal oxides have been considered suitable for application in
chemoresistive sensors, both simple and mixed oxides, and in different structural phases,
such as amorphous, nanocrystalline, poli-crystalline and the mono-dimensional crystalline.
Each phase has its unique characteristics which can influence, positively or negatively,
sensors performances [147-152]. Nano- and poli-crystalline materials are the best and the
most used, thanks to their optimal combination of all critical properties of sensing
applications: high specific surface area, due to the small dimensions of crystallites, economic
technologic design and structural and electrical stability. Amorphous materials, instead,
have very low stability, especially at high temperatures. Mono-dimensional crystalline
materials, finally, have the maximum chemical properties but they require high costs and a
complex fabrication technology. In addition, it is difficult to reproduce uniform mono-
dimensional structures, influencing also reproducibility of gas sensors responses. Since
these drawbacks, they are not yet ready for their large utilization, while nano- and poli-

crystalline materials will be the preferable ones for gas sensors application.

Working principle of chemoresistive gas sensors is founded on conductivity changes in

the semiconductor sensing material due to chemical interactions with target gas to be
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detected [134,153]. There are different possible reactions at the basis of these interactions,
even dependent on operating temperatures:

e bulk reactions, which involve stoichiometric changes or conversion of the

material in a different compound, generally at high temperatures;
e gas adsorption (physical or chemical) on the semiconductor surface, causing fast
conductivity changes, generally at lower temperatures.

Since gas adsorption reaction on the surface is faster than the other ones, is preferable to
have materials with very high specific surface area, in order to enhance sensors
performances: is also for this that nanomaterials are the best choice for sensing purposes.
The exact fundamental mechanisms that cause a gas response are still controversial, but can
be summarized as follow [153—157], limiting our discussion to surface adsorption reactions
as main effects [158]. On the surface of the semiconductor oxide, will be established
reaction with gas donors of electrons, such as reducing agents as hydrogen, or gas acceptor
of electrons, such as oxidizing agents as oxygen, and electrons exchange with the material
occur, generating a charged layer, so called space-charge layer, close to the surface. Donor
gases will give electrons to this surface layer; on the contrary, acceptor gases will extract
gases from the surface. In the first case, the space-charge layer will be an “accumulation
layer”, that is a layer with an excess of charge carriers; in the second case, instead, a
“depletion layer” will occur, namely an insulating layer where no charge carriers are present
but only ionized donor or acceptor impurities: changing surface concentration of
donors/acceptors also resistivity of the charged surface layer is changed. The materials
developed in this work were prepared in atmospheric conditions, under the exposure of air
and, thus, oxygen during its synthesis and calcination. Therefore, it is considered now the
case of an acceptor gases and thus an oxidizing gas as oxygen, in particular a n-type
semiconductor: during the preparation of the materials, O, molecules are adsorbed on the
surface of metal oxides and would extract electrons from the conduction band and trap the
electrons at the surface in the form of ions, leading to a band bending and an electron-
depleted region, whose thickness is the length of band bending region (“air). The result will
be a decrease of the free charge carriers’ concentration (electrons). A schematic
representation of this is reported in Figure 11.a. Considering here for simplicity one-
dimensional metal oxides, namely metal oxides with depletion layer thickness very smaller

than grain size (Mair<<Dy), these phenomena will happen on the surface of each single grain
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of the material. Conduction of charge carriers in gas sensors, hence, occurs between the
two sensor electrodes and the numerous semiconductor material’s grains constituent the
sensing layer. Between grains there will be an electrical barrier, so called Schottky barrier,
exactly composed by depletion layers of each grain surface, as it possible to observe in
Figure 11.b: charge carriers have to overcome this electrical barrier in order to conduct
current inside the material. After the exposure for example to a reducing gas, such as
carbon monoxide or hydrogen, of the sensing material so structured, it is oxidized by O and
releases electrons to the bulk of the material. This causes the decreasing of surface oxygen
ions and also the reduction of the space-charge layer thickness: the Schottky barrier
between two grains is thus lowered and conduction of charge carriers between them is
obviously enhanced (while resistance is reduced). The case here presented, was specific for
a n-type semiconductor. In the case of a p-type material, free charge carriers are holes and
not electrons and change in conductivity will be the opposite: an increase of the free charge
carriers’ concentration (holes) will occur in the chemisorption of oxygen ions during the
preparation of the material, while a reduction of conductivity (and so an increase of
resistance) will be generated after the exposure to a reducing gas. In any case, since these
phenomena, conductivity (or resistance) of materials is changed after being in contact with

target gases.
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Figure 11. (a) Schematic diagram of band bending after chemisorption of charged species (b)
Band and structural models of conductive mechanism before and after the exposure to a reducing

gas [155]

Equivalent electrical model consists in a series of resistors, one for each grain, resulting
from the parallel connection between the resistance of the surface space-charge layer and

that of the bulk material. Conductance of the complete materials, then, is defined as
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where Gp is a constant taking into account all other less sensitive factors, qVs is the energy
of Schottky barrier, k the Boltzmann constant and T is the temperature. Grains dimension
highly influences conductivity of sensing materials, since the crucial role of Schottky barrier
in conduction of charge carriers: sensors response increases with grains diameter
decreasing, since thickness of barrier tends to disappear. This confirms what said previously

about the importance to have nanomaterials in order to enhance sensors performances.

Since having deeply discussed functional principle of chemoresistive gas sensors based
on semiconductor metal oxides, it is easier to individuate also some possible techniques for
the improvement of their complete operation, trying to limit also the drawbacks correlated
to them, such as lack of selectivity, reproducibility and stability [134]. Concerning the
improvement of sensitivity, it could be achieved by means of dispersion on oxides surface or
inside its volume a low concentration of additives, by doping. This method can lead to new
electrons donors or acceptors formation or can influence growth and dimension of
crystalline grains. Possible elements used for doping are a very large number. This technique
can be useful also for the improvement of selectivity of the materials, preparing compounds
specifically sensitive to one target gas and almost indifferent to other gases present in the
mixture. However, this is a very difficult goal to be achieved. A different approach, then, can
be the preparation of an array of different sensors sensitive to different analytes, such as
the electronic noses. Finally, nanostructured metal oxides generally suffer of degradation
due to their large reactivity. Different methods are available for increasing their stability:
calcination, annealing, lower operating temperature. Nevertheless, the most promising
solutions are the doping of metal oxides with metal particles or the use of mixed oxides. It is
for these reasons that in this work the attention was focused on mixed oxides perovskite

type and their possible doping for the enhancement of sensing properties.

Perovskites

Among semiconductor metal oxides, particular attention is addressed to perovskites
[159-165]. The first perovskite discovered was CaTiO3, whose name was used as general to

indicate that group of compounds. They are mixed metal oxides with general formula ABO3,
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where A and B are metal cations with the particular requirement that A needs to be the
larger cation. Hence, A cation can be an alkaline earth metal, an alkaline ion or a rare earth
metal; B cation, instead, should be a transition metal. In this structure, A cations have 12
coordination with oxygen atoms while the smaller cations B have 6 coordination with
oxygen anions. Figure 12 depicts the corner sharing octahedra that form the skeleton of the
structure, in which the centre position is occupied by the A cation. Alternatively, this
structure can be viewed with the B cation placed in the centre of the octahedron and the A
cation is in the centre of the cube. Perovskite structure is, thus, a superstructure with a

ReOs-type framework formed by the introduction of A cations into the BOg octahedra [166].

.A B O

Figure 12. Crystalline structure of a perovskite [167]

Perovskite structure needs also ionic radii requirements to exist in oxides, considering the

Goldschmidt tolerance factor [168]:

_ ra+T0
"= Featro (2.2)

The lower limits for cationic radii are ra>0.09 nm and rg>0.051 nm in the case of oxides.
Perovskite structure, then, exist only with tolerance factor in the range of 0.75<t<1.0. The
most recurring cases have t between 0.8 and 0.9, while the ideal perovskite structure occurs
with t very close to 1 and at high temperatures and it is cubic. In all the other cases,
distorted structures appear, with orthorhombic, rhombohedral, tetragonal, monoclinic and

triclinic symmetries, where the first three type are frequent.

The main attractive of perovskite oxides is their flexibility and ample diversity of

properties that they report, thanks to the possibility to use over than 90% of natural metallic
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elements of the periodic table for their preparation, being these very stable in a perovskite
oxide structure. In addition, the possibility to prepare several multicomponent perovskites
by means of partial substitution of cations in positions A and B, leading to compounds of
formula (AxA’1x)(ByB’1,)03, is very advantageous. These characteristics account for the
variety of reactions in which they are used as catalysts. Adding to this the remarkable
thermal, chemical, structural and morphological stability which characterizes them, it is
evident their crucial role in all chemical devices. Use of perovskite in chemoresistive gas
sensors is widely applied [169-172]. In the cases of purposes of this work, moreover, their
usage is extremely important, since perovskites can allow to operate sensors at relatively
high temperatures, typical of biomass gasification systems, exactly the application scope of

this work.

A number of methods are used in the synthesis of perovskites, highly influencing textural,
structural and morphological characteristics of these oxides [173-176]. In particular,
applications of perovskites in the field of catalysts and sensing element require solids with a
pretty porous network and high volume ratio and with nanodimensional grains, as
previously discussed. It is possible to distinguish between two groups of synthesis methods:
those based on solid-solid reaction and those based on liquid-solid reactions. The former
generally generate perovskites with small surface area, due to high temperatures involved
that promote sintering processes. Methods based on liquid-solid reaction, instead, are
developed in order to synthesize homogeneous perovskites of pure single-phase with
nanostructured crystallites and high specific surface area, and so are the preferable ones. In
this work, nanopowders of perovskite oxides for sensing purposes are prepared by means of
auto-combustion synthesis technique, which is based on liquid-solid reactions and have the
additional advantage of being a simple, fast and efficient method, involving relatively low

temperatures.

Besides the ionic radii requirements, another condition to be fulfilled in perovskites is
electroneutrality, namely the sum of charges of A and B equals the total charge of oxygen
anions. Appropriate charge distribution is then necessary in perovskites structure, such as
AY*B>*03, A2*B* 03 or A3*B3'0s. A suitable perovskite oxide, hence, is the lanthanum ferrite
oxide, which has attracted considerable attention thanks to its great electrochemical

properties, such as high ionic and electronic conductivity, and since its being economic and
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not health dangerous material. These characteristics promoted its widespread utilization in
many advanced technologies like SOFC (Solid Oxide Fuel Cell), oxygen membranes, catalysts
and chemical gas sensors [177-181]. In addition, CO adsorption on LaBOs perovskites at
ambient temperature is assumed to be dependent on the electron configuration of B3*
cation and Fe3* cation resulted to generate the maximum carbon monoxide adsorption
[182,183]. However, partial substitution of A and/or B cations is highly encouraged since it
increases the oxygen non-stoichiometry and thus the electrical and magnetic properties
[159,184]. In addition, gas sensing performances of LaBOs; perovskites are strongly
influenced by the B-site cation, which directly implicates morphological, structural, chemical
and electronic properties [185-188]. On the other side, titanium perovskites exhibit high
thermal stability in reducing atmosphere and at high temperatures [160,189,190]. However,
very few studies deals with B-site substitution with Ti ions: Phokha et al. [191] evaluated
magnetic properties of LaTixFei1xOs but have not analysed its sensing performances and
characteristics. In addition, cobalt ions are supposed to create very active sites for reducing
gas interaction [159,160] and could be useful to evaluate the different influence of divalent
ions (Co?*) and tetravalent ions (Ti**). Since this, in this work has been carried out an
evaluation of Ti-dopant and Co-dopant influences on LaFeOs perovskite performances in the

sensing of typical gases and contaminants of fuel cells and gasification systems.
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3. Experimental Activity on Biomass Gasification

Several biomass gasification systems are commercially available or under development,
characterized by different working principles and different scopes, as showed in chapter 1.
Different configurations may be characterized by different biomasses, flows, compositions,
and contaminants of the gas and even different performances and technical requirements
of the system. In order to have an extended knowledge of the gasification systems and their
components, operating parameters and gas flows, experimental activities on biomass
gasification systems at different scale and for different configuration have been carried out.
In particular, a bench-scale and an innovative 100 kW+» Dual Bubbling Fluidized Bed (DBFB)
pilot gasifier were studied, analysing the different outputs, processes and possible
innovative gas cleaning and conditioning devices. Finally, a global simulation of a complete 1
MW;:, power plant was also performed by means of a simulation study with ChemCAD®
software, to evaluate the integration of the innovative DBFB gasifier in a real application
and to identify which are the streams and their main features (in term of composition and

operating conditions) where apply the sensor investigations (see chapter 2).

Experimental gasification systems

First gasification tests have been carried out on a bench-scale system, since the easier
and better control and management, which allow to simplify and speed up the experimental
campaign. This system was used to perform simple biomass gasification tests and

experimental study on tar removal devices. The test-rig used is showed in Figure 13.

Figure 13. Scheme of the bench-scale gasification system
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The fuel gas production is ensured by the cylindrical bubbling fluidized bed (BFB) gasifier,
continuously fed with fuel (biomass) and gasification agents. The fluidized bed gasifier (1)
consists of an austenitic stainless steel (AISI 310) cylindrical vessel of 80 mm internal
diameter and 860 mm height. It contains a sintered stainless steel (AISI 310) porous
distribution plate, which provides pressure drops higher than 40% of those through the
fluidized bed yet at ambient temperature: this characteristic and the reactor design
guarantee a uniform gas distribution at every temperature. The bed inventory of the gasifier
was olivine sand with Sauter diameter of 350 um and a density of 3300 kg/m3. The whole
reactor is heated by a cylindrical electric furnace, equipped with two thermocouples, one
immersed in the bed and the other located under the distributor, used for temperature and
heating rate control. The electric furnace is used to maintain the temperature of the bed at
the desired value of 800 °C, permitting in this way to operate the reactor as a steam gasifier
similarly in the dual fluidized bed gasifier operating system. The biomass feeding (2) is set at
the top of the reactor and is ensured by an endless screw system powered by an electric
motor. The fuel feeding is supported by a constant nitrogen flow, continuously sent to the
biomass inlet pipe in order to avoid problems of agglomeration and choking. The fluidization
of the bed material inside the gasifier is guaranteed by right amounts of air, nitrogen, steam
or their mixes (3) feeding the reactor at a temperature of 450 °C. Steam is generated by an
electrically heated boiler (6) fed by means of a dosing pump (5), which takes distilled water
from a tank (4) at a constant flow rate. During the start-up, air is injected in the gasifier in
order to enhance the fluidization and the heating of the bed material. During this phase the
total amount of gas produced by gasification is completely burned in a torch (8). When
steady state condition is established, steam is used as gasifying agent, in proper amounts
depending on the steam to biomass ratio (SB). Since steam flow could not be sufficient to
activate and support fluidization, nitrogen also is injected as inert in the reactor. During the
gasification at steady state condition, only a part of the total produced gas feeds the torch
and is burned, since the remaining quantity is sucked up by a vacuum pump (13) and used
for the analysis. Gas produced by gasification has to pass through a primary gas cleaning
section, consisting in a cyclone (7) and in a heated ceramic filter at 250 °C (9) in series,
having the aim of remove ashes and fine particles.

The tar removal section of the system consists in two components: dolomite bed and oil

scrubber for gas conditioning and cleaning respectively. The stainless steel secondary
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reactor with an internal diameter of 7.5 mm (10) contains an upstream guard bed of
calcined dolomite and is located in an electrical furnace, having temperature and heating
rate control systems based on the thermocouple sited inside the catalyst bed. The scrubber
unit is, instead, simulated by an impinger bottle (11) filled with vegetable exhaust oil,
inserted in a water bath and continuously heated by a hot plate and thermally controlled by
means of a thermocouple. Only during the tar removal experimental campaign, the
produced gas passes even through this additional section.

Syngas then passes through other different impingers (12), filled with 2-propanol and
placed in a thermostatic bath maintained at -10 °C by a chiller-thermocouple system, in
order to condensate the remaining tars and the excess water, according to the tar guideline
provided by the European Committee for Standardization [192]. The vacuum pump (13)
sucks up syngas, free from tars and water, which is then analysed using a volumetric gas-
chromatograph (15) (VARIAN CP-4900 micro-GC, Varian Inc). A Bronkhorst-El flow regulator
(14) (Bronkhorst High-Tech B.V.) controls the slipstream of the raw gas. The 2-propanol
mixed with tars is collected at the end of each test and successively analysed by means of a

gas-chromatograph with mass spectrometry (Agilent GC-MS 5975C, Agilent Technologies).

