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Abstract

The objective of this thesis is to gain a deeper understanding on the slow pyrolytic
conversion of biomass in conditions similar to the ones present at industrial scale. The
purpose of this is to contribute to two topics of significant relevance in the biomass
thermochemical conversion community nowadays. Firstly, the need for further deve-
lopment of more detailed pyrolysis mechanisms, which account not only for chemical
reactions pathways, but also for the influence of transport phenomena on these chemi-
cal reactions, enhanced in conditions typical of industrial scale, due to bigger particle
and bed sizes. Secondly, the use of slow pyrolysis for production of biochar, in partic-
ular, the understanding of how pyrolysis conditions may affect biochar properties and

consequently its behavior in soil.

To this end, a technical-scale fixed bed reactor has been built, together with a novel
combination of on-line characterization techniques, to perform an exhaustive on-line
evaluation of the pyrolysis process. These techniques include temperature measure-
ments inside the bed, characterization of permanent gas composition with gas chro-
matography - thermal conductivity detection (GC-TCD) and detection of fluorescence
emitting compounds with laser-induced fluorescence spectroscopy (LIF). Differentia-
tion between primary pyrolysis and secondary reactions of primary volatiles has been
achieved, thanks to the selective detection of targeted species, products of these sec-
ondary reactions. Investigation on the source and production enhancement mechanisms

of these species has been also carried out.

In a second stage, several characterization methodologies have been developed and
applied to get a deep characterization of the solid product (biochar), from two perspec-
tives: structural properties and potential behavior in soil. The objective is to establish
clear relations to "engineer” biochar, according to soil application demands and certi-
fication requirements. Besides, development of characterization techniques which may
lead to a more complete evaluation and therefore better certification of this biochar

has been considered, in particular for porosity characterization.






Zusammenfassung

Die Zielstellung dieser Dissertation ist es, ein tieferes Verstdndnis iiber die langsame
pyrolytische Biomassenkonversion unter Bedingungen zu gewinnen, wie man sie im
industriellen Mafstab vorfindet. Hierdurch soll bezweckt werden, auf zwei Feldern
von signifikanter Relevanz fiir die heutige Forschergemeinschaft der thermochemischen
Biomassenkonversion einen Beitrag zu leisten. Denn zum einen besteht noch Entwick-
lungsbedarf fiir genauere Pyrolysemechanismen, welche nicht nur die chemischen Reak-
tionsabldufe beriicksichtigen, sondern auch den Einfluss durch Transportphinomene
auf diese chemischen Reaktionsabldufe miteinbeziehen und angepasst an Bedingungen
sind, wie man sie aufgrund von gréferer Partikel- und Bettgrofe typischerweise im
Industriemafsstab vorfindet. Das zweite Feld beinhaltet die Produktion von Biochar
durch eine langsame Pyrolyse und soll insbesondere klaren, inwieweit die Pyrolysebe-
dingungen die Eigenschaften des Biochars und konsequenterweise deren Reaktionen
im Boden beeinflussen. Um dieses Ziel zu erreichen wurde ein Festbettreaktor in
Technikumsgrofse errichtet und mit einer neuartigen Kombination von on-line Charak-
terisierungstechniken ausgestattet, welche es ermoglichen, den Pyrolysevorgang um-
fassend in-situ und on-line zu untersuchen. Diese Techniken umfassen die Temperatur-
erfassung im Reaktorbett, die Bestimmung der Permanentgaszusammensetzung durch
Gaschromatographie-Warmeleitfahigkeits detektor (GC-WLD) und der Nachweis von
fluoreszierenden Verbindungen durch laserinduzierte Fluoreszenzspektroskopie (LIF).
Eine Unterscheidung zwischen der priméren Pyrolyse und den Sekundirreaktionen der
primérfliichtigen Bestandteile war durchfiihrbar, dank der selektiven Bestimmung von
Schliisselverbindungen, welche als Produkte der Sekundéarreaktionen entstehen. Ferner-
hin wurde untersucht, welchen Ursprung diese Spezies haben und welche Mechanismen

deren vermehrtes Auftreten fordern.

In der zweiten Phase wurden mehrere Charakterisierungsmethoden entwickelt und
angewendet, um das feste Produkt (Biochar) ausfiihrlich in zweierlei Hinsicht zu charak-
terisieren. Zum einen Hinblick auf die strukturellen Eigenschaften, zum anderen auf

das mogliche Verhalten im Boden. Zielstellung war es hier, klare Zusammenhéinge



herauszuarbeiten, um einen Biochar zu ”konstruieren”, welcher den Anforderungen
bei Verwendung im Boden und Zertifizierungsvorgaben erfiillt. Auferdem wurde die
Entwicklung weiterer Charakterisierungsmethoden gepriift, welche moglicherweise zu
einer vollstdndigeren und daher auch besseren Zertifizierung von diesem Biochar fiihren,

insbesondere in Hinsicht auf die Charakterisierung der Poren.
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Chapter

Introduction

In order to meet the goals established by the Kyoto protocol, the European Union
has established several tough objectives regarding energy and climate protection by
2020. These include to rise the share of energy from renewable sources in the gross
final consumption of energy to at least 20 %; to reach a 20 % improvement in energy
efficiency and to reduce the greenhouse gas emissions (GHG) at least 20 % below 1990
levels. Besides this, the share of energy from renewable sources in the transport sector
must amount to at least 10 % of the final energy consumption in the sector also by
2020. If we look further ahead, the objectives become even more challenging, aiming
at a reduction of 80 - 95 % compared to 1990 levels in greenhouse gas emissions by
2050 [12-14].

With these mid- and long-term objectives, the professionals in the energy sector have
the duty and responsibility not only to increase the participation of renewable energies
in the energy mix, but also to do it in a sustainable, efficient, economically competitive

and stable way.

In order to achieve these goals the main disadvantages of the renewable energy sources
must be overcome. Among those, spatial and temporal distribution play a significant
role, i.e., the different energy sources are not available everywhere - with transporta-
tion not possible in most cases, in opposition to conventional fuels - and, if they are,
they may not be available when demanded. Commonly this drawback is overcome by
combining several renewable energy sources and prioritizing, when possible, the produc-
tion of energy from these sources, instead of conventional energy production sources.
However, this introduces inevitably instability in the electrical grid and reduces their

competitiveness against conventional sources in absence of external support.

It is clear that the solution to this problem is of high complexity, both from a technical,
but also from a political point of view, and most probably the global solution would
include the combination of several technical approaches, as for example the development

of more efficient energy storage systems, together with the development of smart grids.



2 Chapter 1 Introduction

Another possible contribution to this global solution is the enhancement of energy
production from renewable sources which do not show such strong spatial and temporal
dependence, such as biomass. This is the only renewable energy source which allows
the complete substitution of fossil fuels, in the sense that the same products can be
made from biomass as from fossil fuels, including chemicals and transport fuels. At the
same time, biomass is a widespread energy source which allows the production of heat
(also high temperature heat) and power on demand, as in the case of fossil fuels, and

it may be COs neutral if harvested and processed in a sustainable manner [15].

There are several possible biomass conversion routes, depending on the initial feed-
stock and the desired final product, which can be classified into bio-chemical, physico-

chemical and thermo-chemical processes [16].

Bio-chemical - biomass decomposition by microorganisms - and physico-chemical con-
version processes constitute nowadays the main pathways for production of biofuels for
the transport sector, i.e, bioethanol from fermentation of starch and sugar crops and
biodisel from transesterification of vegetable oils or animal fats [17]. These processes,
despite being already commercially competitive in some countries, present the short-
coming of employing feedstock which compete directly with food/feed use. Besides,
not only biofuels have to be considered, but also the production of electricity, heating
and cooling from biomass, which is expected to be a key contribution by 2020 and
increase in the post-2020 period [18|. For this reason, up-scaling of bioenergy systems
requires: (1) the introduction of alternative and sustainable biomass feedstock, (2) an
increase in the efficiency of biomass production, accompanied by a more sustainable

land management, and (3) an increase in the conversion efficiency.

A first step to fulfill those requirements is the use of lignocellulosic biomass, since it does
not compete directly with food/feed use; it includes agricultural, forestry, industrial,
animal and human organic residues and it leads to an increase in the yield of fuel per

unit of cultivated area [17].

Then, alternative conversion processes which allow the processing of these materials
while increasing the conversion efficiency need to be brought into the game. Bio-
chemical conversion technologies for production of bioliquids, and capable of dealing
with these materials, are already available, but they are more technologically demand-
ing and therefore more expensive [17]. An alternative to those processes are the thermo-
chemical conversion processes, which allow not only the production of bioliquids, but
also of solid and gaseous fuels, leading to heat and power, while being able to convert all
the biomass fractions and therefore to increase the global conversion efficiency. These
processes are based on the use of high temperatures (and/or pressures) to break down
the biomass macromolecules. They can be mainly classified in: pyrolysis, gasification,
combustion and liquefaction [17]. The main energetic applications of these processes

are summarized in Fig. 1.1.



1.1 Thermochemical conversion processes 3

Moreover, the up-scaling of any bioenergy system requires, as previously mentioned,
more efficient and sustainable biomass production, together with sustainable land man-
agement [18]. This will determine, on one hand, if biomass is a sustainable renewable
energy source and, on the other hand, it will have a direct impact on the consideration
of biomass as a COy neutral energy source, due to the direct and indirect land use
change, related to the possible reduction of carbon stocks. Moreover, it may affect bio-
diversity, land and water quality and increase other GHG emissions besides CO, [18].
A solution to this needs to be approached from different fronts, that is to say, selection
of more productive feedstock, enhancement of residues use, but also improvement of
the soil quality while increasing the soil carbon stocks. It is here where biochar comes

into play, which will be discussed in detail in Chapter 7.

‘ Pyrolysis ‘ ‘ Liquefaction ‘ ‘ Combustion ‘ ‘ Gasification
D
Charcoal 0il Gas Oil Steam Gas

‘ Upgrading ‘ ‘ Upgrading ‘ Methanation F—
|

Methanol Synthesis

Gas turbines, Steam Fischer-Tropsch Synthesis
engines, CHP turbines Methanol to Gasoline (MTG)
p= I
Diesel, Gasoline
A 4 {! i Y.
Fuels Heat Electricity

Figure 1.1: Conversion routes from biomass to biofuels, heat and electricity with thermochemical

conversion processes.

1.1 Thermochemical conversion processes

1.1.1 Combustion

Combustion can be seen as the complete oxidation of the feedstock [15] and consti-
tutes up to now the most employed and commercially competitive thermo-chemical
conversion process for biomass utilization, both for heat and for power production [19].

It is also expected to be the main biomass conversion technology in the future [20].
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Large-scale (> 20 MWy, classification according to [20]) combustion plants, usually
coupled to steam turbines, for power production are a well established technology, es-
pecially applied in North American and Scandinavia, with typical capacities between
20 - 100 MW, [21]. Combustion plants for combined heat and power production (CHP)
coupled to steam turbines have shown to be economically and technically feasible for
output power > 2 MW, [1,21]; while organic Rankine cycles have proven the maturity
of the technology in the range of 0.2 - 2 MW, (medium-scale) [1,21]. Coupling to
Stirling or steam engines is in demonstration status for small-scale CHP plants (< 100
kW,) [1,21]. It is in the small-scale combustion systems, mostly used for residential
heating, where special attention should be paid, due to the potential growth of this
market through direct substitution of fossil fuels, as well as the limitations of the cur-
rent available technology regarding higher requirements of fuel quality |20] and particle

emissions [22].

Several combustion technologies are available in the market, whose selection depends
mostly upon the application scale, the feedstock specifications and the affordable in-
vestment and operation costs [19]. They have been widely analyzed and reported in
literature and they are briefly summarized here, based on [19] and [20]: fixed-bed com-
bustion technologies are available for small (pellets, chips or trunks boilers and stoves),
medium (grate-fired furnaces) and large (grate-fired furnaces) scale applications up to
50 MW. The main advantages of these systems are the variability in feedstock humid-
ity, particle size and ash content that they accept, as well as the low investment and
operation costs. However, they present lower efficiency due to the requirement of high
excess in combustion oxygen and do not deal well with mixing of woody and herba-
ceous feedstock. Pulverized fuel burners can be used in medium and large applications,
allowing in the second case the co-firing with coal up to several 100 MW,,. The main
advantages are the possible variability in the load and the higher efficiency due to low
excess oxygen, but it presents limitations regarding water content and particle size of
the feedstock. Fluidized-bed combustion is appropriate only for large-scale applications
due to the high investment and operation costs. However, they offer higher efficiency
due to lower requirement in oxygen excess and provide better mixing and heat transfer.
The accepted particle size range is limited, as well as the ash content and composition
due to slagging problems. Besides, the dust load in the flue gas is high, increasing the

demand in cleaning systems.

1.1.2 Gasification

Gasification is the thermo-chemical degradation of carbonaceous materials in the pres-
ence of an externally supplied oxidizing agent (O, HoO or air) with the objective

of producing a gaseous product, composed mainly by CO, Hy, COy, CH4, HO and
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Ny (when air is used) [17]. It is therefore a more versatile process in comparison to
combustion, since it offers, besides the production of heat and power through direct
combustion of gas products, the possibility of producing synthesis gas (CO + Hs). This
can be combusted in gas engines and turbines in CHP plants, as well as being used
for production of methane (methanation) and liquid fuels (BtL). The latter would be
achieved with post-processes such as Fischer-Tropsch Synthesis, Methanol Synthesis
or Methanol to Gasoline process (MTG) [17], known as Gas/Coal/Biomass to Liquid
technology (XtL). Gasification offers therefore a promising alternative for substitution
of fossil fuels, both gas and liquid, and consequently brings thermo-chemical conver-
sion processes into the game for biofuels production from ligno-cellulosic materials and
waste. However, these technologies are not new at all, experiencing their strong deve-
lopment from the 30s, especially in Germany, for electricity, liquid fuels and chemicals
production, based on the use of coal as raw material [23|. Besides, during the Second
World War, thousands of cars and trucks were operated in Europe on coal and biomass
gasified in on board gasifiers [17] and afterward, during the oil embargo in the 70s, coal
gasification recovered its significance being used mainly for heating and production
of chemical feedstock [17]. Still nowadays, commercially deployed gasification relies
mainly on coal as feedstock, as it is the case of Sasol company in South Africa, based

on the Lurgi process (updraft gasification) or new CtL plants in China or India.

Concerning the status of biomass gasification in Europe, gasification technology for
heat production up to several hundreds kW, is commercially available and deployed
but its contribution to energy production up to now is limited [21|. An example of such
application, although pilot plant, is the fluidized bed reactor using steam as gasifying

agent at Chalmers University of Technology (Sweden).

CHP gasification plants are mostly in development and demonstration state and have
not reached market maturity yet, due to the relatively high costs, critical operational
demands and fuel quality requirements [1], although some technologies using gas en-
gines are already on the market [21]. An example is the up-scaling of the Viking gasifier
(CHP pilot pant with two-stage gasification technology - screw pyrolysis and downdraft
gasification - coupled to gas engines and developed by the Biomass Gasification Group
at DTU in Denmark), commercialized for 150 kW, (demonstration plant in Hadsund,
Denmark), 500 kW, (commercial plant in Hiller6d, Denmark) and 1000 kW, (not in-
stalled so far) by Weiss A/S and COWT A/S [24,25]. Another example is the Volund
gasifier (updraft gasification with moist air), demonstration plant with commercial ope-
ration, developed at Harboore by Babcock & Wilcox Volund (Denmark). It is coupled
to two gas engines, with a total electrical output of 1.4 MW, and a thermal power of
3.4 MWy, [24,25]. Also the technology developed by Xylowatt reached the market with
the NOTAR®gasifier, based on multi-stage downdraft gasification with air or oxygen,
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offering capacities of 1 MW LCV, 1.7 MW LCV and 4 MW LCV (oxygas), which can
be also combined.

With fluidized bed technology, the Enamora gasification plant (Spain), delivered by
Eqtec Iberia, is a commercial CHP plant based on bubbling fluidized bed gasification
and coupled to IC turbo-compressed gas engines (from Jenbacher), with an output
power of 5.9 MW,, together with 5600 kg/h of steam at 6 bar(g) and 150 m?3/h of
water at 90 °C for the industrial processes at the plant location [25]. Also based
on bubbling fluidized bed gasification is the Skive Fjernevarme demonstration plant
in Skive (Denmark), based on the Carbona gasification technology (air-blown) and
developed by Andritz Carbona as a commercial plant. It operates at pressures between
0.5 and 2 bar and has an output power of 6 MW, (three gas engines from Jenbacher)
and 11.5 MWy, when working in CHP mode; or with a thermal power of 2x10 MW,
when the gas product is alternatively burnt in two gas boilers. In this case, the plant

would be included in the classification of heat production (for district heating) [24].

The dual fluidized bed steam gasification technology (gasification zone fluidized with
steam and combustion zone fluidized with air), developed at Vienna University of
Technology, has been successfully demonstrated in the gasification plant in Giissing
(Austria), supplied by AE&E and Repotec, being nowadays commercially operated. It
is also a CHP plant with an output power of 2 MW, and 4.5 MWy, [25].

The VIPP gasification unit, developed (pilot plant: VIPP-VORTEX gasification unit
of 500 kW,,) in collaboration with the Energy Technology Center (ETC) of Pitea
(Sweden) and based on an earlier stage of the cyclon gasifier (developed at Lulea
Technical University, LTU, Sweden), was brought to a commercialization stage by
MEVA Innovation. The demonstration plant is a commercial unit sold to Pite Energi
(Hortlax, Sweden) with an output power of 1.2 MW, and 2.2 MW, [26]. Several
CHP demonstration plants, ranging from 1 MW, to 7 MW, are in preparation with
the MILENA gasification technology, owned by the Energy Research Center of the
Netherlands (ECN), coupled to the OLGA gas cleaning system [27].

Gasification technology used in combined cycles for electricity production is in demon-
stration phase in the range 5-10 MW,, although it is expected that it can go up to
around 200 MW, [21|. Examples of this technological approach are the gasification
plants in Senden (Germany) and Oberwart (Austria), based on the gasification princi-
ple of the Giissing plant, but coupled to gas engines and to an Organic Rankine Cycle
(ORC), with a total capacity of 5 MW, and 6.5 MW, and 2.8 MW, and 4.1 MWy,
respectively [24,25].

Regarding gasification technologies for the production of biofuels, GoBiGas in Gothen-
burg (Sweden) is the first demonstration plant in the world for large-scale production

of bio-methane, through gasification of forest residues with a thermal fuel production
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power of 20 MW and a thermal output power for district heating of 5 MW. A second
phase for commercial application is planned by 2016 with a bio-methane output power
up to 100 MW. The technology of this plant is based on gasification and methanation
technologies developed in Giissing at pilot scale [25,28|. Another demonstration plant
for the production of bio-methane with a capacity of 4 MW is scheduled for the present
year in Netherlands, based on the MILENA gasification technology and the OLGA

cleaning system [27].

With respect to the production of liquid transport biofuels, the technology is still mo-
ving from pilot scale projects to the construction of the first demonstration plants. One
example of pilot plant is the " Bioliq®)” process, developed at the Karlsruhe Institute of
Technology (Germany) and based on the production of gasoline from methanol through
an intermediate step of dimethyl ether synthesis. The idea behind is the decentralized
pretreatment of biomass with fast pyrolysis in order to produced a biosyncrude, which
can be then economically transported to the core gasification plant. The technology
of this plant is high pressure entrained flow gasification for the production of synthesis
gas which will be transformed to gasoline [29]. Another example is the pilot plant built
in Pitea (Sweden) for production of bio-methanol and bio-DME using black liquor
as feedstock, developed under the European BioDME project, as a collaboration of
Chemrec, Volvo, Total, Haldor Topsoe, Delphi, ETC and Preem. The gasification
technology in this case is based on pressurized oxygen blown gasification with a thermal
fuel power of 3 MWy, [26]. In the demonstration phase will be the world first commercial
biomass to methanol plant, developed by VirmlandsMethanol AB in Sweden and based
on HTW (high temperature Winkler) gasification, with a thermal fuel power of 111
MW, [26].

1.1.3 Pyrolysis

Besides gasification, pyrolysis also offers the possibility of producing liquid biofuels from
biomass. Pyrolysis is defined as the thermochemical decomposition of carbonaceous
materials (such as biomass) either in the total absence of externally supplied oxygen or
with a limited supply that does not permit gasification to an appreciable extent [17].
The latter is called oxidative pyrolysis and it has been the technology traditionally used
for the production of charcoal, since it turns the process into allothermal due to the heat
released during partial combustion. However, new pyrolysis technologies tend to use an
inert atmosphere. It usually takes place in the temperature range of 300 - 650 °C [17],
giving place to three different products: (a) bio-oil, pyrolysis oil or tar which is liquid at
ambient conditions and can be upgraded to transportation fuels, be burnt in a boiler for
heat and power production or used for chemicals production; (b) char, which is the solid

product and is usually referred to as charcoal, if it is used as a solid fuel or biochar, if it
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is used for soil amendment purposes and as carbon sink (introduced in detail in Chapter
7); and (c¢) permanent gases. Products distribution in pyrolysis depends strongly on
the process conditions, specially the heating rate, coupled with the vapor residence
time, and the maximum conversion temperature (HTT) [30]. Maximization of liquids
yields, optimal for bio-oil production, is achieved with high heating rates (tpcating «
treactions 1-€., the fuel heating time is smaller than the characteristic pyrolysis reaction
time [17]), lower residence time of vapors in the reaction zone, typically between 0.5
- 2 s, and mild temperatures around 500 - 550 °C [31-33|. This process is known as
fast pyrolysis. Higher temperatures would lead to secondary reactions of primary tars,
causing cracking and polymerization [30], reducing then tar yields while increasing gas

yields.

Fast pyrolysis

According to the I.LE.A. Bioenergy Task 34 [34], fast pyrolysis bio-oil has been defined
as ”"Liquid condensate recovered by thermal treatment of lignocellulosic biomass at
short hot vapour residence time (typically less than about 5 seconds) typically at be-
tween 450 - 600 °C at near atmospheric pressure or below, in the absence of oxygen,
using small (typically less than 5 mm) dry (typically less than 10 % water) biomass
particles”. "It typically contains 15 - 30 % water. Common organic components in bio-
oil would include acetic acid, methanol, aldehydes and ketones, cyclopentenones, fu-
rans, alkyl-phenols, alkyl-methoxy-phenols, anhydrosugars, and oligomeric sugars and
water-insoluble lignin-derived compounds. Nitrogen- and sulfur-containing compounds

are also sometimes found depending on the biomass source”.

Bio-oil can be directly used for combustion in boilers, in order to produce heat and
electricity; for indirect production of liquid biofuels, through gasification of bio-oil and
following post-processing with Fischer-Tropsch or methanol to gasoline synthesis, as
it has been previously presented for the Bioliq®process (biomass pretreatment for
supply large biorefineries); or for direct production of biofuels with catalytic upgrading
(catalytic hydroprocesses or thermal cracking). Bio-oil can be also integrated in conven-
tional refinery. However, as it has been pointed out by the European Biomass Industry
Association (EUBIA) [35], although fast pyrolysis technologies are reaching already
the demonstration status, they still have to face significant economic and non-technical

barriers which reduce their competitiveness against fossil fuels.