Second gasification tests have been carried out even on a small-scale pilot gasifier with
an input of 100 kW (Figure 14). It is a dual bubbling fluidized bed gasifier containing olivine
sand as bed material, which acts as catalyst for gasification reactions and as thermal carrier.
In this kind of gasification system, in fact, combustion and gasification zone are located in
two different reactors communicating each other with a bed material circulation, thanks to
some orifices and to the fluidization state. The gasification zone, fed with steam and
biomass, produces, besides the producer gas, some charcoal, which circulates to the
exothermic combustion zone together with the olivine. In the combustor, fed with hot air,
the charcoal is burned, heating up the bed material at a temperature higher than the
entrance one. When the olivine circulates back to the gasification zone, provides the
thermal energy necessary for endothermic gasification reactions. Both the chambers are
under atmospheric pressure, with great simplification of the system management, control
and costs. A such gasification system, based on the dual bubbling fluidized bed with two
chambers, is extremely attractive since it allows a gasification process using steam as

gasifying agent. This is very advantageous since it allows to obtain a high-quality gas, with a
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reduced amount of nitrogen content even if air, and not pure oxygen, is used for the

combustion.

SYN EXH >
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Figure 14. Scheme of the 100 kW4, pilot gasifier

An electrical resistance heats up the air for the combustion, while the steam is produced
by a steam generator and superheated by an electrical resistance. Both gasification and
combustion agents have an inlet temperature of 400 °C. Both the flue gas produced by the
combustion and the gas produced by the gasification pass through a cyclone for particulate
removal. Once reached steady state condition, a part (about 20 I/h) of the total producer
gas is used for the analysis of gas quality and composition. It passes through the tar
sampling system, consisting in a series of different impingers bottles with 2-propanol and
placed in a thermostatic bath at -10 °C, similarly as in the previous bench-scale gasification
system. A vacuum pump collects syngas free from tars and excess water and sends it to an
online gas analyser (Advance Optima A02020, ABB). The Agilent GC-MS 5975C gas-
chromatograph with mass spectrometry was used for the evaluation of tar content in the 2-

propanol mixture and thus in the syngas.

Gasification tests

Gasification tests with different input biomasses were carried out on the bench-scale
apparatus (BFB gasifier) in the configuration without the tar removal section [193]. These
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experimental activities were involved in the regional scientific projects “PSR-Utilizzo degli
scarti di filiere agricole della Regione Lazio”. The aim of these projects was to evaluate the
different biomasses availability of local agricultural food chains and simultaneously their
thermal and electric needs to be satisfied by a proper biomass waste gasification system.

Biomasses used as fuels are listed in Table 6, together with their preliminary and elemental

analysis.
Pruning/ . Volatile Fixed

. Moisture  Ash LHV C H N (0]
residues matter  Carbon

Raw (%) (MI/kgary) (%wt)

Olive 21.4 3.2 64.0 11.3 19.2 480 6.1 0.6 453
Vine 34.9 3.6 52.3 9.2 18.6 56.8 6.8 0.7 35.8
Hazelnut 32.4 4.6 53.5 9.4 20.1 487 64 13 436
Kiwi 17.2 5.6 65.7 11.6 18.1 46.8 59 2.1 452
Oak 30.2 2.6 57.1 10.1 22.6 509 6.1 05 425
Beech 40.0 34 48.1 8.5 18.9 485 6.1 0.3 450
Pine 35.0 3.0 52.7 9.3 20.0 489 80 1.2 420
Hazelnut 6.4 1.7 78.1 13.8 18.8 51.1 58 04 426
shells

Table 6. Preliminary and elemental analysis of biomass samples

Only residual biomasses were considered, since their higher sustainability: in particular,
the ones resulting from the fruit trees pruning, the wood residues and fruits treatments like
hazelnut shells. Moreover, only quite dry fuels with a high carbon/nitrogen ratio were
tested, since the most suitable for biomass thermo-chemical conversions. Biomass samples
as received were selected, dried, crushed and sieved, in order to reduce the moisture and
the particles diameter (800-2000 um) for the gasification process optimization. From Table 6
it is evident that hazelnut shells resulted to have the best characteristics for gasification
conversions. Moisture and ash contents are, indeed, very law while the lower heating value
is at reasonable levels and the carbon content is one of the highest. These two latter
represent the energetic content of the fuel and thus need to be as high as possible. The
opposite necessity occurs for moisture and ashes, since the former is directly linked to
thermal energy to be provided for drying and the latter are inorganic matter impossible to
be gasified. Moreover, ashes generate fine particulate and, if present in elevated quantity,

can melt and cause agglomeration with bed material besides some deposits on various parts

53



of the system: all of these substances have to be avoided or removed in order to prevent
clogging and damage of all the various downstream components [194-196].

Biomass feeding rate was set at 300 g/h, while gasification temperature at 800 °C.
Gasification tests were performed using steam as gasifying agent and pure nitrogen for
supporting the fluidization. The duration of each test was of about 60 minutes. Producer gas

compositions and characteristics are listed in Table 7.

Pruning/residues  SB H> co CO: CH,4 LHV Gas yield
(%vol) (MI/Nm?)  (Nm?gas/kGbio, daf)
Olive 1 444 235 24.8 7.2 10.2 15
Vine 1 47.2 24.2 235 7.8 10.8 15
Hazelnut 1 46.8 216 223 7.2 10.2 14
Kiwi 1 48.6 20.2 24.3 7.0 10.2 13
Oak 0.6 39.2 26.1 21.3 9.9 10.8 1.2
Beech 0.6 38.0 21.9 24.8 10.0 10.1 11
Pine 0.5-1 45-49 23-20 20-25 109 11.1-10.8 15
Hazelnut shells 1 489 20.7 235 6.9 10.2 1.5

Table 7. Producer gas compositions and characteristics of different biomass samples

Differences in gas compositions resulting from different biomasses were not so relevant,
since only hydrogen and methane contents showed the bigger variations, mostly due to the
different steam to biomass ratio used in the tests: for higher SB, indeed, more steam is
available in the gasification process and thus more hydrogen and, in turn, less methane are
produced. The lower heating values of the different gases are hence quite similar each
other. This is confirmed also by the gas yield, which is higher for gasification tests at higher
steam to biomass ratio [197-199]. However, energetic value of the producer gas obtained
from the bubbling fluidized bed gasifier of the bench-scale apparatus is quite relevant, since
using steam as gasification medium leads to gases less diluted in nitrogen and thus with a
higher LHV.

Also the tar content in the producer gases is quite constant for the different samples,
having used olivine sand as catalytic bed material: averages of tar concentrations are listed
in Table 8. Even if the heavier tar compounds are present only in a small amount, the dew
point temperature of the producer gas, calculated by dew point model developed by the
ECN - Energy research Centre of the Netherlands available online at [200], is around 90 °C.

All the downstream components will have a temperature certainly lower than this: cooling
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down the producer gas under its dew point temperature, tar compounds and especially the
heavier ones will condensate and deposit, causing clogging and breakdown. Therefore, a tar
removal and gas cleaning section is extremely important for the operation of a gasification

system.

Compound Concentration (g/Nm3)
Benzene 12.6
Toluene 6.12
Xylene 0.85
Styrene 2.36
Phenol 2.61
Naphthalene 4.96
Fluorene 0.05
Acenaphthylene 0.23
Phenanthrene 0.04
Anthracene 0.04
Pyrene 0.01

Table 8. Average of tar concentration obtained by gasification of different samples

Several gasification tests at different operation parameters were performed also on the
100 kW4, pilot gasifier, in order to have information about a real gasification system. These
research activities were involved in the Lazio Italian region scientific project “HyBioFlex-
HBF” and in the European 7FP scientific project “UNIfHY (FCH JU 299732)”. The aims of
these two projects was to evaluate the possibility to integrate the innovative Dual Bubbling
Fluidized Bed gasifier in two different plant configurations: the first to produce electric and
thermal energy using an internal combustion engine; the second to produce pure hydrogen
for fuel cell applications. Hazelnut shells (CH1.4006No.01) were used as input biomass, with a
constant flow rate of 20 kg/h. For the relative characterization see Table 6. Working
parameters varied during the experimental campaign were the operating temperatures, the
gasifying agents and their flow rates. In particular, both steam and air+steam gasification

tests were carried out, with different steam to biomass ratio and equivalence ratio (Table 9),
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in order to evaluate the advantages of steam gasification respect to the conventional

air+steam. The duration of each test was of about 30 minutes.

Test 1 Test 2 Test 3 Test 4
Gasifying agent Air+steam Air+steam Air+steam Steam
Steam (kg/h) 11 6 5 12
Air (kg/h) 39 31 31 70
SB 0.5 0.3 0.2 0.6
ER 0.3 0.2 0.2 -
Gasification T (°C) 783 850 835 730

Table 9. Working parameters of gasification tests on 100 kW, prototype gasifier

Test results in terms of producer gas composition and tars content are showed in Figure
15. The tars chart displays only those compounds detected by the analysis instrument. It can
be immediately noticed that N; content in steam gasification (Test 4) is obviously lower if
compared with conventional air+steam gasification, leading to a producer gas less diluted
and then with a higher energetic value. Lower heating value of producer gases generated
from the latter were about 5 MJ/Nm3, while that of the steam gasification resulted to be
doubled with a value of about 10 MJ/ Nm3. In addition, this value is perfectly in line with
those obtained by steam gasification on the bench-scale apparatus. Lower dilution of the
gas in nitrogen affects also the content of all the other compounds, which resulted in higher
amount in the steam gasification test, even because of the higher steam to biomass. In any
case, nitrogen amount in the producer gas from steam gasification test was around 23%.q
and so not a negligible percentage: this should be due to some air leakage and to not
adequate pressure equalization between the combustion and the gasification chamber. As
regards conventional air+steam gasification tests, results from the different tests showed

not so appreciable differences.
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Figure 15. Producer gas composition (a) and tars content (b) of the 100 kW, pilot gasifier

Concerning tar content, it is possible to note that also steam gasification generated too high
amount, even if lower than in the case of air+steam. This was due to the low gasification
temperature (730°C) and the difficulty to reach and maintain the desired value for all the
experiments duration. Tar production, indeed, is favoured at low temperatures, which lead
also to relevant concentration of phenolic compounds. The high tar content could be due
also to the dimensions of the gasifier freeboard, which should be long enough to guarantee
a good residence time of the producer gas and of the tars in the hot zone of the reactor in
order to promote their conversion. Apparently, the shape of the gasifier seemed to be
unsuitable for this.

An evaluation of the particulate matter was also conducted, by making the gas stream
pass through a porous ceramic candle. After tests, the particulate trapped on the ceramic
candle was collected for the analysis and burned in a muffle oven in order to evaluate its
carbonaceous fraction and its ash content. The results obtained showed that the quantity of
particulate generated by gasification was around 7.63 g/Nm3. In addition, the carbonaceous
fraction of the total particulate matter was the 57.3%, while the remaining 42.7% was
supposed to be ashes.

The experimental campaign on the 100 KW:, prototype gasifier showed that the dual
bubbling fluidized bed configuration could be extremely advantageous, since it allows a
steam gasification process that leads to producer gas with higher quality in composition and
higher energetic value respect to the conventional air+steam gasification process, but as
showed further improvements are necessaries: some technical issues arose in the present

system, affecting its optimum operation, such as the air leakages between the two
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chambers and the dimension of the freeboard. Considering this, a new design of the DBFB
pilot gasifier is under development with the aim of optimizing this innovative gasification
system. Moreover, it has been noticed that the amount of tars in the producer gas from
both analysed systems (the bench-scale and the pilot) resulted to be too high for operation
and reliability of downstream components: a gas cleaning section is thus necessary for

gasification systems.

Gas conditioning

It was previously stressed the importance of a tar removal section in a gasification
system. Therefore, a gas cleaning and conditioning system for tar reduction in biomass
gasification particularly suitable for the coupling with an ICE was studied, by means of
experimental activities on a waste vegetable oil scrubber with or without an upstream guard
bed of calcined dolomite [201]. The bench-scale steam gasifier was used for tests in the
configuration showed in Figure 13. The aim of these studies, involved in the Lazio Italian
region scientific project “HyBioFlex-HBF”, was to verify the removal efficiency and to
evaluate the stability of these two coupled gas cleaning and conditioning systems for several
hours of operation. In particular, the gas cleaning section is related to the waste vegetable
oil scrubber, which is based on gas adsorption process where the contaminant (tars)
compounds are absorbed into the vegetable oil which acts as a very efficient absorbent
media, thanks to its hydrophobic characteristics that enlarge tar solubility. On the other
hand, the gas conditioning section is related to the upstream guard bed of calcined
dolomite, which is a low cost and available catalyst for steam reforming/cracking of tars
compounds, converting these into syngas, and thus recovering their energy content whilst

reducing pollution (see chapter 1).

Biomass used as fuel was hazelnut shells, with a constant flow rate of 300 g/h.
Preliminary and elemental analyses are showed in Table 6. The secondary fixed bed reactor
of the bench scale apparatus, with an internal diameter of 7.5 mm, was filled with 9.8 g of
calcined dolomite, resulting in 30 mm of guard bed height. The fresh dolomite used was
kindly provided by Pilkington: its physical and chemical properties are listed in Table 10. The
elemental analysis carried out on fresh dolomite reported that the mass fraction of Fe, CaO

and MgO is respectively 0.01%, 30.39% and 20.56%.
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Specific surface area of calcined dolomite (m?/g) 15.20
Particle’s diameter (um) 400-600
Density (kg/m?3) 1850

Table 10. Physical properties of fresh dolomite

Before tests, dolomite was calcined at 850 °C overnight. In order to have a gas residence
time in the catalyst of about 0.2 s, corresponding to about 80% of tar conversion [202], gas
dry flow rate was set to 250 Nml/min by means of the Bronkhorst flow regulator. The
temperature of the dolomite guard bed, continuously heated by the electrical furnace, was
set at 800 °C [66,203]. The tests with exhausted vegetable oil were conducted in a impinger
bottle (called as scrubber). The amount of oil used was 40 ml in order to have, with the flow
of 250 Nml/min, an estimated residence time between 1 s to 10 s, in accordance with
typical residence times for industrial cold cleaning systems in literature [61,204,205]. The
vegetable oil has been maintained at a constant temperature of 50 °C, by means of a water
bath: this temperature is in line with that obtained with a real scrubber [206] in a 8 MW
scale gasification power plant and with the operation temperature declared in the work of
Anis and Zainal [207]. In a real application, it can be convenient if the gas is cooling down
prior to enter in the unit scrubber, in order to exploit the released heat for other thermal
energy needs in the plant and increase in this way its overall efficiency. All the system’s

operating conditions are listed in Table 11.

Biomass feed rate (g/h) 300
Gasifier T (°C) 800
Steam (g/h) 378
SB 1.3
Gas Residence Time in dolomite (s) 0.2
Dolomite guard bed T (°C) 800
Gas Residence Time in oil (s) 1.00
Scrubber T (°C) 50

Table 11. Operating conditions of the gas cleaning and conditioning tests

The main fatty acids contained in the oil used are shown in Table 12. The composition

was obtained by GC analysis of the derived methyl-esters.
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(%wi)
Linoleic Acid 48.42
Oleic Acid 33.94
Palmitic Acid 7.21
Stearic Acid  4.13

Table 12. Fatty acids composition of the oil used

For each gasification test, both gas composition and its concentration of tars were
analysed. Gas and tars have been collected before and after the tar removal section, in
order to evaluate its efficiency. Tars were classified in 6 categories, lumping together the
elements with similar chemical structure and ordered from lighter to heavier compounds
[208]:

e benzene;

e one-ring compounds (excluding benzene): toluene, xylenes, styrene, indene, methyl-

indene, indan, thiophene, ethyl-benzene, methyl-benzene;

¢ naphthalene;

e two-ring compounds (excluding naphthalene): methyl-naphthalenes, biphenyls,

acenaphthene, acenaphthylene, fluorine, benzofurans, methyl-benzofurans;

e three and four-ring compounds: anthracene, phenanthrene, fluoranthene, pyrene,

dibenzofuran;

¢ phenolic compounds: phenols, methyl-phenols.