An example of fast pyrolysis for bio-oil production is the technology developed by BTG
Biomass Technology Group B.V. (Netherlands) [36], based on a rotating cone reactor
(initially developed at the University of Twente) for the production of pyrolysis oil,
which can be then directly combusted or upgraded. This company owns a pilot plant
with a capacity of 100-200 kg/h of feedstock in Netherlands and built a full scale plant
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with a capacity of 2 t/h feedstock (approximate production of 1.2 t/h of pyrolysis oil)
to be delivered to Malaysia [36]. BTG is also involved (coordinator) in the Empyro
project (financially supported by the 7th Framework Programme of the European Com-
mission) [37], being the objective ”to build and demonstrate a 25 MWy, polygeneration
pyrolysis plant to produce electricity, process steam and fuel oil” in Hengelo (Nether-
lands). Also at industrial scale, a Finnish Consortium, formed by Fortum, UPM and
Valmet developed a fast pyrolysis technology plant (built by Valmet with collabora-
tion of VI'T) to integrate to the Joensuu CHP plant (Fortum) for production of heat,
electricity and around 50000 tones of bio-oil per year. The bio-oil will be used to re-
place fossil fuels in the heating plants of Fortrum [38]. The same Consortium started a
new five-years project in early 2014 called LignoCat (Lignocellulosic Fuels by Catalytic
Pyrolysis) to develop and commercialize integrated catalytic pyrolysis technology for
production of high quality biofuels from lignocellulosic materials [39]. Following with
the commercialization level, Green Fuel Nordic Oy (Finland) intends to build 20 biore-
fineries, with a capacity of 90000 tonnes of renewable fuel oil (RFO) each one, using
Rapid Thermal Processing (RTP) technology [39]; and Estonia and Latvia plan the
construction of two pyrolysis plants, one able to process 130000 tonnes of wood chips
in Estonia with fast pyrolysis for the production on bio-oil and another one to integrate

in a CHP facility in Latvia, for processing of 100000 tonnes of wood chips [39].

Slow pyrolysis

Slow pyrolysis, on the contrary, is characterized by heating times much longer than
the characteristic pyrolysis reaction times (heating rates below 100 K/min), as well
as longer residence time of volatiles in the reaction zone, leading to char yields max-
imization. Slow pyrolysis is the traditional conversion pathway for the production of
charcoal, used as solid fuel, or for iron reduction. However, in the present work, slow
pyrolysis is the technology considered for the production of biochar, a solid product
used for soil amendment purposes and carbon sequestration. A detailed explanation
about biochar is given in Chapter 7, however, a short review on the available tech-
nologies and companies involved in biochar production nowadays in Europe is given

here.

According to the European Biochar Certificate (EBC) Foundation, eight are nowadays
the biochar producers certified by the European Biochar Certificate [40] and therefore
using different versions of slow pyrolysis (under specific, controlled conditions) as con-
version technology. The guidelines of the European Biochar Certificate can be found

in [41]. These companies are:

e Carbon Terra GmbH [42], which manufactures the Schottdorf-Melier techno-
logy, capable of producing 1000 tonnes of biochar per year. The Schottdorf Sys-
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tem consists of at least one Schotdorf-Melier, a gas burner (combustion chamber),
a steam turbine and a power generator. The Schottdort Melier is a kiln which
works in a counter-current configuration, i.e., the biomass moves from the upper
part to the bottom while the oxidazing agent moves in the opposite direction,
leaving the reactor in the upper part. The process is a kind of mild gasification
with air, with maximum temperatures of 700°C . Each kiln is able to deliver 300
kW of thermal energy through the gas.

e Pyreg GmbH |[43|, specialized in development of equipment for biomass car-
bonization, including the production of certifiable biochar, with an annual pro-
duction capacity of around 300 tonnes. The biomass conversion system consists
of a screw reactor where the biomass slowly pyrolyzes in absence of Os. The
vapors and permanent gases produced are burnt in a combustion chamber and
the thermal energy is used to heat the pyrolysis process and for external heat
production.

e Swiss Biochar GmbH [44], using also the Pyreg technology. The feedstock used

in this case is a mixture of lignin rich wood chips, protein rich fruits residues.

e Verora GmbH [45], which also uses the Pyreg technology with temperatures
up to 500 - 600 °C. The feedstock used in this case is wood chips from both tree
and bush.

e Sonnenerde [46], using the Pyreg technology, with a production capacity of
around 1500 kg per day. The feedstock used is pulp fiber and cereal husk.

e Lixhe Compost SA [47]: no detailed information on the production process is

available online yet. The website is provided by the European Biochar Certificate
Foundation [40].

e Fetzer Rohstoffe + Recycling GmbH [48]: no information available online
yet. The website is provided by the European Biochar Certificate Foundation [40].

e Carmagnola Energie SRL: no information available online.

Other companies involved in pyrolysis equipment manufacturing for biochar production
in Europe, although not certified by the European Biochar Certificate, are |49, 50]:

e Regenerative Energie Wirtschaftssystem GmbH [51], specialized in ma-
nufacturing equipment for biomass residues (specially wet biomass) processing,
including separation, drying, pyrolysis and gasification. The technology for biochar
production, based on a screw pyrolyzer (Regenis MAX) has a capacity of around

500 tonnes per year.



1.2 Next steps. Motivation of this work 11

e Black Carbon A/S [52], which uses the BlackCarbon unit (BC300). This is a
CHP unit coupled to a Stirling engine with has a capacity of processing 90 kg/h
of biomass. From this it produces 35 kW of electricity, 110 kW of heat for district
heating and 110 kW of biochar. The rest of the heat is used to maintain the

pyrolysis process.

e BioMaCon GmbH 53], which manufactures equipment for biochar production
with an annual capacity ranging from 140 to 2000 tonnes. The conversion tech-
nology is based on slow pyrolysis in abscence of O, taking place in a mono screw
reactor and using woody biomass (chips) as feedstock. The system is equipped
also with a high temperature reformer (up to 1000 °C) to increase biochar qual-
ity and a combustion chamber to burn vapors and gases produced during the

pyrolysis process for heat production.

e Splainex [54], which is a company with expertise in developing processes and
manufacturing equipment for waste treatment, based on pyrolysis technology.
The continuous pyrolysis technology they operate with is typically based on a
rotatory kiln, in absence of O, and up to temperatures of 400 - 600 °C. The
produced vapors can be thermally cracked to produce syngas, which is then com-
busted in a boiler for steam production (MPSC, Modular Pyrolysis Steam Cycle)
for power and heat generation. As waste they include different types of wood,

agricultural and animal waste, such as poultry litter, for production of biochar.

The previous lists intend to offer a short overview on companies manufacturing pyroly-
sis equipment or using this technology for biochar production. They have been included
either because their biochar production is certified by the European Biochar Certifi-
cate or because they have developed interesting slow pyrolysis technologies for biochar
production. Information about other companies involved in equipment manufacturing

and biochar production and commercialization can be found in [50].

1.2 Next steps. Motivation of this work

The objective of the previous reviews is to offer an overview on the current situation of
the main thermo-chemical conversion processes mainly for heat, power and transport
fuel production, using biomass as fuel material. As it can be seen, these processes
offer a real possibility for progressive substitution of fossil fuels. However nowadays
they still present a wide range of technological development degree, from commercially
widely deployed large-scale biomass combustion plants for power production, to young
demonstration pyrolysis plants for bio-oil or biochar production. This wide range of

technological readiness level is a fair reflection of the numerous difficulties that biomass
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thermo-chemical conversion processes still need to overcome in order to become a truly
competitive energetic alternative. Those include, on a more general level, issues such
as the development of sustainable biomass management procedures, sustainable land
use or the smart combination of decentralized and centralized applications in order to

increase the efficiency of the global system.

In a more technology-related ambit, key issues include: the reduction of contaminant
emissions to levels lower than fossil fuels, in both, the biomass conversion step and the
subsequent use of the product biofuel; the increase in the conversion efficiency and the
potential of the conversion technology to be able to deal with different biomass feedstock
(including high ash content biomass), while keeping the operation requirements in an
embraceable costs range. These issues are related, to different extents, to the conversion

mechanism of the solid fuel under different conditions.

Independently of these process conditions, pyrolysis is always a key stage in thermo-
chemical conversion. In this way, and as reported by Di Blasi [30], gas and char yields,
as well as char reactivities in processes such as combustion or gasification, are highly
affected by the pyrolysis stage, having a direct impact on the conversion efficiency,
product quality and emissions [22]|. The relevance of the pyrolysis stage in gasification
and combustion is illustrated in Fig. 1.2. A deep knowledge of this process is then
required in order to improve from the very first principles the performance of these

technologies.

However, despite the fact that pyrolysis has been a widely investigated topic in the last
decades, as it is shown in Chapter 2, the true pyrolysis mechanism remains still unveiled.
This is caused by the high degree of complexity of the chemical reaction network in
pyrolysis, yet worsened by the high physical and chemical heterogeneity of biomass
feedstock. This leads to the main shortcoming that pyrolysis kinetics, heats of reaction
and products distribution and composition are only true for those conditions in which
they were experimentally determined, limiting its applicability for "universal” pyrolysis
description. As side effect, the optimization of the conversion process, for example in
gasification, by optimizing the pyrolysis stage and therefore decreasing the production
of tar, main challenge in gasification technologies, is not truly possible when operating
conditions are changed. This is yet worsened by the fact that most of the experimental
studies on pyrolysis are performed at very small scales, in the range of miligrams to

grams, lying far away from conditions corresponding to industrial processes.

It is the objective of the present work to contribute to the further development of
detailed pyrolysis mechanisms, as the required step to better understand the pyrolysis
process and consequently, to develop models which can be applied in a wide range
of conditions. Besides, this investigation is performed in a technical-scale fixed-bed

reactor, i.e, in conditions closer to the ones characteristic of industrial applications,
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Figure 1.2: a) Updraft and downdraft gasification configuration [1]. b) Two-staged fized-bed gasifi-
cation, Viking gasifier [2]. ¢) Grate-fired combustion [3].

where influence of transport phenomena is taken into account. To this end, besides
conventional products and temperature characterization methods, a novel technique in
the field of biomass pyrolysis is introduced. This characterization method is based on
collecting and characterizing the laser-induced fluorescence signal emitted by targeted
species, present in the volatiles stream. This technique, as well as its application to
pyrolysis characterization, is introduced in Chapter 3. The content of Chapter 3 has
been already partially published in [55]. The experimental setup and experimental
conditions are described in Chapter 4.

Results describing the process characterization, as well as the knowledge gained on the
primary and secondary pyrolysis mechanisms, are introduced in Chapter 5 (content
partially published in [55]) and 6 (content partially published in [56]) respectively.
Those publications are included in the Publications list of the author, attached to this

document.

Finally, this process is evaluated for the production of biochar, which might consti-
tute the connecting piece between biomass utilization for energetic purposes and the
improvement of land use management, while increasing the carbon pools. Therefore,
biochar production, characterization and application are investigated in Chapter 7 and
8.
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Finally a summary of the main conclusions will be presented in Chapter 9.



Chapter

Pyrolysis

2.1 Introduction to pyrolysis

Pyrolysis is the thermochemical decomposition of biomass, usually in the absence of
externally supplied oxygen, with the objective of producing either liquid (bio-o0il) or
solid (charcoal) biofuels, or biochar. Besides, it is a stage in gasification and combus-
tion processes as well, influencing char yields and its reactivity and, consequently, the
global process performance [30]. Hence, a deep understanding of pyrolysis mechanisms
and kinetics is fundamental to evaluate feasibility, design, scaling and optimization
of industrial biomass conversion applications [57-59]. However, this is not an easy
task due to the high degree of complexity of the chemical reaction network under py-
rolytic conditions, together with the effects of interactions between chemical reactions
and transport phenomena [60-62|, as well as due to the wide heterogeneity of biomass
feedstock.

Pyrolysis products are always three, i.e, char, permanent gases and vapor phase volatiles,
which are liquid at ambient conditions. However, their final distribution and compo-
sition depend strongly on the process conditions, specially the heating rate, coupled
with the vapor residence time in the reaction zone and the maximum conversion tem-
perature (HTT) [30]; although other factors also have a significant influence, such as
pressure [63], amount and composition of active catalytic ash [30], dependent on feed-
stock composition, or particle and bed sizes [63], due to enhancement of the influence

of transport phenomena.

As it has been already introduced in Section 1.1.3, maximization of liquids yields,
optimal for bio-oil production, is achieved with high heating rates, low residence time of
vapors in the reaction zone, typically between 0.5 - 2 s, and mild temperatures, around
500 - 550 °C [31-33]. This process is known as fast pyrolysis. Higher temperatures
would lead to secondary reactions of primary tars, such as cracking and polymerization

[30], reducing then tar yields while increasing gas yields. On the contrary, slow pyrolysis
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is characterized by heating times much longer than the characteristic pyrolysis reaction
times (heating rates below 100 K/min), as well as longer residence time of volatiles in

the reaction zone, leading to char yields maximization [17].

Bigger particle size, higher vapor phase volatiles residence time and concentration, due
to lower sweeping flows, and high pressures would also contribute to an increase in char
yields. This is driven by an enhancement of the interactions between the solid matrix
and primary volatiles, due to an increase in mass transfer limitations (diffusion con-
trolled), which triggers the presence of heterogeneous char-forming reactions, together
with the formation of secondary tar [63,64]. These char-forming reactions compete with
tar-forming reactions, being enhanced at low temperatures, due to their lower activa-
tion energy [64,65]. Char-forming reactions are reported to be exothermic [63,64], in
opposition to the endothermicity associated to formation and vaporization of primary
tars [64]. Therefore, by controlling those reactions, not only yields, but also the heat
of reaction can be optimized. This explains also the wide range of values for heat of
reaction reported in the literature for pyrolysis reactions |66, 67|, and will be further

explored in Section 2.2.

In order to properly model these processes, to predict products yields and composi-
tions for design, up-scaling and optimization, it is necessary to understand which kind
of chemical and physical phenomena are behind such behaviors. This topic has been
widely investigated. However, up to now, "there is little consensus on the mechanisms
behind the pyrolysis process”, as highlighted by White et al. in [57], as well as on
how to model it. In this case, model should be understood as the description of the
kinetic rate equation for the pyrolysis reactions [57,68]. Two are the main reasons for
the lack of agreement or evolution in this field. On one hand, the fact that pyrolysis of
biomass (solid state material) is a heterogeneous chemical reaction, ”involving the su-
perposition of several elementary processes such as nucleation, adsorption, desorption,
interfacial reaction and surface/bulk diffusion, each of which may become rate limiting
depending on the experimental conditions”, as described by White et al. in [57|. This
is yet worsened by the complexity of biomass feedstock composition, as well as the
numerous competitive and concurrent chemical reactions involved in biomass pyroly-
sis [57], as previously mentioned. The second reason lies on the validity of the most
used experimental approach to determine the kinetics of these processes, i.e. thermal
analysis, and the mathematical interpretation of the experimental results, instead of
focusing ”"on the reexamination of fundamental solid state reaction theory as it ap-
plies to biomass pyrolysis” understanding the chemistry of the solid state reactions, as

expressed by Galwey in [68].

Following, a short review on the pyrolysis mechanisms, and models to address them, is
presented in order to show the evolution and state of the art in the understanding of

the pyrolysis process.
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2.2 Pyrolysis mechanisms and models

From the point of view of kinetic studies, ligno-cellulosic biomass decomposition can
be either seen as a single component (one-component models) or be treated as a
straightforward combination of three reference components: cellulose, hemicellulose
and lignin [69-71], assuming non-interaction between them. Due to the complexity
in composition of ligno-cellulosic feedstock, the latter approach tends to give better
results, i.e., better fitting with experimental data, because of the higher accuracy of
the decomposition characterization [15]. Despite this, some studies have shown that
there are indeed interactions between the three macromolecules and their intermediate
products, affecting the final product distribution and composition, as for example the
work of Evans and Milne and Hosoya et al. [72,73|. This is a very important issue,

particularly with respect to the potential influence of inorganics on secondary reactions.

It is generally accepted that the steps involved in biomass pyrolysis are: evaporation
of free moisture, degradation of unstable polymers and decomposition of more stable
compounds during primary pyrolysis, i.e., in the temperature range between approxi-
mately 200 - 400 °C, followed by secondary decomposition reactions occurring in the
solid matrix at temperatures above 400 °C, involving aromatization of the char residue
formed during the primary stage [57,74|. While primary pyrolysis usually leads to
around 95% [74] of the total mass loss, secondary conversion is much less significant
with respect to weight loss and that is why this step is usually ignored or included
in primary pyrolysis when modeled [74]. Hence, secondary reactions, specially hetero-
geneous secondary reactions, are hardly included in pyrolysis models. However, they
have a major significance regarding char chemical and physical properties, as well as

with respect to the release of some more refractory volatiles |71, 74].

Different classifications of pyrolysis mechanisms can be found in literature, according
to several criteria and without true consensus with respect to nomenclature. For the
sake of clarity, a classification is also offered in the present work, based mostly on the
review works of Di Blasi |70, 71]:

e One-component single reaction mechanisms

Multi-component parallel single reaction mechanisms

One component competitive mechanisms

Competitive detailed mechanisms

One-component single reaction mechanisms of the form Biomass — Char + Volatiles

(Tar and Gas) can predict the characteristic time of pyrolysis (the conversion time),
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Char
Biomass Tar <
Gas

Figure 2.1: One component competitive reaction mechanism for primary pyrolysis and secondary tar

cracking reactions.

however, they do not ”allow the dependence of products yields on reaction conditions to
be predicted, as a constant ratio between volatiles and char is assumed”, as stated by Di
Blasi [70]. This type of model has shown to have a good accuracy reproducing thermo-
gravimetric analysis (weight loss curve) of pure cellulose. For example, Antal et al. [75]
claimed that a wide variety of pure cellulose samples can be fitted by an irreversible,
single step, first order rate equation with an activation energy of around 238 kJ/mol,
when possibility of vapor-solid interactions is minimized. However they do not deliver
such good results for biomass. To improve the fitting results of this global models,
multi-component parallel single reactions mechanisms can be considered: Biomass; —
Char; + Volatiles; [15,57,76]. Such approaches are usually employed in models for
combustion or gasification (specially in fixed-bed due to the fact that devolatilization
conditions are comparable to those of thermal analysis, i.e., low heating rates [77]),
when the conversion time is the significant variable to be determined [77]. They do not

require a deep knowledge of the pyrolysis mechanism.

Therefore, with regard to the development of models for reactor design and optimiza-
tion, where products yields and composition prediction is needed, as a function of pro-
cess conditions and biomass composition, another type of models is required. Models

based on one component competitive mechanisms seem to be a promising alternative.

In these mechanisms products are lumped in three groups, char, gas and condensable
volatiles (tar), including primary and secondary reactions through competitive chemical
reaction pathways [57,70]. An example of such mechanisms is shown in Fig. 2.1.
Models based on these mechanisms also allow the coupling of chemical reactions with
transport phenomena. Hence, if determination of these primary pyrolysis kinetics is

performed in conditions free of transport limitations (small mass samples in the range of



2.2 Pyrolysis mechanisms and models 19

few mg and slow heating rates), i.e., intrinsic kinetics are obtained, and then coupled
with transport phenomena in order to include the potential presence of secondary
reactions (for example prediction of product yields depending on the residence time
of volatiles |78]), models able to describe single particle effects at reactor scale can
be developed [70]. Despite the fact that these competitive mechanisms are not of high
complexity, kinetics of these schemes are scarce [15]. Besides, the required experimental
conditions for their determination are not always reached. Both aspects, combined
with ligno-cellulosic biomass heterogeneity lead to a significant disagreement in the
predictions of these models, even from a qualitative perspective [70], showing that

deep investigation is still needed in this field.

Therefore, further improvement of competitive models requires a deeper understanding
of the pyrolysis process. It is in this context where detailed mechanisms appear. In
these mechanisms the objective is to understand which type of reactions lead to which
products and how and why feestock composition and transport phenomena may affect,

or not, products yields and compositions.

One of the main objectives of the present thesis is to contribute to the development
of these detailed schemes, with focus on heterogeneous secondary reactions and the

pathways leading to the formation of polyaromatic hydrocarbons (PAHs).

In the following section, some of the most relevant competitive and detailed pyrolysis

mechanisms are reviewed (Fig. 2.2), showing still at this level the existing disagreement.

2.2.1 Cellulose

Cellulose is the most abundant organic polymer on Earth and is also the main com-
ponent of ligno-cellulosic biomass. That explains why is the most investigated com-
ponent, with remarkable difference over hemicellulose and lignin, regarding pyrolysis

mechanisms and kinetics.

Broido and his colleagues introduced already during the 70s the foundations of the
research work on pyrolysis kinetics carried out up to now [75]. In 1975 |79] they pre-
sented a cellulose pyrolysis mechanism (1) in Fig. 2.2) based on two competitive sets of
reactions: (1) intermolecular dehydration (cross-linking reactions), leading eventually
(anhydrocellulose is the major intermediate product) to char formation and prevailing
at low temperatures; and (2) char-free depolymerization (with levoglucosan as inter-
mediate product), leading to the production of volatile tars and governing at high
temperatures [79]. They also determined that char yields depend upon the ash content
and crystallinity (varied with pretreatments at lower temperatures) of the feedstock as
well as on the pressure (they operated in vacuum). Later on, in 1976 [80], Broido up-

graded the previous scheme to a multi-step competitive mechanism (2) in Fig. 2.2) to
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Figure 2.2: Review on competitive and detailed mechanisms for pyrolysis of cellulose.
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account for secondary reactions taking place in the char and in the vapor phase. Here,
he also introduced the concept of "reactive cellulose” to reflect its reactivity at higher
temperatures. Noteworthy to mention is that for these experiments they always used
a significantly high amount of sample, around 100 mg. Hence, secondary reactions of
primary products inside the solid matrix would not be negligible, supporting the multi-
step mechanism, in opposition to the later work of Bradbury et al. [81]. However, those

kinetics could not be considered as intrinsic.

In 1979, Bradbury, Sakai and Shafizadeh [81] modified the scheme proposed by Broido
in 1976, by not taking into account secondary reactions (3a) in Fig. 2.2). They indeed
detected that sample size and pressure (experiments carried at atmospheric pressure
versus experiments carried out in vacuum) had an influence on char yields. Bigger
sizes and higher pressures led to an enhancement of residence time of volatiles in the
cellulose matrix and consequently to an increase in char formation. However, as they
stated, " products which do not evaporate can not be detected by weight loss” and that
is why they did not include the secondary steps in their model [81]. They also distin-
guished between low temperature pyrolysis (Scheme 3a)), where an activation step was
detected, and high temperature pyrolysis (above 300 °C, Scheme 3b)), where pyrolysis
degradation could be treated via two competitive first-order reactions. The differences
in the pyrolysis mechanisms for temperatures below and above 300 °C were also in good
agreement with the results presented by Shafizadeh and Bradbury [82] on decomposi-
tion of cellulose in air and Ny. They showed that decomposition rates at temperatures
above 300 °C were very similar for both air and Ny; suggesting therefore that pyrolysis
in these conditions proceeds via transglycosylation reactions, leading to the formation
of anhydrosugars as first product. However, at lower temperatures, oxygen plays a role,
being the decomposition rate much faster in an oxidative atmosphere than in Ny. This

may indicate that this initiation step involves a free-radical mechanism.