In order to evaluate performances of oil scrubber for removal of tars impurities in
producer gas flow, biomass gasification tests were performed using only oil scrubber in the
gas cleaning section. The total experimental period was 2.5 hours. Tests results over the
time are showed in Figure 16. Tars reduction is very high in the first hours of operation,
almost 100% in the case of heavier aromatic hydrocarbons and around 90% for the others
(except for benzene). These results are in line with literature, confirming that use of
vegetable oil scrubber is effectively advantageous respect to other scrubbing media [78].
Literature results, however, regarded only the first 90 minutes of scrubbing media
operating. Our results demonstrated that after 1.5 hours of operation the reduction
abruptly decreases, reaching even values below 20% for lighter compounds. This is
confirmed also by the gas dew point temperature calculated by [200], which is 0.9 °C and
77.3 °C after 1 and 1.5 hours of operation respectively. These values also demonstrate that,
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after 1.5 hours, the reduction of tars is not more due to the oil scrubber cleaning activity but
to the condensation of tars in a section at 50 °C, that is lower than the dew point
temperature. These considerations demonstrate that exhaust vegetable oil was not more
able to physically absorb tars present in the producer gas and it is possible to assume, then,
that oil saturation occurred. The different reduction ability for different tars is due to their
different physical properties: benzene and one ring compounds, in fact, are more volatile
than the others and thus are more difficult to be trapped by the scrubbing media. In
addition, a dew point temperature of 77.3 °C is not acceptable, since condensation of tars

could seriously damage all the components downstream the gasification system.
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Figure 16. Reduction of tars by means of the scrubber oil

Therefore, using only oil scrubber in the gas cleaning unit is not suitable for efficiency and
sustainability of the considered process: a rough estimation shows that, for a steam biomass
gasification system, about 4 litres of oil for each kg of biomass would be necessary.
Vegetable oil used as scrubbing media could be sent and burned into a combustion zone
directly connected with the gasifier in order to provide the extra heat necessary for the
endothermic gasification reactions. However, with a saturation limit of only 1.5 hour, the

amount of exhausted oil available is higher than the reactor’s needs.

Subsequently, performances of the complete conditioning system were analysed,
conducting gasification tests with dolomite guard bed and oil scrubber. 8 gasification tests
of 60-120 minutes have been performed, for a total amount of 12 hours of

experimentations. Figure 17 shows the time change in reduction of tars concentration by
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means of the complete conditioning system. It is possible to note its effectiveness and the
great reductions in tars concentration respect to those present in the reference gas. Heavier
hydrocarbon in the conditioned gas are present always in very low concentrations, even
lower than the detection limits of the analysis instrument, also after 12 hours of operation
of the dolomite guard bed and the oil scrubber. As regards light aromatic hydrocarbons, that
are benzene and the one-ring compounds, the conditioned gas has lower concentration
respect the reference one, even if in moderate quantities. In any case, the conversions and
reductions of tars thanks to dolomite and scrubber are quite high: reduction close to 80%
are reachable for benzene and one-ring compounds, while heavier aromatic hydrocarbons

could be reduced even at almost 100%.
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Figure 17. Reduction of tars by means of dolomite guard bed and oil scrubber

Although the results show that reduction of benzene and one ring compounds is the
most difficult to achieve, it is known that for engine purposes only hydrocarbons with a dew
point temperature higher than about 100 °C could cause fouling or blocking in downstream
components [45]. Hence, presence of benzene and toluene in the gas stream does not cause
any technical problems to the system [65] and, therefore, our analysis could be focused
mainly on the heavier aromatic hydrocarbons. Literature is not clear on the tars
concentration range admissible for ICE. Most of them say that it should be between 20
mg-m=3 and 500 mg-m= in standard conditions: it depends on the composition of heavier
hydrocarbons. One of the most appropriate way to evaluate if concentration of tars is

acceptable is the dew point calculation, as confirmed also by [45]. Figure 18 shows
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concentration of total tars presents in the gas stream (without considering benzene (CesHs)
and toluene (C7Hs)), analysed both at the inlet and exit of the conditioning system.

The reduction of total amount of hydrocarbons (except benzene) operated by
conditioning system is very high, since the concentration passes from 6.01+1.79 g/Nm3 in
the reference gas to 2.46 g/Nm?3 in the conditioned gas after 12 hours of operation, and it
has a further great decrease when only heavier hydrocarbons are considered (MW>C7Hs).
Indeed, taking into account only dangerous tars for engine equipment, its concentration in
the gas stream is lowered to only 0.16 g/Nm3, with a reduction of 97% of total tar
concentration in the producer gas. The amount of tars absorbed by the exhaust vegetable
oil was very small, equal to 0,77 mg/Nml, confirming the effectiveness of the dolomite
guard bed to crack tars. Even the dew point temperature has a great decrease, from 84.2 °C
at the inlet of the conditioning system to 16.7 °C at its outlet. This is a reasonable value,

since all downstream components will be at a temperature certainly higher than 17 °C.
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Figure 18. Total tar concentrations at the inlet and exit of the complete conditioning system

Finally, performances of dolomite guard bed have been investigated. Two additional
hours of gasification tests were carried out, with a conditioning system in which the
scrubber device was excluded and, thus, only the secondary reactor with previously used
dolomite was included. Figure 19 shows reduction of tars concentration by means of the
dolomite bed. It is possible to note that reduction of each tar component is still quite high,
even after 14 hours of dolomite’s operation. In particular, heaviest hydrocarbon had a

reduction in the range of 100-80%, while only the lighter benzene was reduced of only 54%.
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Figure 19. Reduction of tars by means of dolomite guard bed after 14 hours of operation

Since these results, it is possible to affirm that the tar removal action of the complete
conditioning system (dolomite bed plus oil scrubber) in a long period of operation is almost
entirely due to the dolomite’s effects. However, oil scrubber downstream presence is
anyway profitable and necessary. In fact, dew point temperature of tars mixture coming out
from the conditioning system with only dolomite (used for 14 hours) is 56 °C, too high for
components safety and operation and much higher than 17 °C obtained with both cleaning
and conditioning systems. In addition, according to the work of Orio et al. [202], use of only
dolomite bed provides tar reduction of 80-90%; tar reduction resulted by the complete
system analysed in this work, instead, was around 97%, confirming the necessity of the
scrubber unit.

After test BET analysis was carried out on dolomite after its usage in the guard bed.
Specific surface area obtained was 6 m?/g, lower than that of fresh dolomite, probably due
to sintering phenomena occurred since the high operating temperature. Dolomite, in
addition, resulted to be of a black colour, indicating the formation of carbon on it. Further
studies need to be developed in order to quantify this carbon deposit, especially for a longer
operating time of the dolomite guard bed.

Hence, a proper tar removal action could be feasible only with the operation of the
complete gas cleaning and conditioning system, characterized by great efficiency with

reduction of 80-100%, in particular 97 % in the case of hydrocarbons with MW>C;Hs.
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The gas cleaning apparatus here analysed showed high efficiency in tar removal.
However, it implicates cooling down of producer gas to around 50 °C. This is a drawback in
the case of its utilization in devices such as high temperature fuel cell as SOFC or MCFC or in
additional high temperature syngas treatment for biofuels production, as hydrogen
production or Fisher Tropsch processes. In these cases, indeed, hot gas cleaning and
conditioning methods are preferable. In particular, the production of pure hydrogen from
biomass gasification was deeply investigated in the fields of European 7FP scientific project
“UNIfHY (FCH JU 299732)”. Studies about the global system with hot gas conditioning

section have been carried out and are discussed in the following paragraph.

Global simulation

Experimental activity on gasification and gas conditioning tests revealed that system’s
performances are quite dependent from some fundamental parameters as steam to
biomass ratio, gasification temperature and operation of other system’s components such
as the condition and cleaning section. It is evident, thus, that innovative devices for system’s
control like chemoresistive gas sensors are highly necessary. However, biomass conversion
could have several scopes, for example production of syngas for ICE feeding or for
production of hydrogen for fuel cells feeding. These different purposes implicate different
configuration, which, in turn, are characterized by different operating parameters. In
particular, biomass gasification systems for production of syngas to be used in an internal
combustion engine involve relative low restrictions in terms of contaminants and impurities
allowed in the gas streams. Moreover, as previously discussed, the gas cleaning section
operates at low temperature (about 50 °C). The importance of chemoresistive gas sensors is
then minimized in these kind of plants. The biomass gasification for hydrogen production,
instead, involves the hot gas cleaning and conditioning and also higher impurities
restrictions, as also showed in chapter 2. A global simulation of a hydrogen production plant
from biomass gasification by means of the innovative DBFB has thus been carried out, with
the aim of evaluate the integration of the innovative gasifier in a real application and to
identify which are the streams and their main features where apply the gas sensors [209].
These activities are part of the simulations carried out in the European 7FP scientific project
“UNIfHY (FCH JU 299732)”. An innovative biomass to hydrogen system, based on steam

gasification technology coupled with gas cleaning and purification components, was
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simulated by means of the ChemCAD® flowchart. Simulation studies on the DBFB gasifier
integrated in a complete biomass gasification plant for the production of pure hydrogen
were carried out. In particular, the simulations were carried out on a specific small-scale
plant (1 MW as biomass input) able to produce around 400 kg/day of hydrogen and
operating at atmospheric pressure. The overall plant has been simulated by means of
ChemCAD® software. The simplified ChemCAD® flowchart used for simulations is showed in

Figure 20.
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Figure 20. Flow sheet of the biomass to H2 gasification plant used for global simulations

The gasification section is bases on the dual bubbling fluidized bed gasifier previously
showed: gasification zone fed with steam and combustion zone with air, with an exchange
of olivine and charcoal between the two chambers for the thermal energy supply. In this
case, however, the gas conditioning section for tar conversion is implemented inside the
gasifier. In particular, a series of catalytic filter candles are used for the particulate removal
and for the conversion of tars in additional syngas, being them a hot gas cleaning and

conditioning method based on the catalytic cracking and steam reforming of low and high
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molecular weight hydrocarbons. Indeed, they are ceramic and porous filter candles with
some traces of nickel, whose catalytic action and steam presence lead to the conversion of
tars compounds in additional H; and CO in the gas stream. They offer several advantages,
such as high tar conversion, hydrogen rich syngas production and thermal integration with
gasification reactor. Following the UNIQUE concept [87], in fact, they are installed directly in
the freeboard of the fluidized bed gasifier, resulting in a compact configuration with
consequent remarkable plant simplifications and reduction of costs. The so produced free
from tars syngas is then sent to the low temperature Water Gas Shift reactor (WGS), where
CO is converted in additional H2 and CO; thanks to the reaction with steam. It is an
innovative WGS system, consisting of ceramic foams impregnated of copper (Cu) catalyst,
capable of increase the efficiency of the gas-solid contact (catalytic surface area): in this
way, the WGS can operate at atmospheric pressure and can be coupled with atmospheric
pressure gasification as the DBFB gasifier. The WGS reactor is equipped with a
desulphurization reactor (DeS), fundamental for the removal of sulphur in the gas stream,
which otherwise could seriously damage the activity of the catalytic foam. The gas from
WGS is mainly composed of H;, CO,, residual steam and traces of CHs and CO. The gas first
preheats the air for the dual fluidized bed gasifier, and then passes through a condenser
where residual steam is removed. The dry gas is cooled to ambient temperature and
compressed at relatively low pressure to feed the Pressure Swing Adsorber system (PSA),
where H; is separated from residual gases. Off gas from PSA is burned in the combustion
zone to supply extra heat required by the gasification process. Finally, the sensible heat of
the flue gas from the combustor at 950 °C is used to supply energy to the micro gas turbine
(mGT), where electrical power required for the plant is generated. Outgoing air from the
turbine still at high temperature is used to generate superheated steam. The system for
upgrading of raw syngas to pure hydrogen is a portable purification system and it is
composed by DeS, WGS, intercooler compressor, PSA and auxiliaries.

A sensitivity study has been carried out, studying both chemical and energetic aspects, by
varying three parameters:

e steam to biomass ratio from 1.0 to 2.0;
e operating temperature of the WGS reactor between 250-350 °C;

e residence time and, thus, WGS reactor length.
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Regarding the system’s modelling, the steam-gasifier was simulated by means of a
purposely developed and experimentally validated MATLAB® model then interfaced in
ChemCAD®. Details of that model are available in the work by Di Carlo et al. [101,102]. For
the remaining components conventional ChemCAD® blocks were used.

The catalytic filter candles were simulated using a stoichiometric reactor. The most
representative and abundant heavy aromatic hydrocarbons that compose tars were
considered for simulation: benzene, toluene (1-ring representative excluding benzene) and
naphthalene (2-rings representative). The reactions considered are water gas shift and
steam reforming of methane and tars. In Table 13 are listed the conversion rate of each
component at different steam to biomass ratio, data taken from the work of Savuto et al.

[210], experimentally validated.

$SB=1.0 SB=1.5 SB=2.0
ccna (%)  -185 314  -36.7
cco (%) 157 188  20.2
cceris (%)  -49.3 -39.7 -36.1
ccrrs (%) -72.3 -70.0 -69.4
ccions (%) -88.7 -84.3 -82.0

Table 13. Conversion rate (c) of components in the stoichiometric reactor of catalytic candles

[210]

The sulphur removal reactor (DeS) was simulated with a chemical equilibrium reactor
based on ZnO, where the equilibrium constant of the desulphurization reaction has been
used. Industrially and commercially, the accepted H,S concentration with regards to the low
temperature WGS must be lower than 1 ppm and preferable lower than 0.1 ppm
[105,211,212]. The copper catalyst, otherwise, will deactivate due to its irreversible reaction
with sulphur. Commercial ZnO had good potential for desulphurizing the gasifier gas and the
optimal operating temperature is very similar to that of the low temperature WGS catalyst.
It was assumed that the reaction of H,;S with ZnO could be considered at equilibrium. The

Keq for this reaction was obtained by thermodynamic data and is presented below:

9128

P20 = K,q = 0.8095exp T (3.1)

szS

WGS reactor was simulated as a Plug Flow kinetic reactor, where the apparent reaction

kinetic has been extrapolated from isothermal micro-reactor tests carried out in the UNIFHY
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project with the Cu-impregnated ceramic foam utilised in the construction of the reactor for
this project [213].

The Arrhenius parameter values obtained are shown in Table 14.

A (1/s) 66769.0
E (kJ/mol) 51.6

Table 14. Arrhenius parameter (A) and activation energy (E) for the WGS reaction rate

Activation energy is in line with literature data for similar Cu catalyst, which varies between
19 and 86 kJ/mol [211]. Foams have ceria loading of 8.8%w: and copper loadings of 5.0%wt
and a porosity of 45 ppi. The cylindrical foams can be organized in stack to increase the
height of the reactor and therefore the gas residence time in the reactor. The hypothesis of
plug flow is, thus, fully justified being the reactor a packed bed effectively.

For the PSA unit a component separator with the specific separation efficiency was used,
while conventional ChemCAD® blocks simulated compressor, turbine and heat exchanger
related to micro gas-turbine system. In order to have realistic data, Turbec T100 was chosen
as micro-turbine [214], whose compressor and turbine characteristic maps were calculated,
in particular the pressure ratio and efficiency of the two machines at different rotational
speed, different airflow and different temperatures. The analytical models developed by
Zhang and Cai [215] were used, starting from the constant parameters given by [214], and
implemented in the ChemCAD® blocks. Thanks to this model, it was possible to simulate the
micro-turbogas at different operating conditions obtained by the simulations of the entire

plant.

Simulations were carried out considering hazelnut shells as input biomass, whose
constant flow rate (dry and ash free) was set to 200 kg/h (1000 kW+). For the relative
characterization see Table 6. The other main assumptions of the process are listed in Table
15. The air blower considered is an EImo Rietschle GBH1, model 2BH1 910 [216], while the
PSA intercooler compressor is a Mehrer dry cylinder compressors [217,218]. Main

parameters assumed for PSA were taken from experimental results in [219].

Gasifier operating T (°C) 850
Burner operating T (°C) 950
Olivine sand circulated Burner-Gasifier (kg/h) 12000
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Steam and Air T (°C) 600

Burner and Gasifier operating absolute P (bar,) 1.1
Turbine inlet T (°C) 900
PSA separation efficiency (%) 70
PSA inlet absolute P (bar,) 7
PSA Intercooler Compressor isentropic efficiency (%) 62
PSA Intercooler Compressor T (°C) 40
Intercooler Compressor stages 2
WGS gas inlet temperature (°C) 250;300;350
Air Blower pressure ratio 1.3
Air Blower isentropic efficiency (%) 40.0
Water pump pressure ratio 3.0
Water pump isentropic efficiency (%) 80

Table 15. Simulations system operating condition

The sensitivity study was carried out firstly by varying the steam to biomass ratio (SB)
between 1.0 and 2.0. The WGS inlet gas was cooled down to 300 °C. The residence time of
the gas in the WGS reactor was set at 0.5 s and the height of the catalyst packing in the WGS
reactor was varied, accordingly, for each SB ratios considered. The off gas coming from the
PSA system feeds the combustor to supply the extra heat for the gasification process. The
off gas should be used completely to increase the overall efficiency. Each of these
assumptions influences the heat and mass balances of the plant. The hydrogen chemical
efficiency (7) has been calculated by the following equation (based on LHV or HHV):

mHZ *LHV 5 (OT' HHVHz)
mbio,daf*LHVbio,daf(or HHVbio,daf)

NLuvor nav) %] = 100 (3.2)

where 1y, is the mass flow rate of the produced hydrogen and 1my;, 445 the mass flow rate
of biomass feedstock, dry and ash free. Table 16 shows composition of syngas produced
from gasification at different steam to biomass ratio. It is possible to note that an increase in
SB produces a decrease of carbon monoxide content, influencing thus the H, conversion by
means of water gas shift reaction. Moreover, tar and methane amounts are always
extremely low, thanks to the quite high conversion rate of the catalytic filter candles. As
regards sulphur content in the syngas at the inlet of the water gas shift reactor, it is always
less than the technical limit of 0.1 ppm, as the WGS reactor requires, showing the good

operation of the DeS guard bed.