Mok and Antal in 1983 [83] developed an expanded mechanism (4) Fig. 2.2), based
on previous works from Broido and colleagues, as well as from Bradbury and col-
leagues. That is to say, they started with the mechanisms proposed by them, where it
is considered that cellulose decomposition follows two competitive pathways, leading
to anhydrocellulose production, and eventually to char and permanent gases (dehy-
dration route favored at low temperatures), or to levoglucosan formation with further
production of other volatiles and gases (depolymerization route enhanced at higher
temperatures), and investigated the effect of pressure and purge gas flow (residence
time of volatiles) on secondary reactions of these two main primary products. In par-
ticular, reaction possible pathways and heat of reactions. They determined that both,
anhydrocellulose and levoglucosan, decompose further following again two competitive
pathways, being those highly influenced by the process conditions. The results showed

that anhydrocellulose decomposes through an exothermic reaction to char residues and
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gas (reaction 4 in mechanism 4), Fig.2.2), being this pathway enhanced by low sweep-
ing flows (higher residence time) and high pressures. However, they also found that
anhydrocellulose decomposition involves the formation of intermediate volatiles and
that fast removal of these volatiles (for example with high purge flows or vacuum con-
ditions) reduces char formation. At the same time, they can react further in a strong
exothemic reaction (reaction 7 in mechanism 4), Fig.2.2) and form permanent gases
and other volatiles. Levoglucosan evolves further with either vaporization, endother-
mic, which gives place to vapor levoglucosan; or through a decomposition pathway,
leading to char residues and gases. This pathway is exothermic because involves the
formation of char and it is enhanced with higher mass transfer limitations, increasing
hence the secondary solid-vapor reactions, i.e., with higher residence time of volatiles
in the matrix via lower flows or higher pressures. Vapor levoglucosan can react further
in vapor phase to form refractory tar and gases (reaction 8 and 9). Solid residues can

also react, leading to char evolution.

In 1989 Piskorz et al. [84] proposed another mechanism for fast pyrolysis, based also
on a previous work from Richards [85], where it was suggested the direct formation
of low weight compounds, such as hydroxyacetaldehyde or carbonyls, directly from
active cellulose decomposition and not from secondary reactions of levoglucosan or
other sugars. This pathway would be ring fragmentation, which would compete directly
with transglycosylation reactions. The enhancement of these pathways would be highly
influenced by the cellulose morphology, in particular the degree of polymerization (low
degree of polymerization could increase levoglucosan yields), and by the presence of
alkalis, which could inhibit levoglucosan formation, leading to ring fragmentation as

main decomposition alternative.

Varhegyi et al. in 1993 [86] investigated the effect of high pressures in closed vessels, as
well the presence of water during cellulose pyrolysis, and proposed a new mechanism
(5) in Fig. 2.2), since the ones existing did not explain their experimental results. They
observed that at moderate heating rates and open vessels, with high purge flow rates,
cellulose pyrolysis could be described as a single rate determining reaction, probably
due to degradation of cellulose in monomers and oligomers. The observed gases, vapors
and chars could be product of secondary reactions of these monomers and oligomers.
However, when the volatiles release was hindered due to the use of closed vessels, the
reaction mechanisms became more complex. In those conditions they observed that
more sample quantity led to higher char yields and reduced the reaction temperature.
This behavior had been also reported by other authors, as previously reviewed (for
example Mok and Antal in 1983), but in addition, Varhegyi et al. addressed that the
experimental results could not be explained by the self-heating of the sample during
the exothermic decomposition. As they claimed, ”a systematic variation of the experi-

mental conditions and addition of extra water to the sample proved that a major part



2.2 Pyrolysis mechanisms and models 23

of the observed effects are due to the catalytic influence of the water on the reaction”.
Therefore, in their mechanism they proposed two pathways, the non-catalyzed decom-
position (first order kinetics), observed with open vessels (pathway kg), with very low
reaction rate in the lower temperature range of the sealed vessel experiments, and
the second reaction pathway in the presence of water. Despite the lower rate of non-
catalyzed reactions in the closed vessels, it had to be taken into account due to effect
of the produced water on the catalyzed pathway. In the latter pathway, k; describes
the solid reaction of cellulose in the presence of water, i.e., cellulose hydrolysis and k,

accounts for the secondary reactions of the intermediates.

Ranzi et al. in 2008 [69] proposed a mechanism for cellulose pyrolysis (6) in Fig. 2.2),
where the first devolatilization step would take place through two competitive reac-
tions, one leading to char and water formation and the other one to the formation of
active cellulose. This active cellulose would decompose again following two reactive
pathways. The one dominating at lower temperatures would lead to the formation of
anhydrosugars through chain end depolymerization (rate-limiting step), among which
levoglucosan would be the most significant one. Enhanced at higher temperatures, as
well as with higher mass transport limitations, [-scission reactions inside the poly-
mer chain, followed by molecular and radical reactions, would lead to the formation of
alternative decomposition products, such as hydroxyacetaldehyde, glyoxal, methanol,
formaldehyde, CO and COs and char (< 5%) among others. This pathway had been
previously introduced and reviewed here with the work of Piskorz et al. [84]. This
mechanism was proposed in the framework of the development of a mechanistic model
for biomass pyrolysis, which would allow the integration of reaction kinetics and trans-
port phenomena. Special interest was paid to the characterization of volatiles products
in order to account for the presence and description of secondary gas phase reactions.
However, it is noteworthy to mention that the potential influence of inorganics on these
reactions, as well as the possible relevance of secondary charrification reactions, were

not considered.

An adaptation of this mechanism was proposed by Anca-Couce et al. [65] (8) in Fig.
2.2), in order to take into account the influence of inorganics (ash) and secondary char-
ring reactions. In this scheme, cellulose devolatilization is described with one single
reaction leading to the formation of volatiles and char through a fragmentation path-
way. This reaction is described with the kinetic parameters correspondent to active
cellulose formation in the original scheme. At the same time, transglycosylation reac-
tions, leading mostly to levoglucosan formation, would be neglected due to the presence
of inorganics, which would enhance the fragmentation pathway. Then, secondary char-
forming reactions of primary volatiles would lead to the formation of more char and

gases. The extent of these secondary reactions would depend mostly on the retention
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time and partial pressure of the volatiles in the solid matrix, as well as the presence of

minerals.

In 2009, Mamleev et al. [87] proposed a mechanism similar to the one proposed by
Mok and Antal in 1983, but with a much deeper insight into the understanding of the
chemical reactions taking place, and including the fragmentation competitive pathway
already introduced by Piskorz et al [84]. They assumed, as other authors previously
reviewed, that cellulose decomposition occurs via two competitive reaction pathways,
transglycosylation leading to the formation of levoglucosan or S-elimination, forming
char and volatile intermediates. The question they tried to answer at this point was
why transglycosylation is the main depolymerization route in cellulose pyrolysis, as
well as the rate-limiting step. A possible explanation they proposed for that was that
transglycosylation does not need a catalyst, while for example cleavage of pyranose
does. However, these catalysts would not be available in the solid matrix. They tried
to explain the different phenomena through a two-phase pyrolysis model. The forma-
tion of high-boiling liquid tar from tranglycosylation reactions would fill the cellulose
cavities and provide volatiles acids, which would act as catalyst for the acid-catalyzed
[-elimination reaction. Char would be also produced from secondary reactions in the
condensed phase, mainly through the fragmentation pathway. Another interesting af-
firmation of this work is that dehydration is not a primary step in cellulose pyrolysis,
being the primary step of cellulose dehydration to form anhydrocellulose doubtful.
Direct dehydration of pyranose rings seems also to be insignificant due to the low con-
centration of pyrans in the pyrolysate (product of this reaction). They concluded then
that rings have first to undergo cleavage and then dehydration can take place. In this
way, water is a secondary product of cellulose pyrolysis. Light gases would be produced
though breaking of chain ends or components in the tar phase. Hence, they are also
secondary products with respect to depolymerization. Besides, they need a catalyst
which is provided with the tar. This would explain why tar is a high temperature

product.

In a recent work by Carlson et al. [88], it has been also proposed that catalytic fast py-
rolysis of glucose would take place in two steps: firstly, the competitive decomposition of
glucose to small oxygenates (fragmentation reaction, enhanced at lower temperatures)
or the dehydration reaction enhanced at higher temperatures to form anhydrosugars
and furans. In a second step aromatics would be formed, being the oxygenates produced

during thermal decomposition likely intermediates in these aromatic-forming reactions.

Conclusions on cellulose mechanisms and relation to the present work

After this review on competitive and detailed mechanisms of cellulose pyrolysis, it can

be concluded that cellulose may decompose via different competitive pathways, whose
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relevance in the global pyrolysis process is highly dependent on the conversion con-
ditions, the potential presence of inorganics and the cellulose morphology. Of high
significance is the introduction of the competitive pathways of transglycosylation and
ring fragmentation. The first one would lead to the formation of sugars, such as lev-
oglucosan, enhanced at lower temperatures (rate-limiting); and the latter would lead
to the formation of low molecular weight compounds, CO, CO, and char. This second
pathway is said to be enhanced at higher temperatures because it needs a catalyst,
which is not available in the solid matrix. Therefore it requires the presence of com-
pounds which can provide this catalyst. This could be done by the high-boiling liquid
tar coming from the transglycosylation reactions, which would fill the cavities of the
solid matrix and act as electrolyte, enhancing the fragmentation pathway. The presence
of inorganics and longer interaction times between the volatiles and the solid matrix
(mass transport limitations) would also lead to an enhancement of this fragmentation
pathway, as previously introduced, leading not only to the formation of light volatiles
but also char. The charrification reactions are reported to be exothermic which could

have a significant impact on the global heat of reaction.

Further information is required though on the secondary reactions, i.e., once the in-
termediate products are formed, either through fragmentation or transglycosylation
reactions, how they react further, forming products such as PAHs, and which are the

main parameters influencing these secondary reactions.

In the present thesis, further investigation on these secondary reactions, enhanced by
the ash content and leading to products such as PAHs is performed. Besides, influence

of these secondary reactions on char structure and composition (biochar) is considered.

2.2.2 Hemicellulose and lignin

Hemicellulose is a radom-structured amorphous matrix of polysaccharides formed by
several monomers, including glucose, xylose, mannose, galactose, arabinose and other
polysaccharides [89], which makes it the least stable of the three wood macromolecules,
reacting typically in the temperature range of 200 - 300 °C. For kinetic studies, usually

xylan is used as its representative component.

In comparison to cellulose, hemicellulose has been much less investigated. Therefore,
few results are available in the literature regarding hemicellulose pyrolysis mechanisms
and kinetics. Although one-step global reaction models for hemicellulose description
have been reported in literature, they do not show such good comparison with expe-
rimental results as for cellulose [65]. Indeed, several thermal degradation studies on
representative compounds of hemicellulose, such as xylan, have shown the presence

of two reaction zones (two peaks in the DTG curves), suggesting the existence of a
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two-step (two successive reactions or at least two rate-limiting successive reactions)

decomposition mechanism [89,90).

Koufopanos et al. [91] proposed a mechanism for hemicellulose decomposition based on
competitive reactions, as they did for cellulose. The experimental results were obtained
in isothermal conditions with negligible mass and heat transfer limitations, therefore
they claimed that the process was kinetically controlled. In their scheme, a first zero-
order Arrhenius reaction, with an activation energy of 72.4 kJ/mol, or pre-pyrolysis
phenomena, would lead to changes in the original material, i.e., sort of an activation
step. This would be followed by a reaction leading to the production of char and
other pyrolysis products, responsible for most of the weight loss, in competition with
a third phase, where decomposition of char would take place. The second and third
reactions would be 1.5 order reactions with activation energies of 174.1 and 172 kJ/mol
respectively. However, as later discussed by Di Blasi et al. [89] about these results, the
fact that the activation energies for both reactions were practical identical suggests

that they were not truly competitive reactions.

As it has been aforementioned, such models do not allow the prediction of products
yield distribution. Hence, a new mechanism, and subsequent model, was proposed by
Di Blasi et al. in 1997 [89] (based on xylan pyrolysis), so that ”it could be integrated in
more complex kinetic schemes and coupled to the equations of transport phenomena, to
simulate the dynamics of chemical reactors and, in particular, the variations in product
distribution, as the reaction conditions are varied”, as claimed by the authors. This
mechanism is shown in Fig. 2.3, 1) and consists of a two-stage mechanism. In each step,
two competitive reaction pathways leading to the formation of volatiles or solid (char)
are suggested. The first stage is supposed to be very fast and it is also associated to
a high volatile release. At around 270 °C further degradation of the solid intermediate

product is observed, producing charred residue and further volatiles.

Ranzi et al. proposed in 2008 [69] another competitive scheme, shown in Fig. 2.3,
2). In this scheme, hemicellulose evolves to two different types of active hemicellulose
(HCE1 and HCE2), decomposing HCE2 with delay with respect to HCE1. This is done
to reproduce the two-stage mechanism observed by previous authors. The decompo-
sition of HCE1 is very fast and similar to the one for cellulose, since it takes place
through two competitive reactions, one leading to the formation of xylose (sugar) and
the other one producing char and light volatiles, through a fragmentation pathway.
HCE2 decomposes following a similar path as for fragmentation of HCE1. The path-
way leading to the formation of xylose is expected to loose relevance when secondary
charring reactions are enhanced or minerals are present, as stated by Anca-Couce et
al. [65].

With respect to lignin, it presents ”a complex structure of racemic polymers mainly de-

rived from hydroxycinnamyl alcohol monomers with different degree of methoxylation”,
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as highlighted by Ranzi et al. in [69]. It decomposes over a wide range of temperatures,
from approximately 250 °C to 700 °C. Hence, it can be easily assumed then that its
decomposition takes place in several successive steps. At low temperatures, the least
stable functional group bonds break, emitting low molecular weight compounds, such
as CO [76]. At higher temperatures, dissociation of more stable bonds leads for example
to the production of CHy, through release of weakly bonded methoxy groups. Above
500 °C, the aromatic rings in the solid fraction are rearranged and condensed releas-

ing Hy [65,76,92]. Lignin is also the main source of char in ligno-cellulosic materials

pyrolysis.

The structural complexity of this macromolecule, together with the variability in sta-
bility of its chemical bonds, hinders even more the development of an appropriate
pyrolysis mechanism, as basis for a well founded model. As for the cases of cellulose
and hemicellulose, single first-order reaction models have been developed also for lignin,
as reviewed in [92|, with low activation energies, as for example the ones reported by
Varhegyi et al. [76], in the range of 34 - 65 kJ/mol.

On the contrary, kinetics based on the competitive scheme proposed by Koufopanos
et al. [91] (the same as the ones proposed for cellulose and hemicellulose, previously
described) are significantly higher, i.e., 147.7 kJ /mol for the first "activation” reaction;
137.1 kJ/mol for the 1.5 order reaction, leading to the formation of volatiles and 122.1

kJ/mol for char formation.

Caballero et al. [93] developed a model assuming that lignin (and other biomasses that,
as lignin, decompose over a wide range of temperatures) is formed by a great number
of fractions, whose decomposition starts only when a threshold temperature is reached.
The model is based on a function of distribution of solid decomposition. In this case,

activation energy values between 72.4 and 174 kJ/mol were obtained.

Ranzi et al. [69] proposed also a quite detailed model, able to predict products yields,
assuming that lignin can be represented by the combination of three different units:
LIG-C (rich in carbon), LIG-O (rich in oxygen) and LIG-H (rich in hydrogen). The
scheme is shown in Fig. 2.3, 3). The three reference compounds decompose to char,
volatiles and intermediate compounds, which further react in one-step or competitive
reactions. The latter is the case of LIG, which decomposes through a competitive path-
way to produce phenolic compounds or char and gas. This resembles the competitive

schemes for cellulose and hemicellulose, previously explained.

Zobel et al. [4] introduced recently a quite detailed mechanism for lignin, adapted from
the work of Asmadi et al. [5], and focused on the evolution of volatiles, where they
took into account primary pyrolysis, as well as further gas phase and heterogeneous
secondary reactions of these intermediates. The scheme is shown in Fig. 2.3, 4). In this

mechanism, they described the evolution of primary tars, coming from primary pyroly-
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sis of lignin, towards the formation of PAHs, either enhanced by high temperatures in
the gas phase or by the solid matrix in heterogeneous secondary reactions. Secondary

tars would be described as the intermediate products of these secondary reactions.

These mechanisms proposed for lignin will be the foundation of the detailed mechanism
for lignin proposed in the present work. Both mechanisms, i.e., the detailed mechanism
for cellulose pyrolyis, with focus on secondary reactions, leading to the production of
PAHs, as explained in Section 2.2.1; and the detailed mechanisms of lignin decompo-
sition (also producing PAHs), will be combined to further understand the pyrolytic

behavior of wood.

2.2.3 Products of pyrolysis

Pyrolysis products of ligno-cellulosic materials, as previously said, can be lumped in
char, permanent gases and tar, term which includes in the present work all condensable
volatiles at ambient conditions. A deep explanation of char properties will be given in
Chapter 7. Permanent gases are mainly CO,, CO, CH4 and H,. The main source of
CO and COs is the primary thermal cracking of carbonyl and carboxyl groups present
in cellulose and hemicellulose, as reported by Yang et al. [94], while the main source of
CH, is related to reactions such as the cracking of methoxyl-O-CHj3 functional groups in
lignin decomposition [95]. Hj release is mostly related to cross-linking and condensation
reactions in the solid phase [96]. CO, CH, and H, are also the main gas products of

homogeneous secondary reactions of primary tar.

Tar is the most complex product, from a composition, but also from a characterization
point of view in pyrolysis. According to Evans and Milne [72], tars can be classified in
primary tars or mixed oxygenates, secondary tars or hydrocarbon zone and aromatic
or tertiary tars. Primary oxygenates are formed typically [15,97] by acids, sugars, ke-
tones, aldehydes, alcohols and furans, coming from cellulose and hemicellulose; as well
as guaiacols, syringols and other more complex compounds, such as pyrolytic lignin.
Tertiary tars are polyaromatic hydrocarbons (PAH), such as naphthalene, phenan-
threne or anthracene. Secondary tars are all intermediate compounds between primary
and tertiary tars. Evans and Milne [72] also proposed temperature ranges for each tar
zone. In this way, primary tars would be produced from 400 to about 700 °C, secondary
tars would evolve between 700 and 850 °C and PAH would be formed above 850 - 1000
°C. However, this classification was proposed based on experimental results where very
low sample mass was used (10 - 1000 mg), together with high heating rates > 30 °C/s
and small gas phase residence time (< 1 s) and particle size (< 250 pum). In these
conditions, evolution of tars to secondary and tertiary species would only take place
in gas phase reactions. Other authors [33,98,99] have reported, however, the presence

of phenols, cresols and cathecols, considered typical products of secondary reactions,
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at lower temperatures (< 600 °C), as well as the presence of PAHs in slow pyrolysis
of big particles [100], and even the direct formation of PAHs from cellulosic materials
in the temperature range of 400 - 600 °C for slow pyrolysis [100,101]. Tt is intended
with this to show that even tar classification is not an easy task, and the reason is that
tar evolution depends not only on gas phase reactions but also on heterogeneous reac-
tions, strongly determined by transport limitations. In previous sections, it has been
extensively highlighted the relevance of including these secondary reactions when de-
scribing pyrolysis of lignocellulosic materials, due to their influence on products yields
and heat of reactions; but it is also needed to follow the evolution in composition of

these products. For that, characterization of these products is needed.

Nevertheless, efficient and trustful characterization of pyrolysis products, specially tars,
must face two significant drawbacks: the wide range of chemical species that are present
in pyrolysis tars [33,72, 98], many of them with high structural complexity, which
makes them non-detectable for standard methods, such as gas chromatography [102];
and the instability of pyrolytic oil, which may induce erroneous characterization in
off-line analysis techniques, due to sampling and preparation. For instance, the high
reactivity of some oxygenated compounds, the volatility of species such as benzene or
repolymerization due to aging effects [97]. Besides, off-line characterization does not
give information about the transient behavior of tar species depending on the process
conditions and conversion degree, fundamental to develop control and optimization

techniques.

Consequently, on-line techniques which support off-line methods are needed. These
techniques should avoid, as much as possible, modifications in the volatiles composition,
caused by sampling and conditioning. Spectroscopy techniques, such as Laser-Induced
Fluorescence (LIF), may be an alternative. This is a non-intrusive, in-situ technique,
which allows high temperature detection with significant sensitivity, in the order of
tens or hundreds ppb [103] in gas phase and even larger in liquid phase [104]. It is
also a selective technique, by choosing the excitation wavelength it is possible to excite
and consequently analyze specific groups of molecules. As an example, formaldehyde
is mainly excited at 355 nm [105] while 1 and 2 rings aromatics compounds present the

most efficient fluorescence behavior with an excitation wavelength of 266 nm [106].
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3.1 Introduction

Briefly explained, fluorescence is the emission of light (photon) by a compound, when
an electron from an excited electronic state (excited singlet state) comes back to the
ground state. This process is very fast (spin allowed), being the lifetimes of the excited
electronic states in the order of 107® s [107]. This excitation is produced by previous
absorption of light, being the emitted light less energetic (due to the higher efficiency
of vibrational relaxation) and having therefore a longer wavelength than the absorbed
light, also known as Stokes shift [107]. Further characteristics on the fluorescence

phenomenon will be given along this chapter, applied to the present case of study.

In laser-induced fluorescence (LIF), the excitation light is provided then by a laser.
This spectroscopy technique has been largely used in combustion for identification of
pollutants coming from incomplete combustion, such as CO or oxygenated compounds,
or to assess flame structure [8,108]; for detection of PAHs [103,108,109] or for char-
acterization of particles formation in flames in combination with LIT (Laser-Induced
Incandescence) and fluorescence lifetimes measurements [110, 111]. It has been also
applied in gasification processes for PAHs detection [112]. However, in the field of
pyrolysis its application is scarcer. It has been used for on-line tar characterization in
single particle pyrolysis, as reported by the studies of Brackmann et al. [113] and Zobel
and Anca-Couce [4,114]. In the first case, absorption and fluorescence emission studies
were carried out. Absorption results showed a nearly featureless absorption in the ultra-
violet spectral region, with a continuously stronger absorption for shorter wavelengths;
while fluorescence measurements were done using different excitation wavelengths, ob-
serving broad-band fluorescence spectra in the region from 300-500 nm, associated with
larger hydrocarbons. Zobel and Anca-Couce [4,114] carried out fluorescence emission
measurements of single wood particles using an excitation wavelength of 355 nm. It

was stated that the composition of the volatiles leaving the particle -analyzed by fluo-
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rescence emission in the close particle vicinity- strongly depended on the particle size
and heating rate, indicating the presence of heterogeneous secondary reactions of pri-
mary and secondary tars, for a particle size of 25 mm diameter, while no hint of these
reactions was observed for particle sizes of 0.5 and 1 mm. LIF has been also applied
for detection of CO and formaldehyde in flash pyrolysis carried out in a heated grid
reactor, with samples in the range of 3 - 6 mg [105]; and to study the evolution of

aromatic ring systems present in bio-oil from fluidized-bed fast pyrolysis [115].