5B=1.0 $B=1.5 5B=2.0
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Hz  (%adry) 49.9 52.1 52.7

CO (%ar) 22,5 21.5 21.6
CO2 (%ary) 20.1 20.3 20.1
CHas (%ary) 7.3 5.8 5.3
H20 (%uwer) 33.0 44.6 53.2
CsHs (g/Nm3dry) 5.7 7.1 7.9
CrHs (g/NmPay) 1.3 1.6 1.9
Ci0Hs (g/Nm?34yy) 0.3 0.8 1.2
H>S (ppm) 4.9E-02 6.6E-02 7.9E-02

Table 16. Syngas composition at the outlet of gasifier with integrated CF

CO conversion in the WGS reactor slightly decreases with SB. An increase of steam in the gas
has an “inertial” effect and mitigates the gas temperature, thus temperature is lower at
higher SB. The hydrogen chemical efficiency of the whole plant is shown in Figure 21 as a

function of the steam to biomass ratio.
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Figure 21. H, chemical efficiency, LHV and HHV based, and hydrogen yield

Thanks to the higher SB, more steam can react in the different reaction processes,
producing more hydrogen. SB influences efficiency, showing asymptotic trend and quite
considerable increase. Nevertheless, the maximum efficiency based on HHV obtained is
54.0%. This value is high but lower than the target of UNIfHY project 66% [220]. The main
reason is probably due to the low CHa4 conversion in the catalytic filter candles far from
equilibrium conditions. In fact, catalytic filter candles are developed mainly for tars

conversion, which is quite high as shown previously in Table 13, and not for the direct
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conversion of methane. The hydrogen yield varies between 66.9 and 74.2 gu2/kgbio for SB
equal to 1.0 and 2.0 respectively then, at these ranges, H. yield is increasing function
together of SB as observed by other researchers [221-225]. Table 17 the electric

consumption and production of the studied system at different steam to biomass ratio.

5B=1.0 5B=1.5 5B=2.0

Water Pump power consumption (kW) 1.2E-02 1.9E-02 2.6E-02
Air Blower power consumption (kW) 26.2 25.8 25.6
Intercooler compressor power consumption (kW) 441 47.4 48.4
Gas Outlet T Eco (°C) 137.2 112.1 92.5
Air Outlet T Vap (°C) 416.3 272.5 123.8
mGT Total power production (kW) 70.7 70.2 69.9
Net Electric Power (kW) 0.4 -3.0 -4.1

Table 17. Energy balance of the system at different SB

Compressor and turbine efficiency and pressure ratio are constant for the different SB, since
the mass airflow is quite the same in the different configurations. This leads to a quite
constant electric energy production by the mGT for different steam to biomass ratio. On the
other hand, an increase in SB produces an increase in the electric consumption of the
system, since the syngas produced and compressed from the intercooler compressor is
slightly increased. For these reasons, the energy consumptions of the entire system are
covered only for SB lower than 1.0, being present an electric energy lack of about 3-4 kW for
the remaining cases. Anyway, as it is possible to note from Table 17, the energy lack is very
similar for SB of 1.5 and 2, while the chemical efficiency is a little bit higher in the second
case (n=54.0%). For SB=2.0, it is possible to have also a better exploitation of the thermal
energy available from the system, as shown by the decreases of the fluids outlet
temperature both from economizer and vaporizer. SB equal to 2 is, thus, preferable among

the three cases analysed.

To complete the sensitivity study, also WGS reactor temperature and residence time
were varied at a fixed steam to biomass ratio. It was chosen to study the case with SB=2.0
that is the case that maximize the hydrogen production. Figure 22 shows the chemical
efficiency of the hydrogen production at different WGS reactor temperature, at the fixed

residence time of 0.5 seconds. The hydrogen chemical efficiency has been calculated
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considering both the lower heating value and the higher heating value for the inlet gas

ranging between 250-350 °C.
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Figure 22. Chemical efficiency of hydrogen production at different WGS inlet gas temperature

The chemical efficiency increases with increasing inlet temperature. Considering the lower
heating value, it varies between a minimum of 43.5% and a maximum of 49.6%, while,
considering the higher heating value, its maximum is 54.0%. Both the maximum efficiencies
are reached at a temperature of 300 °C and any higher values of the operating temperature
are prohibitive for H, production. This is due to the kinetics of water gas shift reaction that is
enhanced at high temperature, even if the thermodynamic equilibrium is not. Nevertheless,
it is clear that the curves of chemical efficiency show a maximum above a certain inlet
temperature level, around 300 °C. As shown in the figure, the thermodynamic equilibrium is
reached with this catalyst at this temperature. A further increase of inlet temperature would
reduce the equilibrium CO conversion and the hydrogen vyield; therefore, it is not
convenient to exceed 300 °C: any higher inlet temperature value will not provide better

results in terms of chemical efficiency of the system.

T=250 °C T=300 °C
Water Pump power consumption (kW) 2.6E-02 2.6E-02
Air Blower power consumption (kW) 29.8 25.6
Intercooler compressor power consumption (kW) 45.1 48.4
mGT Total power production (kW) 85.7 69.9
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Net Electric Power (kW) 10.8 -4.1

Table 18. Energy balance of the system at different WGS reactor operating temperature

Regarding the electric consumption (Table 18), at an operating temperature of 250 °C,
relative to the minimum chemical efficiency, the energy balance of the system is positive,
producing a surplus of electric energy of about 10.8 kW, which can be used for the
remaining energy consumption of the system. Nevertheless, the minimum chemical

efficiency reachable leads to assume that this operating temperature is not convenient.

The chemical efficiency of hydrogen production obtainable from such a system varies
also with the residence time of syngas through the water gas shift reactor. To vary syngas
residence time, it was varied the WGS reactor length, in order to enhance CO conversion, at
the fixed inlet temperature of 300 °C. Figure 23 provides the dependence of hydrogen

chemical efficiency (1) on residence time, which varies between 0.3 and 1.1 seconds.
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Figure 23. Chemical efficiency of hydrogen production at different residence time in the WGS

reactor

The longer the residence time, the higher the chemical efficiency of hydrogen
production, because more CO is converted in H,. This allows obtaining slightly higher value
of system’s chemical efficiency at the same inlet temperature: 50.6% (LHV) and 55.1% (HHV)

with a residence time of 1.1 and a hydrogen yield of 75.2 gu2/kgbio. However, as it is shown
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in Figure 23, with residence time longer than a certain value, that in this case is 0.8 s, the
curves show a plateau. Hence, exceeding this residence time, and thus increasing the height
of reactor, it is not convenient neither for economic reasons nor for efficiency reasons. We
can conclude that the optimum range of values for residence time is estimated to be 0.5-0.8

S.

In Table 19 are listed summaries of the electric consumption and production of the
studied system at different syngas residence time through water gas shift reactor. It was
chosen to study two residence times, 0.3 s and 0.5 s, which represent, as it can be seen from
the previous Figure 23, the worst and the best case respectively, from a chemical efficiency
point of view. At lower residence time, the electric energy gap is lower but also the H
produced is lower. At the same time, a residence time of 0.8 s implies a more negative
system energy balance, but slightly higher (less than 1 kW of difference) than the electric
energy gap related to 0.5 s of residence time at the same temperature and steam to
biomass, 4.1 kW as shown in Table 17. It is possible to assume, thus, that 0.8 s represents

the best value for residence time of syngas in WGS reactor.

Res. time=0.3 Res. time=0.8
Water Pump power consumption (kW) 2.6E-02 2.6E-02
Air Blower power consumption (kW) 27.0 24.9
Intercooler compressor power consumption (kW) 47.3 48.9
mGT Total power production (kW) 76.6 69.2
Net Electric Power (kW) -2.3 -4.7

Table 19. Energy balance of the system at different syngas residence time through WGS reactor

It should be stressed here that any change in the gas stream inlet temperature to the
WGS reactor and in the residence time modifies the temperature profile along the reactor,
which is supposed to operate under adiabatic conditions, with consequences of opposite
sign on the WGS equilibrium conversion and on the reaction kinetics. As a result, the above
discussion about the influence of these parameters on the chemical efficiency reached for
hydrogen production in each condition is not trivial nor leading to an outcome easily

predictable.
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4. Experimental Activity on Gas Sensors

On the basis of what discussed in the previous chapter, it is possible to note that
reliability and efficiency of biomass gasification systems are strictly correlated to the setting
of precise operating parameters and the good functionality of different components, in
order to obtain an output gas with specific composition and quality. Proper monitoring and
control devices are then very crucial, even for sustainability and safety reasons. Therefore,
experimental studies on innovative chemical gas sensors have been carried out (see chapter
2). In particular, gas sensing properties of LaFeOs-based perovskite materials were deeply
investigated for typical gases involved in biomass gasification and different operating
temperatures, including also investigations about the optimization of synthesis method.

These activities were developed in the laboratories of ENEA Italian research centre.

Materials preparation

Perovskite materials tested for gas sensing properties evaluation were lanthanum ferrite
perovskite, in the classical form (LaFeQOs) or with partial substitution of iron ions with other
chemical elements with higher activity, such as titanium or cobalt (LaTixFe1xO3, LaCoxFe1xO3

and LaTixCo;Fe(1-2x03).

Different samples were prepared by means of auto-combustion synthesis technique, via
citrate-nitrate method [226-229]. Perovskites, in fact, usually have small surface area
because they are prepared by solid-solid reactions at high temperatures that promotes
sintering processes. However, method based on liquid-solid reactions, such as the auto-
combustion synthesis method, are developed in order to synthesize homogeneous
perovskite of pure single-phase with nanostructured crystallites and high specific surface
area. The sensor performances improvement, such as higher sensitivity, lower detection
limit, lower operating temperature and faster response, can be obtained thanks to the
usage of nanodimensional materials, because of the large specific surface areas, which
increase the interaction between the sensor surface and the surrounding gases, the high
porosity, which allows the gas target penetration inside the sensing layer, and the useful
thickness of the depletion layer, which promote the detection of small resistance changes
[138]. The auto-combustion synthesis process comprises three main steps: dissolution

(Figure 24.a), desiccation (Figure 24.b) and combustion (Figure 24.c). During the first step,
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aqueous solutions of metal precursors are prepared, by mixing nitrate salts of desired
metals, such as lanthanum (La(NOs)3:6H,0), iron (Fe(NOs)3-9H,0) and cobalt
(Co(NO3)2:6H,0), and titanium butoxide (Ti(C4H9O)s4) maintaining molar ratio at 1:1,
according to the desired perovskite stoichiometry. Moreover, proper amounts of
ammonium nitrate (NH4NO3), citric acid (CA) monohydrate (C¢HgO7:-H20) and ammonia are
added to the solution:

e the former acts as oxidizer agent;

e the citric acid ions act as fuel, as well as the titanium butoxide ions, and as chelating
agent for metal ions;

e the latter is used to adjust pH and solution acidity, and to promote the metal
complexations by undissociated form of citric acid and to prevent the formation of
metal hydroxides.

The second step is performed at low temperature of 100 °C and under stirring condition. It
includes the evaporation of the solvent and the polymerization of the citrate ions, which are
multifunctional crosslinking agents leading to a high viscous gel. During the condensation
reaction between monomer units, the produced water is continuously removed in order to
have a completely dried hyper-branched polymeric material. Increasing the temperature up
to about 200 °C, the ignition points of the explosive mixtures are reached, developing the
auto-combustion synthesis whose generated heat leads to formation of very porous
nanopowders of LaFeO3 perovskites (Figure 24.d), since the combustion step takes few
seconds preventing in this way the particle growth and the sintering process. The obtained
powders were finally calcined at a temperature of 800 °C for 4 hours, in order to obtain very

fine samples of perovskites.

Figure 24. Steps of the auto-combustion synthesis: a) initial solution; b) desiccated branched

polymer; c) flame combustion; d) synthesized powder.
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The different obtained powders were characterized by means of X-Ray Diffraction
technique, in order to evaluate their phase, crystalline structure, crystallite’s size and lattice
parameter. The instrument used was a Rigaku Miniflex diffractometer with Cu-K, radiation,
scan rate of 0.1 °/min and scanning from 26=30 ° to 26=80°. Samples were also subjected to
morphology characterization and determination of the average grain size, by means of
Scanning Electron Microscope (SEM) analyses, using a Gemini LEO 1530, FEG type (Field
Emission Gun), which has an acceleration voltage of 0.2-30 kV and a resolution of 1.0-5.0
nm. Even Energy Dispersive X-ray Spectroscopy (EDS) was performed in order to evaluate

the effective composition of the materials.

The synthesized powders were then arranged as sensing materials for chemoresistive
sensors. Appropriate pastes of synthesized samples were deposited on them, mainly
prepared by mixing an organic vehicle and the inorganic perovskite in order to facilitate the
dispersion of the functional material in the right viscosity, shape and strength. The presence
of the organic vehicle does not affect sensor response, since it is successively removed with
a burnout step [230,231]: it was prepared by mixing a solution of a-terpineol and 2-
propanol with ethyl cellulose resins in the ratio of 12:1; afterward, it was mixed to the
obtained powders in the ratio of 30:70, with a proper amount of 2-propanol in order to
achieve a better dispersion of the active material. The obtained pastes were then calcined
for 1 hour at 500 °C [232-234], in order to remove all the organic binders or polymeric

viscosifier traces and to promote the particles electromechanical bonding.

The test-rig used for the evaluation of gas sensing performances of the synthesized
samples is shown in Figure 25. It is composed by a furnace with temperature control
containing a stainless steel or quartz cell fed with a constant gas flow controlled by proper
mass flow controller (MFC). Gas sensors inside the cell were composed by Au interdigitated
electrodes, sprinkled with the synthesized sensing materials (Figure 25.b) and linked by Au
nanowires to a multimeter for the evaluation of the resistance changes. Au interdigitate
electrodes on alumina supports were used for maximizing electrical responses. The entire
apparatus is controlled by a measurement and automation system via LabVIEW® software,
used for its regulation and the results collection. Tests were carried out at ambient pressure,
with a constant flow of inert nitrogen and proper amount of the studied analyte. The flow

rate in the chamber was of 100 Nml/min. The entire system is capable to operate at high
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temperatures, up to about 1000 °C. This kind of test methodology can be defined as a “flow-
through” method, not yet included in standard testing protocols, ISO 26142 and UL 2075
[235,236], which prefer large volume test chambers. However, feedback from stakeholders
such as sensor manufacturers and end-users indicate that chamber test methods are often
too slow and expensive for routine assessment. Flow-through test methods, instead, are an
efficient, cost-effective alternative for sensors performance assessment, since it allows to
test a large number of sensors simultaneously and with reduced time. In addition,
researches from JRC and NREL laboratories demonstrated the validity of this kind of

methodology [237,238]. Its utilization is, hence, perfectly justified.
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Figure 25. Experimental apparatus (a) for testing gas sensors (b)
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For some studies, in particular the multivariate process, chemometric analysis was
performed, since it is an useful science for studying multivariate systems and developing
models with predictive ability [107,239,240]. Chemometrics involves two steps:
experimental design and multivariate data analysis. The initial design of experiments (DoE)
is used for the experimentation planning and for getting the maximum amount of
information with the minimum number of experiments, basically by changing all relevant
factors simultaneously over a set of planned experiments. With the successive multivariate
data analysis step, the results are then connected and interpreted by means of the relative
mathematical model: a polynomial function is used for the interpolation of the results and
represents a good description of the relationship between the experimental variables and
the responses within a limited experimental domain. More information on the specific

multivariate analyses is reported in the following dedicated section.
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Synthesis optimization

Three synthesis parameters were taken into account for materials preparation: is the pH
level of the precursor mixture, the citric acid to metal ions ratio (CA/M) and the ®
parameter. The former is a crucial synthesis parameter, since it can affect the citric acid
dissociation and the relative metal ions complexation, as well as the metal-hydroxide
formation. Metal ions complexation is affected also by CA/M ratio and then it is also
considered in the analysis. Finally, for the evaluation of the combustion stoichiometric

condition, it is possible to refer to the @ parameter. It is defined [241] as

__@
= dte) (4.1)

that is the normalization of the equivalence ratio ¢, which is related to the fuel to oxidizer
ratio (F/O) as

fuel/ i
j— zZer
(p —_ (fuel/ oxialze (4.2)

OXLdlZGT‘) st

The normalized equivalence ratio @ can assume values between 0 and 1: stoichiometric
conditions occur for ®=0.5 while lower and higher values represent respectively lean fuel
and rich fuel conditions. The fuel to oxidizer ratio plays a crucial role in a combustion
synthesis, since it highly affects the flame temperature and consequently the final product

characteristics [127,242].