As the next step, laser-induced fluorescence is applied in the present work for on-line
characterization of tar evolution in a technical-scale (1 m height, 22 ¢cm of internal
dia-meter) fixed-bed pyrolysis process, using thermally thick wood particles. In these
conditions, the extent of mass and heat transport limitations become more significant
due to the larger scales. Therefore, as it has been explained in Chapter 2, it is more
likely that secondary reactions - mainly heterogeneous - occur, leading to a change in
products yields and composition, including the potential formation of PAHs [4,100,114].
These are the conditions which are mostly encountered in industrial applications. How-
ever, just a few studies can be found in literature regarding products composition char-
acterization at this relevant scale [100,116|. In these conditions, typical primary tars
from lignin such as guaiacols and syringols (Section 2.2.2) may further evolve through
cracking reactions and changes in the functional groups composition towards tertiary
tars precursors and eventually the formation of PAHs [117]. Schréder [116] carried out
pyrolysis in a fixed-bed reactor with 2 kg of beech wood cubes. Tar characterization in
this study was focused on tar elemental composition, water content and calorific value
as function of maximum pyrolysis temperature. Fagernés et al. [100] carried out slow
pyrolysis of birch wood for charcoal production at big scale, in the order of hundreds
of kg. They separated the liquid product in settled tar and aqueous phase by decanta-
tion and extracted then the aqueous phase, using water, into water soluble and water
non-soluble fractions. Each fraction was analyzed in different ways. For the aqueous
phase, water content, pH, total organic content, total carbon content, chemical oxygen
demand and total acid number were studied, together with the quantitative analysis in
a GC-FID/MS for the main water soluble organic compounds present in this fraction.
The presence of PAHs in the aqueous phase was also analyzed by using GC-MS/SIM
techniques. In the settled tar fraction, water content, solids content, elemental com-
position, calorimetric and effective heating values and viscosity were analyzed. PAHs
and other organic compounds were also studied using the same procedures as for the
aqueous phase. However, despite the deep tar characterization in both studies, off-line
methods were employed and consequently no information about the dynamic behavior
of the process was given, in particular regarding volatiles composition, which would be

a prerequisite for any optimization strategy.
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Therefore, it is the objective of the present work to gain insight into on-line volatiles
characterization by applying laser induced fluorescence spectroscopy. The influence
of process conditions and raw material on the evolution of volatiles composition is
studied. To this end, the fluorescence signal emitted by targeted species, present in
the volatiles stream, is collected and compared to the spectra of representative pure
species, in order to develop a qualitative characterization tool for these volatiles. The
experimental setup used to carry out the fluorescence measurements is described in
Section 3.2. The reactor set up used in the pyrolysis experiments is shown in Section
4.1.1. Further information on the species to be characterized is presented in Section
3.3.

3.2 Experimental setup for fluorescence measurements

The LIF system used to carry out the fluorescence measurements was previously devel-
oped in this research group and introduced already in a previous work [6,106], where
it was applied to characterization of synthetic mixtures of pure PAH species. The
measuring cell consists of a stainless steel cube with two holes in one side to let the
tar vapor enter and leave the cell. In two of the other sides, opposite to each other,
two holes are placed, which let the laser beam pass through the cell. After the cell, a
powermeter is placed to measure the laser power. The tar vapor path and the laser
path inside the cell are parallel. The emitted radiation is collected at 90° with respect
to this path. The cell, as well as the inlet and outlet pipes, are heated up to at least

300°C, to avoid tar condensation.

The light source used to excite the molecules is a pulsed Nd:YAG Laser (6FQSS266-50
of CryLas GmbH, Berlin, Germany). The fourth harmonic (266 nm) is used with a
repetition rate of 100 Hz. The laser pulse energy in the experiments is set to 64 u.J.

The laser beam is guided to the measuring cell from the laser head with two mirrors.

Fluorescence signal is guided to a compact spectrometer with a CCD camera integrated
(Maya 2000; Ocean optics) by an 1000 nm inner diameter optical fiber. The spectrom-
eter integration time is set to 30 s. Between the cell and the lens used to collect the
fluorescence signal, a cooling system consisting of an aluminum cylinder with flippers

is placed to avoid damaging the lens.

A scheme of the setup is shown in Fig. 3.1.
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Figure 3.1: Exzperimental setup of the LIF system [6].
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3.3 Fluorescence of single pyrolysis species

In order to characterize the composition evolution of the produced volatiles during the
pyrolysis process, by analyzing the emitted fluorescence signal, two main factors must
be taken into account: the species that may be present in the volatiles vapor under
these pyrolytic conditions and the capacity of these species to emit fluorescence with the
measurements conditions applied in the LIF system. This capacity is determined by the
absorption cross section, the quantum yield and the fluorescence lifetime of each species,
which depend mainly on the nature of the molecule, the applied excitation wavelength
and the temperature and environment (composition of the vapor stream going through
the LIF system, geometry) of the measurements, due to the potential presence of
quenching phenomena such as: (i) collisional quenching, due to the presence of quencher
substances - such as oxygen, halogens or heavy atoms -, (ii) static quenching, due to the
formation of new compounds between the fluorophores and the quenchers or (iii) non-
molecular quenching, due to decrease in the excitation light power by other absorbing

species or the fluorophore itself [118].

As previously introduced, pyrolysis primary tars (acids, sugars, alcohols, ketones, alde-
hydes, phenols, guaiacols, syringols and furans, as reported by Milne and Evans [97]),
coming from primary devolatilization of biomass, may evolve homogeneously (in gas
phase inside the pores or outside the particles, mainly at temperatures above 550 - 600
°C [15,119]) or heterogeneously (due to interaction with the solid matrix, being dom-
inant these reactions at temperatures below 450 °C, as reported by [119,120]) giving
place to secondary tars, permanent gases and secondary char, as shown for example in
Fig. 2.3 for the case of lignin. These secondary tars, formed mainly by phenol, cresol,
catechol and derivates, which come mostly from the lignin fraction, may react at higher
temperatures to form tertiary tars (PAHs), more permanent gases and char. Asmadi
and co-workers [5] suggested the formation of some PAHs (naphthalene, anthracene and
phenanthrene) from pyrolysis intermediates formed from syringyl and guaiacyl units
and Hajaligol et al. [101] suggested the formation of some PAHs from direct cellulose
and hemicellulose decomposition. Under the experimental conditions developed in this
study, heterogeneous secondary reactions are the most likely pathway for tar evolution,
since the high temperatures required for homogeneous secondary reactions and are not
reached. Besides, heterogeneous reactions are highly enhanced here due to the big
particle and bed sizes [121,122].

It is also necessary to pay attention to which species present in pyrolysis volatiles are
likely to emit fluorescence under the conditions appled in the LIF system. That is to
say, an excitation wavelength of 266 nm, a temperature of 300 °C and the use of N, as

carrier gas.
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As reported by Skoog et al. [107], ”the power of fluorescence emission is proportional to
the radiant power of the excitation beam that is absorbed by the system”, as Equation
3.1 shows:

F = ;K (Py~ P) (3.1)

where F is the power of fluorescence emission, P is the power of the incident beam on
the species, P is the power of the beam after crossing a defined length of the sample,
K" is a constant which depends on several factors, such as geometry, and ¢5 is the
quantum efficiency of the fluorescence process [107]. The light power absorbed by the
sample will depend on the molar absorptivity of the species, their concentration and
the path length along which the light interacts with the sample. This relation is known

as the Beer’s law and it is shown in Equation 3.2 [107]:

P

=10 e 3.2
= (52)
where € is the molar absorptivity (also known as molar attenuation coefficient), 1 is
the path length and c is the concentration of the species [107]. The molar absorptivity
is related to the absorption cross section (also known as attenuation or capture cross

section) as it is shown in Equation 3.3:

NAO'
€ =
n10

(3.3)

with o being the absorption cross section of the species in [cm?/molecule], N4 the
Avogadro constant and e the molar absorptivity in [em?/(mol ¢cm)]. Molar absorptivity

and therefore absorption cross section are intrinsic properties of a molecule [107].

It is also reported in literature [107] that fluorescence is more frequently observed, and
with higher intensity, in substances containing functional groups with low-energy = —
7* transitions, although compounds with aliphatic and alicyclic carbonyl structures,

or highly conjugated double-bond structures can also show fluorescence.

Looking at pyrolytic tars, this would mean mainly small cyclic aromatic compounds,
and species with carbonyl groups such as ketones and aldehydes [113]. However, as
previously pointed out, their capacity to emit fluorescence depends on the absorption
cross section of these compounds with 266 nm excitation wavelength and the quantum
yield. Among these species, polycyclic aromatic hydrocarbons present the highest ab-
sorption cross section, with values ranging from the order of 107'® c¢m?/molecule (for
example anthracene [123]) to 1077 e¢m?/molecule (values in this order of magnitude
were reported for naphthalene, without significant influence of measurement tempera-

ture on the absorption cross section [123-125]) and even up to 107!6 ¢cm? /molecule (as
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reported for pyrene [123]). Monoaromatic compounds report typically lower adsorption
cross sections. For phenolic compounds, relevant products in pyrolysis of lignocellu-
losic materials, absorption cross sections in the order of 107! ¢m?/molecule have been
reported in literature [123,125|, without significant influence of measurement temper-
ature. These values go down to the order of 107 cm?/molecule for compounds such
as toluene or xylene and even to lower values (107%° ¢cm?/molecule) for benzene. Re-
garding ketones and aldehydes, values in the order of 107'® ¢m?/molecule have been
reported for aromatic ketones and aldehydes [123], while values down to the order of

1072° ¢cm? /molecule are typical for aliphatic ketones and aldehydes [123].

Regarding the quantum yield, it is defined as the ratio of the number of photons
emitted to the number absorbed [118] or, in other words, the relation between the
energy vanished through radiative decay in comparison to the energy vanished through
radiationless decay. It is usually favored by an increase in the structural rigidity (for
example fluorene presents a quantum yield close to 1 while biphenyl presents a quantum
yield of 0.2 [107]), since the possibility of undergoing radiationless decay is lower. On
the contrary, an increase in temperature decreases the quantum yield, due to the higher
probability of collisions and consequently deactivation by external conversion. In the
same way, the presence of quenching agents as O, halogens or heavy atoms decreases
the quantum yield [107,118]. The decrease in intensity due to collisional quenching is
described by the Stern-Volmer equation 3.4 [107]:

% 1+ K[Q] = 1+ k,7o[Q)] (3.4)

where K is the Stern-Volmer quenching constant, k, is the bimolecular quenching con-

stant, 7o is the unquenched lifetime and [Q] in the quencher concentration.

According to the previous introduction, it is expected that aromatic compounds emit
the highest fluorescence intensity in pyrolytic tars. But this intensity will depend, as
aforementioned, on both absorption cross section and quantum yield, therefore, the
fluorescence emission signal for each species, even with the same concentration, will
be different, making tar quantification in mixtures of several species very challenging.
Fluorescence emission signals of PAHs are usually broad and rather structureless spec-
tra. However, depending on the number of rings they emit fluorescence in a specific
wavelength. The higher the number of rings, usually the more red-shifted the sig-
nal [126]. In this way, the peak position can be related to certain groups of species.
Other features, such as functional groups attached to the main aromatic structure, are
not possible to identify in a mixture of several substances due to signals overlapping.

The fluorescent behavior of aromatics will be further discussed in Section 3.4.

Other compounds such as ketones and aldehydes may also contribute to the global

fluorescence signal, and therefore emission spectra, from pyrolysis, specially at earlier
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stages of the conversion process. For this reason, their behavior regarding characteristic
emission wavelengths must be also known, to be able to distinguish them from aromatic

compounds in case of overlapping.

Somersall and Guillet [127] studied the absorption and emission fluorescence spectra
of several simple ketones as well as of ketones polymers. They observed that all these
compounds, at room temperature, absorb radiation in the wavelength range of 250 -
325 nm, having all of them the absorption peak around 280 nm (double efficient for
ketones polymers), which in principle makes them suitable to be excited with the 266
nm wavelength used in this study. Besides this, it was stated - using an excitation
wavelength of 310 nm - that fluorescence spectral distribution was very similar for all
the simple ketones - with the maximum around 400 + 5 nm -, suggesting that in these
compounds the characteristic fluorescence emission is due to the carbonyl bond. For
polymeric ketones, the fluorescence emission was however blue-shifted between 10 - 20
nm with respect to the simple ketones - maybe due to interaction of other close carbonyl

groups -, presenting all of them very similar fluorescence emission distribution.