For the evaluation of @ parameter values, the global synthesis reaction, where NOy

production is disregarded, was considered:
ala®*+bFe*+cTi**+dCo?*+eC4H9O +fCeHs0 7 +gNO >
hLaTixCo,Fe(1-,-x)O3+iH20+ICO2+mN, (4.3)

@ parameter values were then determined through the balancing of this redox reaction, by
considering the electron transfer from the oxidizing species NO* to the reducing species
C4Hs0O and CeHs07*.

As regards the evaluation of the pH level of the mixture, instead, a preliminary analysis
has been carried out. The main chemical species in the solutions at different pH values were
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theoretically calculated, in order to quickly evaluate the best solution acidity. The
dissociation of the citric acid was evaluated by considering aqueous solutions with only citric
acid ions. Four different species are formed, Hacit, Hscit -, Hcit> and Hcit>, whose
respectively relative concentrations o, ai, ar and as are defined as the species
concentration amount respect to the total concentration of citric acid in the solution: the
complete dissociation of citric acid occurs at pH higher than 7, since in these cases the
citrate free Hcit> is the predominant form, and in the same range metal-hydroxide
formation is prevented [243]. The determination of citric acid dissociation was also useful
for the calculation of the metal-citrate and metal-hydroxide complexes, carried out by
considering aqueous solutions of citric acid with only La ions or Fe ions respectively. Table
20 summarizes all the complexes considered on the basis of the work of Martell and Smith

[244,245] and Lee and Fang [246], together with their relative concentrations a; and

reaction equilibrium constants k.

Reaction Relative Concentration Equilibrium Absolute Concentration
constant
- aa=[La*"]/Cs1a - [La®]
La**+Hcit> DLa(Hcit) os=[La(Hcit)]/Cta kqs=4.3-107 [La(Hcit)1=[La?**]kas03Cr.ca
[244]
La?*+2Hcit? 9[L0(HCI.1')2]3' (15=[[LG(HCit)2]3"]/CtILg kos=1.6-1010 [[L(J(HCit)z]3']=[L03+]kq5((13Ct,CA)2
[244]
La(Hcit)+Hcit* 3[LaH(cit),]* az=[[LaH(cit)2]*1/Cs1a ko7=1.6-102 [[LaH(cit)2]*1=[La**]kaskar03002(Cr ca)?
[244]
La**+OH 2[La(OH)]** as=[[La(OH)]*1/Ct.a kqs=3.2-10° [[La(OH)]?*]=[La**]k.s[OH]
[245]
2La**+OH 2[La,(OH)]** 0o=2[[La(OH)]**1/Ct1q kyo=1.6-10% [[Las(OH)J**=[La%*)?kas[ OH]
[245]
3+ - 6+ — 6+ ka10=6-3'1054 647 3415 19
5La**+90H P[Las(OH)s] a10=5[[Las(OH)s]**]/Cta (245] [[Las(OH)s]5*1=[La**]°ke10[OH]

Fe3*+Hcit> 2Fe(Hcit)

a=[Fe3*]/Cere
Cl12=[F€(HCit)]/Ct,Fe

k012=3.2'1011

[Fe3]
[Fe(Hcit)]=[Fe**]ka1203Ct,ca

[244]
Fe3*+Hycit? 9[FE(Hzcl.t)]+ (113=[[FE(H2Cit)]+]/Ct,Fe ko13=5.0-10° [[Fe(chit)]*]=[Fe3*]ka13a2Ct,CA
[246]
Fe3*+0OH 2>[Fe(OH)]* o1s=[[Fe(OH)]?**1/Ctre Kq14=6.5-10"1 [[Fe(OH)]?*]=[Fe3*]kq14[OH]
[245]
Fe?*+20H >{[Fe(OH),J* css=[Fe(OH)I*]/Core k‘”s;zz;g]mn [[Fe(OH):]*)=[Fe** kais|OH?
Fe’*+40H D[Fe(OH)s] ai6=[[Fe(OH)4]'1/Cere I(OIITZZA.l‘r!;']l034 [[Fe(OH)a]'1=[Fe**Tka1s[OH]*
2Fe**+20H D[Fez(OH):]*  ou7=2[[Fez(OH)2]*1/Ctre kal?rzlzi?;ilozs [[Fez(OH):]*]=[Fe**]*ka17[OH]?

3Fe3*+40H D[Fes(OH),J>*

a15=3[[Fe3(OH)4]>*1/Cyre

kalg=5.0'1049

[[Fes(OH)>*1=[Fe3*1?ka1s| OH1*




[245]

Table 20. Metal-citrate and -hydroxide complexes of La®* and Fe3*

For the total concentrations of citric acid, lanthanum and iron, values close to the real

operating conditions are assumed:
1.0M=C ca=[Hacit]+[Hscit 1+[Hacit?> | +[Hcit3] (4.4)

0.1M=Cy10=[La**1+[La(Hcit))+[[La(Hcit) > 1+[[LaH(cit) ;] ]+
[[La(OH)J**1+[[Laz(OH)**1+[[Las(OH)s]**]  (4.5)
0.1M=Cy re=[Fe3*|+[Fe(Hcit))+[[Fe(Hacit)]*] +[[Fe(OH)J**]+
[[Fe(OH)2I"1+[[Fe(OH)al 1+ [[Fe2(OH)2]*1+[[Fes(OH)4**]  (4.6)

As showed by Figure 26.a, La3* ions [247] are completely converted in metal-citrate
complexes for pH>3 and no La-hydroxides are formed in the entire pH range considered. As
regards Fe3* ions [229], instead, the complete complexation occurs with pH=4-8, where the
only complex present is [Fe(Hcit)]*, but in the same time the hydroxides [Fe(OH),]* and
[Fe(OH)4] are generated when the solution pH level overcomes 8 (Figure 26.b). In the case
of LaTixFe1xOs, the results of the work by Collins et al. [248] reveals that the fully
deprotonated form [Ti(cit)3]® reaches its maximum value at pH=7, where even the mixed
species [Ti(OH),(cit),]® starts to appear, being the predominant complex as the solution
becomes more basic (pH>8).

The determination of the appropriate pH is also useful for the evaluation of the citric acid
to metal ions ratio CA/M. In fact, at pH=7 the metal citrate complexes are [La(Hcit);]*> and
[LaH(cit);]*, which have both citrate/metal ratio of 2:1, and Fe(Hcit), with ratio 1:1.
Analysing the case of LaTixFe1xOs3, also [Ti(cit)s]® and [Ti(OH)z(cit),]® have to be considered,
whose citrate/metal ratio is 3:1 and 2:1 respectively. Hence, in this case, the CA/M
stoichiometric ratio can vary from 1.5 to 2.5, depending on the LaTixFe1-xO3 stoichiometry
and the complexes considered. In fact, since the perovskite stoichiometry, the mole of all
metal ions is ny=nie+nri+nee=n+xn+(1-x)n=2n, where nie=n, nee=xn, nri=(1-x)n and thus the
mole of total citric acid necessary for complexing the metal ions is

Nt ca1=2Nn1a+2NnT1i+NEe=Np+XN+0.5(1-x)n=(1.5+0.5x) np (4.7)

Nt ca2=2n1a+3n7+Ne=Np+1.5xn0+0.5(1-x)np=(1.5+x)npm (4.8)
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Hence, for x that varies between 0 and 1, n¢.caz/nv=1.5-2 and n¢caz/nm=1.5-2.5.
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Figure 26. Relative concentrations of lanthanum (a) and iron (b) metal-citrate and -hydroxide

complexes as a function of pH

The working principle of materials gas sensing is based on the interaction (electrons
exchange) between the gas target and the sensing material, which consequently changes its
resistance. Sensors quality is, thus, strongly influenced by materials properties, in terms of
porosity, specific surface area and electrical characteristics. These characteristics are, in
turn, strongly influenced by materials preparation method and conditions [249]. Therefore,
in order to investigate how synthesis conditions affect powders properties and quality, a
chemometric analysis was carried out on LaFeOs perovskite material [250]. A full factorial
experimental design with two factors and three levels was used, addressing the Central
Composite Design: the relative experimental design is thus composed by ten experiments
(the central experiment was carried out twice to minimize the statistical error of the model),

arranged geometrically as a body-centred square (Figure 27).

-

“y

Figure 27. Geometrical representation of DoE for synthesis optimization
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Ten different sample of LaFeOs perovskite were then synthesized, by varying the synthesis
condition according to the specific Design of Experiments (DoE). The independent synthesis
parameters considered were CA/M and @ parameter. It was chosen to study CA/M ratios
between 1 and 2 and @ values from 0.25 to 0.75. As regards solution acidity, instead, it was
chosen to fix pH=4 for all the sample, since both needs of metal complexation and avoiding
metal hydroxides formations are satisfied at this level, as previously showed: Fe3* reaches
complete complexation with citrate pH higher than 4 and no hydroxides precipitation occurs
with pH<8; La*" is fully complexed at a pH value higher than 3. Multivariate data analysis
based on a non-linear multiple regression was also performed. Equation 4.9 shows the

corresponding polynomial function.
Y = by + b Xy + byX, + bi,X: X, + by X1 % + bypXy* (4.9)

Y is the response related to the obtained powders properties and X; and X are surrogate
variables, relative to the real experimental variables considered, that is CA/M and O®
respectively: the surrogate variables were normalized from -1 to +1, corresponding
respectively to the lowest and highest value of the experimental variables. The influence of
synthesis parameters on powders properties is connected with bj coefficients; in particular,
bo is a constant, b; and b, represent the main direct effects of variable X; and X», bi: and by,
show the non-linear relationship between the responses and the experimental variables
and, finally, the indirect effects produced by cross-interaction between X; and X, are
represented by bi, coefficient. The powders properties chosen for the study were
crystallites size (Dc) and average grain size (Dgy). Summary of different synthesis conditions
for the different experiments carried out are listed in Table 21, which reports real
experimental variables and relative values (experimental matrix), surrogated variables
(model matrix) and also measured and calculated values of the responses. The central
experiment was carried out twice, in order to minimize statistical errors of the chemometric

model.

Model Matrix Experimental Matrix Responses
X1 Xz CA/M ()] D.(nm) Dy (nm)
exp 1 1 -1 1.00 0.25 - -
exp 2 1 -1 2.00 0.25 39.39 55
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exp 3 1 1 1.00 0.75 30.85 70
exp 4 1 1 2.00 0.75 19.69 60
exp 5 1 0 1.00 0.50 45.51 155
exp 6 1 0 2.00 0.50 44.70 205
exp 7 0 -1 1.50 0.25 38.46 60
exp 8 0 1 1.50 0.75 30.51 65
exp 9 0 0 1.50 0.50 46.19 170
exp 10 0 0 1.50 0.50 47.52 170

Table 21. Chemometric analysis for synthesis optimization

Some differences occurred during the various synthesis conductions. In particular, for
different @ parameter, different temperature and type of combustion were involved: lean
or rich fuel combustion conditions lead to smouldering propagation, while for stoichiometric
combustions flame propagation occurs; the former involves relatively lower combustion
temperature and higher reaction rate respect to the latter case.

Also the characterization analysis revealed the differences between the various obtained
samples. Figure 28 shows XRD patterns of the different powders (prepared eliminating the
final step of calcination), after being subjected to redefining processes, such as pattern’s
smoothing with Savitzky method, background optimization with Sonnevelt method and Kq.
radiation effects elimination with Rachinger method. All the obtained sample are single-
component material of LaFeOs perovskite oxides, except experiment 1, whose spectra is not
comparable with the reference pattern and which reported amorphous phase. Crystalline
structured powders, on the contrary, have crystal’s primitive lattice of orthorhombic system
belonging to Pbnm space group, and a tolerance factor t of 0.83, where the Goldschmidt

factor t [168] is defined as

R +Rpo-
E = Rress Hhor V2 (.10
and the ionic radii Rias+, Rres+ and Roz-are 1.36A, 0.55A and 1.4A respectively. In particular,
perovskites with tolerance factors close to 1 are supposed to have an ideal cubic structure,
otherwise the cubic system distorts towards orthorhombic, rhombohedral and tetragonal

structures; for 0.7<t<1.1, instead, perovskites have no more stable structure.
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Figure 28. XRD patterns of the obtained powders and reference pattern of LaFeO;

X-ray diffraction patterns were useful also to evaluate crystallite’s diameter. Indeed, the
full width at half maximum (FWHM) of every peak of the spectra is affected by crystallite
size broadening (Bnu[size]), as well as by lattice strain broadening (Bnk[strain]). Nevertheless,
it is possible to assume the lattice strain effects on peak broadening very negligible [228]
and, thus ascribe it only to crystallite size effects. Hence, crystallite sizes were estimated

with Scherrer equation [251]:

KA
Dhk1€0sOpki

,Bhkl[Size] = (4.11)

where Dpy is the average crystallites size in nanometers along the direction normal to the
diffraction plane (hkl), K is the shape factor equal to 0.9, A is the x-ray wavelength of Cu-Kq
equal to 0.1540593 nm and Y is the Bragg angle in radians for the crystallographic plane
(hkl).

Average crystallites sizes of all obtained sample are listed in Table 21: note that the
experiment 1 reports no value for crystallites diameter, since the relative sample have not a
crystalline structure. It is possible to assume, in a first approximation, that lean fuel
combustion synthesis combined with a not in excess concentration of citric acid respect to
the one of metal ions should be avoided. For the same reasons, experiment 1 has not been
taken into account for the multivariate data analysis, which was carried out considering
always all factor, all cross-terms and all square terms, according to equation 4.9. The
influence of all factors on powders crystallites size is demonstrated in Figure 29.a, where

every b; coefficient is displayed as a bar correlated with its relative statistical significance,
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which is defined by the p parameter, whose limit was set to 0.1: it was assumed that only

coefficients with p<0.1 are statistically significant.

O | . a)
-2

V I =

i ok

B e e
(<} o o

Coefficients values
&
Crystallite size (nm)

N2 8

.
b1 b2 b12 b11 b22
Coefficients

Figure 29. a) Coefficients of the mathematical model from multiple regression analysis and
relative statistical significance levels: “no star” indicates no statistically significance, “one star” p <
0.1, “two stars” p < 0.05, “three stars” p < 0.005

b) Response surface for the effect of CA/M ratio and ® parameter on average crystallites size

Figure 29.a shows that neither b; nor bi; are statistically significant and, thus, it can be
assumed that crystallites size is not affected by CA/M ratio, neither with a linear nor with a
quadratic correlation. On the contrary, b, and b, coefficients have p=0.02 and p=0.003
respectively, which states that ® is the only parameter who influences crystallites
dimension and mostly by a quadratic relationship. In particular, in this case the influence of
citric acid to metal ions ratio on the crystallization phase is minimized by more affecting
synthesis conditions, even if it is crucial for the metal complexation and, thus, for the
perovskite formation. Nevertheless, the significance of the cross-term b, demonstrates that
the two considered factors are correlated each other, being the amount of citric acid
affected both from CA/M and fuel to oxidizer ratio and, thus, from @ parameter. All of these
considerations are confirmed by the response surface plot of Figure 29.b, where the
crystallites size trend depending on CA/M ratio variations is quite constant, while the
relationship between D. and @ is quadratic and bell-shaped. Indeed, crystallites growth is
highly affected by reaction temperature, which is in turn correlated by @ parameter, as
observed previously: the carried out combustion synthesis with ®=0.25 and ®=0.75
developed smouldering propagation and lower combustion temperature, while flame

propagation occurred for synthesis with ®=0.5, which showed higher flame temperature.
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SEM analysis for the morphology phase determination is showed in Figure 30. Also SEM
images confirm that experiment 1 has no crystalline structure but an amorphous phase,
while all the other samples are crystalline structured perovskites, even if not all of them
have homogenous morphology, such as experiment 2, 3 and 7. Average grain sizes of
obtained sample evaluated from SEM images are listed in Table 21: even for Dy of sample 1
there are no values, due to its amorphous phase, and even for the relative multivariate data

analysis experiment 1 has not been taken into account.

Figure 30. SEM images of different obtained powders of LaFeO3

The bar chart of b; coefficient related to Dy is displayed in Figure 31.a: just like the one
related to D, the statistical significance limit was set to p<0.005. The only statistically
significant coefficient is bz,, with p=0.003. Hence, CA/M effects on average grain size of the
obtained powders are very negligible and the only parameter who has influence is ®, by a
quadratic relationship. Indeed, grains growth processes are mostly regulated by reaction
temperature and, consequently, by @ parameter: in particular, high combustion
temperatures lead to sintering processes and, thus, to bigger grains. The relative response
surface plot confirms these evaluations, showing a bell-shaped relationship between Dy and
@ and, on the contrary, a quite constant correlation with CA/M. Therefore, synthesis with
flame propagation and stoichiometric conditions generate powders composed by larger

particles.
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Figure 31. a) Coefficients of the mathematical model from multiple regression analysis and
relative statistical significance levels: “no star” indicates no statistically significance, “three stars” p <
0.005

b) Response surface for the effect of CA/M ratio and ® parameter on average grain size

Summarizing, it was obtained that citric acid to metal ions molar ratio have no influence
on the average crystallites and grains size, even if it is important for the metal complexation
and, thus, for the perovskite formation, since its effect is minimized respect to the other
parameters. The combination of CA/M ratio with the fuel to oxidizer ratio could be, instead,
quite relevant, mostly for values as CA/M<1, which could generate amorphous materials if
combined with lean fuel conditions. The ® parameter, on the contrary, that is an index of
the fuel to oxidizer ratio, highly affects crystallites and grains size, and both with a bell-
shaped relationship. Therefore, approaching the stoichiometric conditions, flame
propagation and greater reaction temperature occur, promoting crystallites growth and

sintering of the grains, affecting in turn powders porosity.

Gas sensing tests

Once having deeply analysing the materials preparation method and its best conditions
and parameters, evaluation of gas sensing performances of LaFeO3 based perovskites have
been carried out. In particular, two perovskite materials were synthesized: LaTio4Feo.603 and
LaFeOs. The aim was to evaluate performances in the sensing of typical gases and
contaminants of fuel cells and gasification systems of lanthanum ferrite oxide with partial
substitution on B cations, specifically with titanium ions, which are supposed to increase the

thermal stability in reducing atmosphere and at high temperatures [252].
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Perovskites of LaTixFe1-xO3 (x=0 and 0.4) were, thus, prepared as sensing materials for
chemoresistive sensors by means of auto-combustion synthesis technique, via citrate-
nitrate method. Synthesis conditions were determined on the basis of considerations
previously presented. As regards @ parameters, stoichiometric conditions have to be
avoided since they promote high flame temperatures that lead to crystallites growth and
grain sintering, both affecting material properties; moreover, the suitable perovskite
formation occurs in the range of 0.4<®<0.6 [243]. Therefore, solutions with ©®=0.45 were
prepared, in order to assure the right perovskite formation and to develop surely complete
and safer combustions (rich-fuel combustion), thanks to the further advantage provided by
the excess of oxidizer. On the other hand, solution acidity was set at pH=7, since it is the
most suitable for enhancing citric acid dissociation and metal complexation and avoiding
metal-hydroxides formation. Finally, in order to assure the complete metal complexation,
CA/M ratio was set at 2.5, working with a slight excess of citric acid respect to the
stoichiometric conditions, since in this case nycai/nv=1.5-1.7 and n¢caz/nm=1.5-1.9. X-Ray
Diffraction analysis conducted on the synthesized powders, confirmed the effectiveness of
the auto-combustion synthesis method and conditions. The XRD spectra shown in Figure 32
demonstrate that all the samples were successfully very fine powders of LaTixFei1-xOs
perovskite-type oxides, being effectively single-component materials with no impurity
phases generation. Moreover, Figure 32.b shows that titanium ions were successfully
integrated into the perovskite structure without introducing any stress or deformation to

the crystalline lattice.
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Figure 32. XRD patterns of LaFeOs (a) and LaTio.4Feo.s03 (b)
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Obtained perovskites of LaTixFe1.xO3 were tested in a temperature range of 400-600 °C
for three different analytes and with different concentrations (see Table 22). The
experimental apparatus used was that showed in “Materials preparation” paragraph,
without the measurement and automation system via LabVIEW®. It was chosen to
investigate these ranges of concentration level in order to have primary information on the
materials responses to the target analyte, trying to avoid at the same time possible
materials damaging due to high concentration level. Furthermore, these concentration
levels are in the range of those tolerated by some of the devices or permitted as

environmental emissions for the power systems investigated in the previous analyses.

Analyte Concentration X; (ppm)

co 20 50 100 150

H: 1000 2000 3000 4000 5000
H>S 1 2 3 4 5

Table 22. Analytes concentrations used in gas sensing tests

The sensors responses to the presence of target analytes were evaluated by means of its

sensitivity (S), defined as:

— |R0_Ra|
Ro

S (4.12)

where Ry is the sensor response baseline to pure N2 and R, is that to analytes flow. Sensors

responses were estimated as changes in resistance of the perovskite sensing materials.

The gas sensing properties of LaTioaFeosOs (LTFO) sensor to CO, H, and H.S were
evaluated at different concentrations and different temperatures. The influence of iron
partial substitution with titanium ions in the sensing material structure was also
investigated, by the comparison of LaTio.sFeos03 and LaFeOs (LFO) sensing properties. Figure
33 shows the resistance response to successive and increasing CO exposures for both the

sensing materials considered.
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Figure 33. Resistance measurements on LaFeOs (a) and LaTip4Feos0s3 (b) sensors at different

temperatures for successive CO exposures

LTFO sensor provided a stable and clear response signal in all cases, revealing pure p-type
behaviour: the reducing action of carbon monoxide produced an increase of the resistance
level up to a maximum and constant value for all the temperatures and concentrations
considered. In the case of p-type semiconductor, in fact, exposures to reducing gases as CO
and H; cause the increasing of resistance, while the inverse effect is generated in presence
of oxidizing analytes, as explained in the previous chapter. Moreover, the reversibility
properties of the sensor were very high: materials electrical characteristics were recovered
after each test and even the resistance baseline, which reported a slight drift only at 400 °C
when the experimental procedure was affected by some test problems. Even the LFO sensor
displayed an almost absent drift, and, consequently a quite high chemical stability and
reproducibility [115,253]. On the contrary, the LFO response signal resulted to be more
intricate than that of LTFO, since, in all cases, the resistance had an initial decrease as the
CO was injected on the perovskite oxide before rising up and, in addition, pure p-type
behaviour was not occurred. With concentrations of 100-150 ppm, in fact, the material’s
resistance had an initial rise up to a maximum and then a fast decrease until the final

stabilization while carbon monoxide is still present.
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Figure 34. Resistance measurements on LaFeOs (a) and LaTig4Feos0s3 (b) sensors at different

temperatures for successive H, exposures

Similar trends were registered even with exposures to Hz, as shown in Figure 34. In
addition, in presence of hydrogen also LTFO sensor revealed different behaviour at different
temperatures and concentrations. In particular, LaTiosFeosO3 operated as a pure p-type
semiconductor only at 400-460 °C, while at 600 °C the n-type behaviour occurred since the
hydrogen reducing action generated a clear resistance decrease; at 500 °C, instead, higher
concentrations of H; resulted in the ambiguous behaviour of a first growth and a successive
reduction of the material resistance.

These evaluations revealed that LaFeOs, as other semiconducting oxide, cannot be
classified merely as n- or p-type, but is characterized by a dual behaviour which causes a
transition of its conductive properties [254-256], clearly demonstrated by LTFO sensor
exposed to hydrogen atmosphere (Figure 35). At 500 °C, for pn2<10°5, the material is p-type
since holes and cation vacancies are the dominating charge carriers and defects; the n-type
region occurs for pp2>107>, when electrons and oxygen vacancies become predominant. In
fact, in the cases of interaction between the material and the reducing gases, the latter are
oxidized by surface oxygen ions, addressing the reaction

R+0, 2RO+V, +2¢ (4.13)
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where R is the reducing gas, O.,* is oxygen with neutral charge sitting on the perovskite
lattice site, V" is oxygen vacancy with double positive charge. As soon as gases interact with
samples in “low concentration”, start to generate free electrons that can return to the
valence band, decreasing progressively the holes’ concentration: the dominant free charge
carriers are still holes and it is possible to note a decrease of conductivity with increasing of
gas concentration. This phenomenon persists as long as the decrease in holes’
concentration remains more important than the increase in electrons concentration.
Nevertheless, when the concentration of reducing gases becomes “high”, this situation is
overturned and the electrons starts to become the dominant surface charge carriers,
displaying an increase of the conductivity as the concentration is increased [257,258]. It is
possible to note that, being in the range of partial pressure close to minima in total
conductivity, the slopes of p-type and n-type conductivity are around +1/4, while the ionic
conductivity o; is independent of the partial pressure variations [259]. The ambiguous
behaviours, occurred even for LaFeOs, results from the operation around the minimum in
the conductivity trend and a low diffusion coefficient, which reduces the diffusion rate of

the reducing gases into the material and extends the response times.
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Figure 35. Transition from p- to n-type conductivity of LTFO sensor for increasing H; exposure at

500 °C

This transition is strongly influenced by experimental conditions, as the analyte partial
pressure, the operating temperature and even the structural composition of the material
[260,261], as demonstrated by Figure 33 and Figure 34. In the case of carbon monoxide,
LTFO conductivity was only p-type while that of LFO showed also a slight inversion to n-type

region: the presence of titanium ions moves the transition to higher pressure for each
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temperature considered. The same behaviour occurred also in presence of hydrogen, but
only for 400-500 °C, while at 600 °C the titanium doping shifted the minimum in the
conductivity to lower hydrogen partial pressure enhancing the n-type semiconductivity. The
influence of temperature is even noticeable, since the transition occurs at lower pressure
with increasing temperature and showing progressively broader n-type region. Hence, the
partial substitution of Fe3* for Ti** was effectively advantageous: it allows to operate better
in the range of concentrations and temperatures considered and adds chemical and thermal
stability to LaFeOs perovskite, which indeed degraded to H, exposure at 600 °C unlike
LaTio.saFeos0s (Figure 34). Finally, Ti** ions serve as donor centres occupying Fe3* sites
introducing excess oxygen and consequently reducing oxygen vacancies and holes
concentration, resulting in a decrease of the material’s conductivity in the p-type region
[191,262,263]. The comparison of the sensors, in fact, confirms a lower baseline resistance
of LaFeOs, being 400-1300 Q instead of 1-50 MQ of LaTip.4Feo.60s3.

As regards the sensors response to H,S exposure, it was not possible to test LFO sensor,
since the sensing material has degraded during the test with Hj as previously
demonstrated. In the case of LTFO (Figure 36), pure n-type behaviour of the material was
registered at these concentrations of H,S, revealing that the minimum in the conductivity

trend is shifted to lower critical partial pressure of H,S.
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Figure 36. Resistance measurements on LaTio.4Feo.c03 sensors at 400 °C for successive H,S

exposure

In addition, sensing responses occurred, but unfortunately only for the first H,S exposures:

the sensing material has evidently degraded as the H;S concentration level increased.
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Indeed, the reversibility properties gradually disappeared and no resistance response was
registered for concentration of 4 and 5 ppm: the degradation of the material was confirmed
by the absent sensor response even during the repeated test with 1 ppm of H,S. This was
probably due to a chemical irreversible reaction occurring between LaTip.aFeos03 and HsS,
which leads to a substitution of oxygen ions with sulphur ions and consequently modifies
material characteristics [264,265]. Characterization after test of the material was
performed, in order to verify this consideration, in addition to that of LaFeOs. Post-mortem
analysis of the two samples is shown in Figure 37. LFO exposed to hydrogen atmosphere at
600 °C effectively degraded, since it was reduced and partially transformed in simple oxides
like La;03 and FeO and in metallic elements as Fe. The perovskite material reduction is
ascribed to that of Fe3* cations, which in fact is reducible to Fe?* or metallic iron around a
temperature of 600-700 °C, as stated form previous Temperature Programmed Reduction

analyses on LaFeOs [266—268].
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Figure 37. After tests XRD patterns of LaFeOs (a) and LaTio4Feo60s (b)

The after tests XRD analysis on LTFO demonstrates that besides original perovskite structure
even other sulphur compounds such as FeS; and TiS, are present, confirming that the
degradation of LTFO after H,S exposures actually results from the substitution of oxygen
ions with sulphur ions. This was confirmed even by the Energy Dispersive Spectroscopy
(EDS) analysis, which displayed an amount of around 2% of oxygen substituted with sulphur

leading to a modified material of La(Feo.6Tio.4)(02.9450.06).
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The sensitivity of the materials to the different analytes was also analysed. The
temperature and concentration dependence of the sensors sensitivity to CO presence are
shown in Figure 38. It is evident that LaTio4Feo603 material provides higher sensitivity in all
cases. Its maximum sensitivity value, in fact, was 1.9, while that of LaFeOs; was 0.9. In
particular, it occurred at 460 °C for LTFO sensor, displaying a pure bell-shaped trend centred
at this temperature for all the concentration levels considered. For lower or higher
temperature, sensitivity gradually decreased, becoming almost zero at 600 °C: moreover, for
temperature higher than 460°C, it is possible to note a decrease in the effect of the analyte
concentration on the response, while at lower temperature this influence is noticeable.
Indeed, Figure 38.b demonstrates that in general sensitivity is improved as concentration
increases, but at 400 and 460 °C the gain is more evident, being the slopes of their trends
visibly higher than that of 500 and 600 °C. Regarding LFO sensor, instead, its maximum
sensitivity occurred at 400 °C, with a decreasing linear trend for all concentration
considered, except for 150 ppm, where a new sensitivity peak appeared at the temperature
of 600 °C, due to the transition of the material conductive properties. The effect of the
analyte concentration on the response is mitigated around the temperature of 460 and 500
°C, as showed also by the concentration dependence chart, where the slopes of the relative
trends are very low. Hence, the iron partial substitution with titanium ions is effectively
profitable for CO sensing properties at these conditions of temperature and concentration,
since higher sensitivity is obtainable and even at higher temperature. Moreover, it has been
found that the maximum absolute values of sensing response S to 100 ppm of CO is about
0.8 at 80 °C and 0.7 at 325 °C for LaogsPbo.32FeOs [269]: the B-site substitution with Ti ions
has, thus, higher effect on sensitivity and even for higher operating temperatures compared
by the A-site substitution. The works of Zhang et al. [269] confirms also the lower sensitivity

of LaFeOs respect to the substituted materials.
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Figure 38. Temperature (a) and concentration (b) dependence of LFO (empty points) and LTFO

(filled points) sensitivity to CO exposure

Sensors sensitivities to H, exposures (Figure 39) displayed different trends. In this case,
indeed, was LFO to register higher sensitivity: 67.6 respect to the maximum value of LTFO of
1.4. LFO reached its maximum for the lower temperature and the higher concentration
considered, noting that lower H; concentrations shift the sensitivity peak to higher
temperature. Even LTFO showed the sensitivity maximum at the same concentration and
temperature, even if for concentration higher than 3000 ppm the growth is almost
negligible and the concentration dependence trends come closer to the asymptotic region
(Figure 39.b). The same range of concentrations reported a minimum in the temperature
dependence of the LTFO sensitivity for 500 °C and a successive increasing for higher
temperature, due to the transition of the material conductive properties. Nevertheless,
despite the higher sensitivity, LFO sensor showed serious difficulties in the operation at high
temperature, since at 600 °C degraded to H, exposure. Hence, the presence of titanium ions
is effectively advantageous for the improving of the thermal and chemical stability of the

material.
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Figure 39. Temperature (a) and concentration (b) dependence of LFO (empty points) and LTFO

(filled points) sensitivity to H, exposure

Summarizing, partial substitution of B-site perovskite with titanium ions is effectively
profitable. Indeed, LTFO sensitivity to CO exposures is higher than that of LFO sensor and
occurs at higher temperatures. The same results are obtained even with the comparison
with A-site substitution. Moreover, the titanium presence increases the chemical and
thermal stability of the LaFeOs based material in a reducing atmosphere. This is even more
evident in the case of H, exposures, when degradation of the unsubstituted material occurs
at 600 °C. Nevertheless, sensitivity of LTFO sensor to hydrogen was lower than that of LFO.
In addition, the titanium substitution rises up the characteristic resistance of the material,
which could be then of difficult evaluation. Finally, LTFO resulted unsuitable for H,S

measuring, since the material degraded after the chemical irreversible reaction.

Carbon monoxide tests

LaFeOs perovskite partially substituted with titanium ions is an attractive material for gas
sensing purposes, as previously demonstrated. However, it shows good characteristics
mostly in the carbon monoxide sensing, rather than hydrogen and hydrogen sulfide sensing.
Hence, a deeper analysis on partial substitution with titanium focused on CO sensing was
carried out. In particular, five different LaTixFe1.xOs materials were synthesized via auto-
combustion method, listed in Table 23 together with the relative sample’s name, in order to
evaluate the optimum chemical material and titanium content for maximizing sensor
response to carbon monoxide presence. Synthesis parameters were set as in the previous

analysis on LaTig.aFeos03: CA/M=2.5, pH=7, ©®=0.45.
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LaTixFe1-xO3 Sample
LaFeOs TiOO
LaTio.2Feo.s03 Ti20
LaTio.4Feo,603 Ti40
LaTio_eFeo,403 Tie0
LaTio.sFeo.603 Ti80

Table 23. Synthesized LaTixFe;.xOs material and samples name

Structural and morphological characteristics of synthesized materials were firstly
evaluated by means of characterization analysis. Figure 40 displays XRD spectra of the
samples, compared with the reference one. It is evident how successfully syntheses were
conducted, providing very fine powders of LaTixFe1-xOs perovskite oxide and showing a good

integration of titanium ions in the crystal structure.
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Figure 40. XRD spectra of the synthesized LaTixFe1«Os3samples and the reference one

This is confirmed by the Goldshmidt tolerance factor t, calculated for a perovskite oxide with

the general formula AB'«xB1xO3 as [270]

_ ra+To
V2(xrgr+(1-x)rg+70)

(4.14)

where the ionic radii of La**, Fe**, Ti* and O%are Ra=1.36A, Rs=0.55A, Rz=0.61A and
Ro=1.4A respectively [271]. Tolerance factors of the synthesized samples ranges between
1.00 and 0.97 (Table 24), revealing that titanium ions fit well the perovskite structure
avoiding the distortion of the cubic system. However, it is possible to note that tolerance

factors gradually decrease as the titanium amount increases, generating slight deformation
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of the materials structure, and even XRD spectra start to show slight imperfections, which
anyway do not compromise crystal structure and perovskite phase. Titanium content had
influence even on the average crystallites dimensions, calculated by Scherrer equation as
shown before (equation 4.11). In Table 24, it is possible to note that the crystallites size is
decreasing as the titanium content is increased, affecting the sensing performances of the

material, which require no grain sintering and high crystallinity [243].

Sample t D (nm)
Tioo 1.00 32
Ti20 0.99 17
Ti40 0.99 13
Ti60 0.98 11
Ti80 0.98 10

Table 24. Tolerance factor and average crystallites sizes of LaTixFe:1.«Ossamples

The effectiveness of the synthesis method was confirmed even by SEM analysis, reported in
Figure 41. Note that all the materials resulted to have high crystallinity with no generation
of amorphous phases. The good morphological characteristics are confirmed even by the
grain size evaluation, which revealed that average particles’ dimensions range between 50
and 100 nm, showing effectively nanostructured perovskites. Since grains are made by
several crystallites, former’s sizes are larger than latter’s dimensions obtained by XRD
analysis. Finally, by means of the EDS analysis was possible to demonstrate that samples had
a homogeneous chemical distribution and a proper chemical composition, also regarding

the titanium content and dispersion.




Figure 41. SEM analysis of LaTixFe;.xOssynthesized samples

After the evaluation of the structural and morphological characteristics, sensing
performances of different powders have been analysed. Tests were carried out for
operating temperatures ranging between 400 and 600 °C and CO concentration of 20-150
ppm, by means of the experimental apparatus earlier illustrated. Figure 42 shows the
Arrhenius plot for samples conductivity. Of course, conductivity decreases with
temperature, being the materials as semiconductors. Lower conductivities are caused even
by titanium content intensification. As previously discussed, introduction of Ti** ions instead
of Fe3* ions in LaFeOs perovskite (p-type semiconductor), causes a reduction of oxygen
vacancies and then holes concentration, which in turn reduces material’s conductivity. This
influences the functionality of the sensors, since for practical and operating reasons it is
preferable to work with high conductivities (and so low resistances) because of technical

limitations of instruments involved on the electrical properties measurements [272].
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Figure 42. Arrhenius plot for conductivity o of the various LaTisFe1.xO3 materials

In addition, samples showed different responses to carbon monoxide exposures. In
Figure 43, different resistance responses are summarized, all relative to tests with 150 ppm
of CO and temperature of 460 °C and 600 °C, being these the most representative of the
entire test campaign. It is confirmed that a partial substitution with titanium ions is
profitable, as previously affirmed. Ti00O, indeed, showed an unclear response signal for both
the temperatures, the same obtained in the previous analysis with LFO and LTFO sensors: as

the material is exposed to CO the resistance starts to increase up to a maximum, being a p-
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type semiconductor, but then quickly decreases and stabilizes around a constant value while
the analyte flow is still present. The same behaviour was registered even for Ti20 sample.
On the contrary, with titanium content higher than x=0.4 the resistance development is
more clear and stable, with the sharp resistance rising in carbon monoxide atmosphere and
its recovery when the analyte is removed. However, this trend was registered at 460 °C for
all remaining samples, while at 600 °C Ti60 seemed to be indifferent to CO presence and
Ti80 showed the opposite progress, with a sharp decreasing of the resistance typical of an n-

type behaviour.
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Figure 43. Sensors response to 150 ppm of CO at 460 °C (a) and 600 °C (b)

This phenomenon is ascribed to the dual conductive behaviour of LaFeOs, showing a
transition from p-type to n-type properties depending on analyte partial pressure, operating
temperature and chemical composition of the material. Since this, it was possible to note n-
type behaviour only at the temperature of 600 °C, for carbon monoxide concentration
higher than 150 ppm and for titanium content of 0.8. In addition, Ti60 was tested also at the
higher temperature of 680 °C, when reported n-type behaviour with 100 and 150 ppm of
CO, confirming the influence of operating temperature, concentration and composition on
materials conductive characteristics. The transition of the conductive properties is
responsible even of the ambiguous trend of TiO0 and Ti20 showing first a growth and later a
reduction of the resistance. In those cases, the operation around the minimum in the
conductivity trend and a low diffusion coefficient caused a lower gas diffusion rate into the
material and then higher response time, hiding sharp resistance decreasing. The change of
conductivity is not a limiting factor for sensors operation, but could generate difficulties in
the interpretation of the signal and can complicate its functionality. In addition, Ti60 and
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Ti80 signals resulted to be more discontinue and noisy, probably even because of the

gradually deformation of the perovskite crystal structure by titanium content increasing.
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Figure 44. Response to 150 ppm of CO at 680 °C of Ti20 and Ti60 sample

Moreover, regarding the reversibility properties all the materials had no drift on resistance
baseline in any case and they were not degraded by carbon monoxide, except for Ti20 which
effectively was reduced at 680 °C and 150 ppm CO. In Figure 44 it is possible to note that
the material’s resistance fast rose up to 12 MQ (baseline resistance was 52 kQ, so three
order of magnitude more) and remained stable at this value even without CO presence. It
has to be stressed here that, at the same temperature and analyte concentration, sample
Ti60 was not reduced and degraded: increasing of titanium content in LaFeOs; composition is
effectively profitable for thermal and chemical stability. However, considering also
resistance signals and crystal cell deformations, a compromise should be found and sample
Ti40 seems to be the best solution, in order to have clear response and good thermal

stability.

Sensors sensitivity (S, calculated with equation 4.12) to carbon monoxide at different
temperatures was also evaluated (Figure 45). Maximum sensitivity was 2.1 at 400 °C, proper
of Ti20 sample. The same material, however, drops in sensitivity as the temperature is
increased. Ti40, instead, shows the maximum sensitivity at 460 °C, assuming a value not far
from the previous one of about 1.8. Other samples have not same proper sensing
properties, since the sensitivity is always below 1, even if with some variations. However, all
the materials demonstrate very low sensitivity as the temperature increases: the best
operating range is 400-460 °C. Note that for Ti80, sensitivity assumes negative value since
the occurred transition of the conductive properties. Regarding concentration dependence,
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in general sensitivity is improved as concentration rise up, but in the case of Ti20 and Ti40
the gain is more evident and plateau region is not yet reached. Hence, sensors can measure
even higher concentration, being far from saturation. Therefore, Ti20 and Ti40 are the most
suitable materials, but considering that Ti20 reported unclear signals and have a lower

thermal stability, once again Ti40 results to be the best sample.
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Figure 45. Temperature (a) and concentration (b) dependence of sensors sensitivity to CO

exposure

Response and recovery time were also analysed. In Figure 46 are reported those relative
to Ti40 samples, being the most representative ones (20 ppm at 400 °C have not been taken
into account since the response was almost zero). Both response and recovery times
decrease as the temperature increase, even if the drop is less evident for higher
temperature (500-600 °C) when values seem to stabilizing. Interactions between sensing
material and analyte based on adsorption-desorption phenomena, indeed, are dependent
from temperature, influencing reaction times [273], but response time is also influenced by
sensitivity and, in fact, higher response times occurred in cases with higher sensitivity. Gas-
solid interactions are influenced even by the amount of analyte involved, since with higher
concentrations gas molecules could be easier detect but could complicate the release of the
same ones [274,275]. In fact, response and recovery times were shorter for higher
concentrations, but the reduction is more evident in the case of the former. Finally,
recovery times resulted larger than the response ones in all cases, being in the range of 10-2
minutes, instead of 5-1 minutes. In general, a sensor is considered to have fast responses
with times of 1-3 minutes [276,277]. Hence, further studies need to be developed in order
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to reduce these ranges of values, for example by improving material’s surface area, porosity

and thickness [278-281].
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Figure 46. Temperature dependence of Ti40 response time (a) and recovery time (b)

Summarizing, LaTixFe1«O3 perovskites are very advantageous materials for carbon
monoxide sensing purposes at relatively high temperatures. The maximum sensibility is
reached with 20% of partial substitution in Fe ions, but increasing it to 40% high sensitivity is
anyway obtainable at higher temperatures (460 °C). Moreover, the former case leads to
unclear response signal, complicating sensor operation. With higher titanium content,
thermal and chemical stability of the material is enhanced, but quality of response and
sensitivity are gradually lowered. Therefore, the best LaTixFe1xOs seemed to be

LaTio2Feo.803 and LaTig.4Feo.s0s.

Hydrogen tests

LaTixFe1xOs perovskites are suitable material for CO sensing and control. Unfortunately,
however, they didn’t show the same good results for hydrogen and hydrogen sulphide
atmosphere. Further researches were then necessary, in order to find out a proper material
for these purposes. The attention was anyway focused on partial substitution on B-site of
the perovskite material with specific chemical elements, being B-site the most affecting
factor on the material sensitivity, as previously stated in chapter 2. In particular, it was
decided to investigate the catalytic action of cobalt ions (Co?*) on H, sensing purposes,
which are supposed to create more active sites for reducing gas interaction and thus to

enhance sensitivity to hydrogen [159,160]. The interest was also to evaluate the influence of
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divalent ions presence instead of tetravalent ions (Ti**) and to compare the material

behaviour after substitution with p-type or n-type dopant.

Four different perovskite materials were thus synthesized, by means of auto-combustion
synthesis technique (citrate-nitrate method) addressing the previously exposed procedure
and even the previous considered parameters and parameters values. In particular, it was
decided to synthesize the simple lanthanum-ferrite perovskite, the one partially substituted
with two different cobalt amounts and that with a mixed partial substitution with cobalt and
titanium in the same time (see Table 25). In this way it was possible to determine the effect
of cobalt ions, the effect of the amount of cobalt and the mutual effect of cobalt and

titanium.

LaMyFe1.xO3 Sample
LaFeOs LFO
LaCog.2Feo.s03 Co20
LaCoo.4Fep.603 Co40
LaCoo.2Tio.2Feo.603 Co20Ti20

Table 25. Synthesized LaMFe1.xO3 material and samples name (M=Ti and Co)

The obtained powders were subjected to characterization analysis. All the samples
resulted to be very fine powders of desired perovskite oxides, showing also a good
integration of dopant ions in the crystal structure. Also the Goldshmidt tolerance factor
confirms high structural and morphological characteristics: it ranges, in fact, between 1 and

0.95.

Gas sensing performances of the synthesized samples were then evaluated. Tests were
carried out in the laboratories of European Commission-Joint Research Centre, specifically in
the Institute of Transport and Energy of Petten (The Netherlands). Experimental apparatus
used was completely similar to that showed in the paragraph “Materials preparation”.
Operating temperatures considered were between 200 and 600 °C, while hydrogen
concentration has range of 0.1-0.4%... Samples showed different behaviour at different
concentration and temperatures: Figure 47 summarizes different results, displaying only
tests with 0.4% of hydrogen and temperature of 200 °C and 400 °C, being these the most
emblematic of the test campaign. It should be stressed here that the highly noisy nature of
response signal is surely due to the bad temperature control of the furnace. Its regulation by
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LabVIEW® software, in fact, was not completely stable at the desired temperature,
implicating a sort of fluctuation around it: signal fluctuations are then extremely correlated
and caused by temperature fluctuations, as it is possible to note in Figure 47.a; of course,
resistance decreases as the temperature increases and vice versa, being samples
semiconductors materials. In addition, temperature stability was increased as the operating
temperature was rose up, when even response showed lower or absent signal noise,
confirming the hypothesis of the strict correlation between it and the temperature control.
At 200 °C, Co20 and Co40 are the only samples showing responses to the hydrogen
presence, even if not so evident, increasing their resistance as H; increases (p-type
behaviour). Moreover, fluctuations in the signal responses correlated with temperature
variations resulted to be lowered in the case of Co40, demonstrating that the amount of
cobalt has a sort of influence on the materials temperature dependence. On the contrary,
resistance of Co20Ti20 has no changes in analyte atmosphere, while regarding LFO it was
not possible to have information in this sense since its high intrinsic resistance. The situation
is overturned at 400 °C, when it is evident that samples with only cobalt degraded, having a
sharp increase of resistance value that remain constant even when hydrogen is removed.
LFO and Co20Ti20, instead, were still able to measure hydrogen concentrations but
reported the ambiguous behaviour of a first sharp growth and then a decrease of the
resistance until a constant value: the transition of the conductive properties from p-type to
n-type behaviour occurred, and in particular LFO showed the transition even at 350 °C. In
addition, analysing LFO and Co20Ti20 trends it is possible to note also that the presence of
the two dopant in the perovskite structure is advantageous also as regards response and
recovery time: LFO was not able to restore the initial resistance even after one hour in

nitrogen, differently from Co20Ti20; also the response time was slightly higher.
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Figure 47. Sensors response to 0.4% of H, at 200 °C (a) and 400 °C (b)

Therefore, the substitution with cobalt ions is effectively advantageous since it provides a
clearer and more stable signal, avoiding the conductive properties transition occurring.
Nevertheless, it shifts the operating range of the samples towards lower temperatures. In
the same time, Co20Ti20 showed the largest working range, degrading at 500 °C and
confirming the hypothesis of better thermal stability and behaviour for titanium partially
substituted perovskites, improving their operation at higher temperatures but
impoverishing at the same time response signal at lower temperatures. It has to be stressed,
moreover, that the degradation occurred at 500 °C was probably due to circuit damaging
because some test problems that affected the experimental procedure, more than materials
degradation. Interdigitated electrodes of Co020Ti20 and LFO after tests, in fact,
demonstrated damages to gold circuits (see Figure 48), leading to interruption of the same

circuits and impossibility to measure materials electrical properties.

Figure 48. Microscopic pictures of Au circuit, before (a) and after (b) tests at high temperatures
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Moreover, each gas sensing test has been repeated on a second sample (S2) of each
material, being different from the first sample (S1) in the thickness: S2 had a thickness of 0.2
mm, while S1 was around 0.1 mm. Response signals from two samples of all materials
tested were quite similar, reproducing the same trend and behaviour for the same sequence
of tests, demonstrating thus good reproducible properties. However, signals from S2
showed a higher variability respect to S1 (Figure 49) in terms of noise of response: this
means that the thickness of film layers influences the responses signal of the material,
making it highly dependent to temperature and to flow conditions, which could generate
some turbulences in gas stream and directly inside the film. Hence, also thickness is a crucial
parameter for good operation of chemical gas sensors and it is possible to assume that
signal stability is enhanced for higher cobalt contents and lower thickness of the materials.
In any case, all the materials showed an almost absent drift of the baseline resistance,

proving their good recovery properties.
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Figure 49. Signal response to 0.4% of H, at 300 °C of S1 for different samples thickness

Analysing the Arrhenius plot (Figure 50) for samples conductivity, moreover, it is evident
that, being all studied materials semiconductors, their baseline resistance Ry (that is the
resistance characteristic of the material in nitrogen flow and for each temperature)
decreased as temperature increased. Comparing baseline resistance of different materials,
it is possible to note that increasing content of cobalt ions it gradually decreases.
Substituting Co?* for trivalent ion site in LaFeOs, in fact, a consequent charge compensation

occurs, by means of oxidation of Fe3* ions to Fe** ions or by the formation of lattice oxygen
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vacancies: therefore, the concentration of holes h* increases and, in turn, the conductivity
of the material, while the resistance decreases [262,263]. In the case of partial substitution
with Ti* ions, instead, the situation is completely the opposite, as demonstrated also by
previous researches: the conductivity of Co20Ti20 sample, indeed, is reduced. In particular,
in this case the combined effect of cobalt and titanium ions leads to different values of the
conductivity for different temperature: over 300 °C, conductivity is less than that of LFO,
since effect of Ti*" is prevalent (in fact it increases thermal properties), while below 300 °C it
is higher. It was not possible to evaluate conductivity of LFO for those temperatures because
of technical measurements limits of the multimeter, but this confirms anyway that its o is
lower than Co20Ti20. Co?* substitution, then, is profitable also for the functionality of the
sensor, providing higher conductivity, for sure easier to be managed because of technical

limitations of instruments involved on the electrical properties measurements.
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Finally, sensitivity analysis was performed (Figure 51). Regarding temperature
dependence, it was possible to note that cobalt partial substitution is effectively
advantageous for lanthanum ferrite perovskites, since it highly increases the sensitivity to
hydrogen presence at higher temperatures: at 350 °C, sensitivity of Co40 was around 100,
instead of 16 for LFO (sensitivity of LFO decreases as the temperature and hydrogen
concentration increases because of the transition of conductive properties occurred). At 300
°C the conditions are favourable for the latter, but at those order of temperature material
resistance is very high and its measuring could be problematic, as happened in this

experimental campaign. Focusing on cobalt content, sample Co40 resulted to be the
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preferable one, since it shows very higher sensitivity at higher operating temperature: Co20
demonstrated a pure bell-shaped trend with maximum on 300 °C, anyway lower than Co40
maximum. As regards mixed partial substitution with titanium ions, the sensitivity was very
low for all the temperatures considered, having anyway a maximum on 350 °C: presence of
titanium, hence, was effectively profitable for material thermal stability, as stated
previously, but not for sensitivity. Also for concentration dependence, Co40 seems to be the
preferable material, since it shows the maximum sensitivity and a perfect increasing trend,
not an almost constant curve as the other materials, which are already in the saturation
region and thus do not allow a clear hydrogen measuring. Even in this case, LFO has a
decreasing trend since the transition of conductive properties. Comparing this hydrogen
sensitivity results with those obtained with LaTio.4Feo60s3, it is possible to assume that partial
substitution with Co?* ions is in effect advantageous for hydrogen sensing purposes, since it
allows to obtain very higher sensitivity both respect to the basic lanthanum ferrite
perovskite and to the titanium substituted one. Nevertheless, it shifts the operating range of

the sensor towards lower temperatures, implicating a maximum operating temperature of

350 °C.
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Figure 51. Temperature (a) and concentration (b) dependence of samples sensitivity

Operating parameters influence

From previous analysis it is evident how sensors sensitivity and response are influenced
by operating conditions, such as temperature and gas concentration. A deeper study was

then conducted on the evaluation of sensors performances dependence on tests
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parameters. The support of chemometrics was fundamental either in the experimental
campaign planning, with the Design of Experiment (DoE), either in the results evaluation,

with the multivariate analysis.

This study was carried out on LaTip2FeosOs perovskite regarding the carbon monoxide
sensing performances, since one of the most promising material for this purpose. It was
chosen a full factorial experimental design with three factors and three levels, addressing
the Central Composite Design. The relative DoE consists of 27 experiments, arranged

geometrically as a body, side and edge-centred square, as shown in Figure 52.

Figure 52. Geometrical representation of DoE for operating parameters influence evaluation

The independent parameters considered were CO concentration (Xco), operating
temperature (T) and gas flow (Q), varied respectively in the ranges of 100-200ppm, 300-460
°C and 40-100 Nml/min, being the most representative as affirmed by previous analyses.
Multivariate data analysis was based on a non-linear multiple regression, having polynomial

function as

bi1 X2 + bypX,? + basXs®  (4.15)

Y is the response and X3, Xz, X3, normalized from -1 to +1, are Xco, T and Q respectively. b
coefficients represent the influence of independent parameters on responses: in particular,
bo is a constant, b; represent the main direct effects of variable X;, bi show the non-linear
relationship between the responses and the experimental variables and, finally, the indirect

effects produced by cross-interaction between X; and X; are represented by bj; coefficient.

113



Responses studied were the sensitivity of the sensor (S, calculated with equation 4.12) and
the speed of response (v, expressed as kQ/s), which is strictly correlated to the response
time. Table 26 summarizes the different test conditions for the different experiments,

including also values of responses considered.

Model matrix Experimental Matrix Responses
X1 Xz X3 Xco T Q S v
(ppm)  (°C)  (Nmi/min) (kQ/s)
exp 1 -1 -1 -1 100 300 40 0.16 38.02
exp 2 1 -1 -1 200 300 40 0.14 60.09
exp 3 -1 1 -1 100 460 40 0.20 1.84
exp 4 1 1 -1 200 460 40 0.63 4.09
exp 5 -1 -1 1 100 300 100 0.22 67.22
exp 6 1 -1 1 200 300 100 0.24 98.35
exp 7 -1 1 1 100 460 100 0.20 2.87
exp 8 1 1 1 200 460 100 0.66 6.39
exp 9 -1 -1 0 100 300 70 0.19 59.48
exp 10 1 -1 0 200 300 70 0.19 66.61
exp 11 -1 1 0 100 460 70 0.33 4.38
exp 12 1 1 0 200 460 70 1.03 9.75
exp 13 -1 0 -1 100 380 40 1.03 52.11
exp 14 1 0 -1 200 380 40 2.22 94.85
exp 15 -1 0 1 100 380 100 2.05 115.07
exp 16 1 0 1 200 380 100 2.78 153.89
exp 17 0 -1 -1 150 300 40 0.15 54.58
exp 18 0 1 -1 150 460 40 0.32 1.97
exp 19 0 -1 1 150 300 100 0.21 83.70
exp 20 0 1 1 150 460 100 0.38 4.25
exp 21 -1 0 0 100 380 70 1.29 46.05
exp 22 1 0 0 200 380 70 2.60 111.98
exp 23 0 -1 0 150 300 70 0.20 63.89
exp 24 0 1 0 150 460 70 0.68 8.12
exp 25 0 0 -1 150 380 40 1.26 36.50
exp 26 0 0 1 150 380 100 231 116.17
exp 27 0 0 0 150 380 70 222 127.92
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Table 26. Chemometric analysis for operating parameters influence evaluation

Some differences occurred during the different experiments. Sensor responses to carbon
monoxide presence, in fact, were generally displayed as p-type behaviour: typical output
signal from the sensor is shown in Figure 53.Test at 460 °C and 100 Nml/min of total flow,
however, showed the ambiguous behaviour of a slight decrease of resistance while CO is
still present. It is already possible to note how measuring and test conditions influence
sensor operation and interpretation. From the obtained output signals were then evaluated

the different values of sensitivity and speed in the response, listed in Table 26.
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Figure 53. Response signal of LaTig:Feos0s for different test condition (e 100 ppm CO; ® 150 ppm
CO; 0 200 ppm of CO)

Multivariate analysis on sensor sensitivity is shown in Figure 54, carried out considering
all factors, all cross-terms and all square terms according to equation 4.15. In the bar chart
of the coefficient of the mathematical model (Figure 54.a), also the relative statistical
significances are displayed by means of the p parameter: only coefficient with p<0.001 were
considered statistically significant and in the chart are marked with three stars (***). In

addition, significance could be evaluated also with an analysis of the boundaries of the
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confidence interval respect to the height of the bars factors: factors with bars within the
boundaries of the confidence interval have no significance, while factors with bars bigger
than the confidence interval are statistically significant. As it possible to observe in the
figure, this evaluation confirms the analysis conducted on the p parameter. Therefore, it is
possible to assume that coefficients statistically crucial are bi, bz, b3, b1z and by;: all three
test parameters considered, thus, affect sensitivity of the material. In particular, carbon
monoxide concentration, related to bs, plays a key role, affecting the sensitivity only with a
linear correlation, namely with a direct effect: indeed, increasing analyte concentration
sensitivity is supposed to increase until saturation of the material is reached, when the
sensitivity trend approaches the asymptotic value and stabilizes around a constant value. In
the case analysed, it was not possible to observe the asymptotic region, since saturation
was not reached with the concentration values considered. The same considerations are
valid also for the gas flow influence, related to b,, which showed only a linear and direct
correlation with the sensitivity. Different is, instead, the case of the operating temperature,
whose relative significant coefficients are b, and b, where the latter is quite prevalent on
the former. Hence, the quadratic correlation is predominant and, in fact, perovskite
materials have maximum sensing properties at a specific operating temperature, gradually
lowered as long as temperature is reduced or enhanced. The variation of sensitivity with the
temperature, in addition, is even mutual dependent on the concentration values, as
demonstrated by the statistical significance of bi, cross-term, which in fact expresses that
temperature and analyte concentration are correlated each other. All of these
considerations are confirmed by the response surface plots (Figure 54.b,c,d). Sensitivity
trend depending on Xco and Q are effectively linear, while that of temperature T is quadratic

and bell-shaped.
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Figure 54. Coefficients (a) and Response surface (b, c, d) for the effect of test conditions on

sensitivity (“no star” indicates no statistically significance, “three stars” p < 0.001)

Regarding the multivariate analysis on the speed of response of the sensor (Figure 55),
the statistically significance limit of the b; coefficients was set to p<0.05. The significant
coefficients were, thus, bi, b, bs and b,,. Therefore, as in the previous case of the
sensitivity, all the three parameters considered affect the speed of response of the sensor
and mainly by a direct effect. Analyte’s concentration and gas flow have a linear correlation
with the response, while for the temperature the quadratic correlation is prevalent.

However, in this case, cross-interactions seem to be irrelevant.
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Figure 55. Coefficients (a) and Response surface (b, c, d) for the effect of test conditions on speed
of response (“no star” indicates no statistically significance, “one star” p < 0.05, “two stars” p < 0.01,

“three stars” p < 0.0001)

The analysis of the response surface plots (Figure 55.b,c,d) confirms these considerations:
relationship between T and v are quadratic and bell-shaped, centred on 380 °C, while
concentration and flow dependence trends increase linearly. As for the sensitivity, indeed,
the speed of response is optimized around the specific temperature which provides the best
chemical and physical conditions for sensing properties of the material. Moreover, even for
the speed of response there is an increase when concentration and flow are enhanced.
Higher content of analyte could be easier detect from the material, reporting consequently
higher values of v [274,275]. Gas flow has even a higher influence, since it represents the
amount of gas that reacts with the material and thus of the speed in the reaction between
the perovskite and the analyte. It has to be noted here that as the speed of response
increases, the response time decreases, even is not possible to perfectly correlate them

since response time is strictly dependent on sensitivity also.
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5. Conclusions and perspective

At the present, research activities on biomass waste thermochemical conversion
processes and optimization of their energy and environmental efficiency are object of
several research studies, in order to find out reliable and efficient systems to exploit the
energy content of biomass, which is considered one of the most promising renewable

energy sources.

The aim of this work was to develop new innovative chemoresistive gas sensors for
control and optimization of biomass steam gasification power plants at different scale and
configuration. Studies on gasification system and relative different configurations were then
conducted. In particular, an innovative dual bubbling fluidized bed gasifier (DBFB) and its
integration in a real plant were studied. Different biomasses were gasified with steam/air in
a bench-scale bubbling fluidized bed gasifier, evaluating different producer gas
compositions and tar content. The energetic contents of the output gases obtained was
pretty similar and in any case quite relevant, thanks to the use of steam as gasifying agent.
Also the tar contents in the producer gases were quite constant, having used olivine sand as
catalytic bed material, but high. Similar results were obtained even in the pilot 100 kWt
dual fluidized bed gasifier, pointing out also the advantage of two chambers configuration
that leads to higher quality syngas since its less dilution in nitrogen. It was stressed, thus,
the importance of a gas cleaning and conditioning section for the removal of tar. Hence, a
gas cleaning and conditioning system was analysed for further application of syngas in an
ICE, in particular composed by an upstream guard bed of calcined dolomite and a waste
vegetable oil scrubber. The complete cleaning system resulted to be efficient, with a
reduction of heavier tars of almost 100% even after 12 hours of operation. Finally, an
evaluation of the global gasification system has been carried out, in order to analyse the
integration of DBFB gasifier in a real plant, its performances and efficiency and to determine
which are the streams and their main features (in term of composition and operating
conditions) where apply the sensor investigations. It was chosen to globally analyse a
biomass gasification plant for pure hydrogen production, since its higher restrictions in
terms of contaminants and syngas quality and its high temperature gas conditioning steps. A
sensitivity study has been carried out at different steam to biomass ratio (SB) and different

water gas shift reactor operating temperature and residence time, in order to determine
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their influence on syngas quality and system’s performances. Results showed that the
higher the SB, the higher is the hydrogen yield and also the system chemical efficiency and
the electric energy need. The case with SB equal to 2.0 was the preferable one, since the
higher hydrogen yield and chemical efficiency and also because it provides the better
thermal energy exploitation, even if it requires additional electric energy input. Regarding
WGS operating temperature and residence time, the optimum values were 300 °C and 0.8
seconds.

These experimental considerations on biomass gasification pointed out the high
dependence of system’s performances from input parameters and conditions. Having,
therefore, a system control able to measure syngas composition and its contaminants and
impurities on-line and directly in the gas stream, even at relatively high temperatures, is
extremely useful for optimal operation of the plant. Thus, experimental activities on
chemoresistive gas sensors have been carried out, consisting in the synthesis,
characterization and test of innovative perovskite materials for sensing purposes. Firstly,
preliminary studies on the auto-combustion synthesis method were conducted, by means of
a theoretic determination of the optimal parameters values (e.g. combustion settings, metal
complexing conditions and solutions acidity) and thanks to a multivariate analysis on the
synthesis parameters influence on sensors quality (e.g. sensitivity, response time, stability
and electrical characteristics). These activities allowed to optimize the synthesis method for
further preparation of proper and efficient materials to be tested in the sensing properties:
the suitable conditions resulted to be @ parameter equal to 0.45, CA/M ratio set at 2.5 and
pH level around 7. Successively, LaTioaFeosOs was tested for different gas atmospheres.
Results showed that the titanium presence in the perovskite structure is effectively
profitable, mostly for carbon monoxide presence: it leads to proper sensitivity in the CO
measurements and increase the thermal and chemical stability of the material respect to
LaFeOs. Its performances, however, resulted to be unsatisfactory for H,S and H; sensing.
Further researches were then carried out focused on LaCoxTiwFe,O3 (x+w+z=1) for H, sensing
purposes: cobalt ions presence allows to obtain very higher sensitivity both respect to the
basic lanthanum ferrite perovskite and to the titanium substituted one, even if it shifts the
operating range towards slightly lower temperatures. Regarding the CO sensing, studies on
the effects of the amounts of titanium ions in the lanthanum ferrite perovskite were also

performed, revealing that the best materials are LaTio.2Feo.sO3 and LaTip.4Feo603. Gas sensing
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tests were performed using the “flow-through” method, perfectly comparable with real
conditions as assessed by literature. In addition, a multivariate analysis on the test
conditions influence on sensors responses was carried out, validating the gas sensing tests
performed. Sensors analysed for CO and H; showed their maximum sensitivity at
temperatures around 350-450 °C. Considering these investigations, it is possible to deduce
that the studied gas sensors could be used in a biomass gasification system, in particular in
the flue gas stream, for the determination of CO level and relative environmental limits, or
at the exit of the water gas shift reactor, for the measurement of CO and H; syngas content
in order to have an evaluation of the WGS efficiency, or on the high temperature fuel cells

for safety control of hydrogen leakages.

Results obtained stressed the possibility of integration of high temperature, on-line and
low cost measurement instruments in thermochemical conversion systems, thanks to the
chemoresitive gas sensors perovskite based. In this way is then possible to overcome the
hindrances related to the conventional analytical techniques for the monitoring of
hydrocarbons and other involved gases, based on gas/liquid chromatography and mass
spectrometry. Further researches are, however, necessary. In particular, suitable materials
for hydrogen sulphide measurements need to be developed, together with those for higher
hydrogen concentration. An additional outlook is the testing of gas sensors with a gas
mixture representative of syngas and the developing of an electronic nose able to perfectly
detect all the gases present in the mixtures. The nose could be made of different optimized
single gas sensors as the ones tested, in order to make them selective to the specific analyte
and the specific temperature. It is possible, indeed, to integrate them with temperature
correction signals, for the providing of the right response relative to the operating
temperature, or with particular traps for other gases present in the atmosphere different

from the analyte one.
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