Similar fluorescence behavior was observed by de Joannon et al. in [8], using an ex-
citation wavelength of 266 nm. In this study it was stated that fluorescence emission
in carbonyl compounds is due to the electronic transition n — 7*, which characterizes
the fluorescence spectra, independently of the molecule to which the carbonyl group
is attached to. However, the type of atoms bonded to the carbonyl functionality may
also affect these fluorescence spectra, resulting in the presence of other structural char-
acteristics besides the one representative of the carbonyl group [8]. In their study, the
representative spectra for several alipahtic ketones (with one carbonyl group) showed
the maximum intensity wavelength peak around 420 nm. They also affirmed that this
characteristic behavior was observable in aldehydic compounds. In these compounds,
besides the carbonyl functionality, it is necessary to take into account other electronic
transitions due to the aldehydic group (-CHO), which could cover the wavelength re-
gion from ultraviolet to infrared. Related to this, they showed that the maximum of
these characteristic fluorescence emissions were located at 320 - 330 nm and 380 nm.
Similar behaviors to those reported for ketones were also observed by Hansen et al.
in [128] for linear aldehydes regarding emission spectra, with a maximum intensity
peak of the fluorescence emission around 420 nm. However, the maximum intensity
absorption cross section was observed at 290 - 295 nm, while for ketones was observed,
by the same research group at 276 nm - significantly nearer the used one in the present
study - and the quantum yields for aldehydes were observed much lower than those for

ketones.

To conclude, aliphatic ketones fluorescence behavior is explained due to the electronic
transition n — 7*, characteristic of carbonyl groups, giving place to a very similar

fluorescence behavior for a large family of ketones, locating the maximum intensity
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peak of the fluorescence emission in the range of 420+£40 nm. This variation may be
due to the length of the ketone side chain, the position of the carbonyl group in the
molecule and the presence of a second carbonyl groups in the molecule, near enough
to interact with the first carbonyl group, giving place to other red-shifted structures,
as well as due to the measurement conditions. Aliphatic aldehydes present also similar
fluorescence behavior in comparison with ketones due to this carbonyl group, having
the maximum intensity peak around 420 nm. Besides this n — 7* electronic transition,
aldehydes may also emit fluorescence due to other electronic transitions in the aldehydic
group (-CHO), which gives place to emissions from ultraviolet to the infrared region.

However their quantum yields are significantly lower than those for ketones.

3.4 LIF spectra of pure species

Measurements with representative pure species were done before carrying out on-line
measurements in pyrolysis experiments, to determine which species can be seen with
the LIF system and at which wavelengths each one of them emits fluorescence under
the measurements conditions, that is to say, in gas phase at at least 300 °C in a Ny
atmosphere. As pointed out in Section 3.3, each aromatic group - according to the
number of rings - emits fluorescence intensity in a characteristic wavelength range.
Hence, from a global fluorescence spectrum, it may be possible to determine which
aromatic groups are present. To this end, representative species for each group of

aromatic compounds should be selected.

In this study, as it can be seen in Fig. 3.2, the chosen species are guaiacol (1 ring)
as representative of aromatic primary tars, naphthalene (2 rings), fluorene (2 rings
connected by a rigid structure), phenanthrene (3 rings) and pyrene (4 rings) for PAH
compounds, xylene as representative of BTX and acetone for ketones as compounds
including carbonyl groups. It is observed that the bigger the aromatic compound, the
more red-shifted (lower energy) the fluorescence spectrum, with characteristic wave-
length regions for each group. This result is very important to characterize the family
of PAH that are present in the volatiles stream. Fluorene is an exception to this behav-
ior, since it emits fluorescence at lower wavelengths, similar to guaiacol, despite being
formed by two benzene rings linked with a rigid structure. This fact is also mentioned
by Sirignano et al. [111], where it is said that ”aromatics linked together with o-bonds
should exhibit fluorescence spectra typical of the PAHs of which they are composed”.
This fact is very significant regarding characterization and, above all, differentiation of
pyrolytic lignin. According to literature [102|, complex molecules called pyrolytic lignin
may be formed through thermal release and recombination reactions during pyrolysis.
In these molecules several benzene rings may coexist, which are linked by different

chemical structures. The fluorescence spectra of pyrolytic lignin compounds should be
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more similar to the spectra of monoaromatic compounds than to PAHs as reported
in [111]. It is also necessary to point out that these representative species exhibit dif-
ferent fluorescence intensities, although in Fig. 3.2 normalized spectra are shown. This
is observable in the noise that guaiacol and acetone signals present in comparison with
other spectra. This fact is due to the different capacities that the species have to emit

fluorescence, as pointed out in Section 3.3.

The LIF system behavior is validated by comparing some of these fluorescence spectra
with other measurements from literature [7,8], as shown in Figure 3.2, where the top
figure includes the measurements carried out in the LIF system, while the bottom figure
shows spectra from literature for xylene, naphthalene, phenanthrene, fluorene, pyrene
and acetone. Although the spectra are not obtained mostly in the same conditions as
for the LIF system, they exhibit very similar behavior regarding the fluorescence peak

wavelengths.

3.5 LIF analysis

In this Section, the procedure to analyze the fluorescence signals is presented. The total
fluorescence intensity (TFI) evolution is determined as the integral of the fluorescence
intensity signal over the wavelengths range under study (266 - 780 nm) at each time
step. This fluorescence is emitted by the species passing through the measuring cell in
the LIF system.

780nm
TFI = J I(\)dA (3.5)

266nm

To identify which species are emitting fluorescence, single pyrolysis spectra are fitted
to spectra of representative pure species which emit fluorescence with an excitation
wavelength of 266 nm and may be present in the volatiles stream. These species could
be [55]: species containing carbonyls groups, such as ketones and aldehydes, 1-ring

aromatic compounds, mainly phenolics and 2-, 3-, and 4-ring aromatic compounds.

In Fig. 3.2, the spectra of representative pure species are shown. These spectra are
obtained by analyzing the pure species in vapor phase and in a N, atmosphere passing
through the cell at 300 °C, except for the case of the carbonyl group. This spectrum
has been taken from the initial wood devolatilization spectrum, which is typical of
species containing carbonyl groups, such as aldehydes [4,55]. As it can be seen in Fig.
3.2 phenolic compounds, which have typical fluorescence behavior of one-ring aromatic
compounds, emit fluorescence at the lowest wavelengths of all the species analyzed in

the present work. Then, the higher the number of rings of the aromatic compound, the
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Figure 3.2: Top: spectra of selected pure species measured in the LIF system in the same conditions
as the pyrolysis experiments. Bottom: spectra of pure species from literature [7]. Xylene is measured
in cyclohexane solution with 265 nm excitation wavelength, fluorene is also measured in a cyclohexane
solution with an excitation wavelength of 262 nm, naphthalene in gas phase at 400 K with 266 nm
excitation wavelength, phenanthrene in gas phase (266 nm), pyrene in gas phase (266 nm) and acetone

in water solution with an excitation wavelength of 266 nm [8].
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more red-shifted the peak of the fluorescence intensity. Compounds including carbonyl

groups present the peak of the fluorescence spectrum close to 400 nm.
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Experimental setup and conditions

4.1 Experimental setup

4.1.1 Reactor

A technical-scale fixed-bed reactor has been developed during the present work in
order to investigate and characterize in detail the conversion process of slow pyrolysis,

in conditions similar to the ones encountered in industrial applications.

The reactor itself is a cylindrical container made of stainless steel with 102 cm height
and 22 cm of internal diameter. Inside the reactor, a second cylindrical container is
placed, where the biomass is placed/falls in, depending on the reactor operation mode.
That is to say, the reactor can work in batch or semi-continuous mode. This container
is 56 cm height and 21 cm of internal diameter. The bottom of the container is a
stainless steel mesh, placed on another mesh alike which constitutes the bottom of
the reactor. The objective is that Ny entering the reactor from the bottom has an
uniformly distributed flow. The reactor is externally heated by a wire heater, with a
maximum power of 3000 W placed on the external reactor wall. Both flanges in the
reactor are also heated and insulated to reduce heat losses. The Ny flow is preheated
before entering the reactor as well. The temperature operation of this preheater is 600
°C.

The temperatures are measured inside the reactor at three different heights: 0, 5, 10
and 30 cm above the grate. At each height, three thermocouples are also placed at
three radial positions: 0, 5 and 10 cm from the container wall. The reference pyrolysis
temperature referred to in the present work (if not specified anything else) is defined
as the temperature measured by the central thermocouple at 10 cm above the grate
(bottom of the reactor). Heating rates between 1 and 10 K/min approximately are

obtained depending on the stage of the pyrolysis process.
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Figure 4.1: Scheme of the reactor setup.

The gas outlet is placed at the top part of the reactor. From the main line, which leads
directly to the burner, a sampling line, heated above 300 °C, is attached, which lead to
the analytical devices for volatiles characterization: permanent gases and condensable
volatiles (tar). These devices are the gas-chromatograph termal-conductivity-detector
(GC-TCD) and the LIF system respectively.

The feeding system is also placed at the top of the reactor. It is formed by a hopper, a
conveyor belt to carry the particles into the reactor and two electro-pneumatic valves
in series that work sequentially. The idea behind is to keep the reactor always isolated

from the environment during feeding.

In Fig. 4.1 a scheme of the reactor is shown.

4.1.2 Analytical part

In this Section, the analytical devices attached to the reactor, excluding the LIF system,

are presented.
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Sampling line
The sampling line has the following elements:

e A stainless steel pipe connecting the outlet of the reactor with the LIF system,

heated above 300 °C in order to reduce as much as possible tar condensation.
e The LIF system, also heated above 300 °C and explained in Section 3.2.
e The condensation system.

e A manometer to measure and control the pressure in the sampling system. If
a clogging of the pipe or condenser should happen, it would be detected by the
pressure measured at this point. It also works as splitting point in two different
lines. One of them would go directly to the GC-TCD and the second to the main

pump.

e The main pump is a membrane pump and is responsible for sucking the gas from
the reactor. The flow extracted from the reactor is controlled through by-passing
of this pump with a valve. Depending on the opening degree of this valve, the
pump is able to suck different flows. Afterward a gas clock is placed to measure

continuously the flow going through the sampling system.

e The line leading to the GC-TCD includes a glass wool filter and a particle filter
before letting the gases get into the GC-TCD. After the GC-TCD, a second
membrane pump is placed, which has the aim of sucking the gas used for analysis
from the splitting point. The flow sucked by this pump is also controlled by a
by-pass of the pump. After it, a second gas clock is placed to measure the flow
passing through the GC-TCD.

The condensing system includes the following parts:

e A stainless steel condenser with several liters capacity filled with toluol, approx-
imately 500 g of toluol in each experiment. This condenser is inside a cold bath
kept below -15 °C.

e Several smaller glass condensers filled with isopropanol, silica gel and activated
carbon/cotton wool. These condensers are kept in an ice bath. The silica gel has
the main function of removing the water than is not previously condensed, as well
as the solvent taken away from the condensers by the gas stream. The activated
carbon has the aim of adsorbing also part of this solvent and small hydrocarbons
which are not able to be condensed in the condensers. However, this activated

carbon also adsorbs part of the COs, therefore it cannot be used when determining
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permanent gas yields. In this case, cotton wool is used. However, it is not as
efficient as activated carbon for adsorbing these volatiles and consequently lower

tar (condensable volatiles) yields are obtained.

GC-TCD

The GC-TCD system is based on gas-solid chromatography (adsorption) for separa-
tion and qualitatively characterization of the different compounds present in the gas
stream; followed by thermal conductivity detection for quantitatively analysis of the
gas molecules. The columns are packed columns 60/80 Carboxen-1000. In one of the
columns, Ny is used as carrier gas and in the second one He is used. The reason for

that is to be able to detect Hy in the column using Ny as carrier gas.

The sampling system for the GC-TCD is formed by two electro-pneumatic valves.
Once the signal is given to take a new sample, these valves lead the gas stream into the
sampling loop for several seconds and them back to the normal position. The GC-TCD
is calibrated with two different known compositions of synthetic gas mixtures, air and
pure Ny. One gas mixture includes: 13% Hs, 53% N,, 16% CO, 5% CH4 and 13% COs.
The second gas mixture includes: 10% CO, 60 % CHy, 10% CO,, 10% CyHg and 10 %
CoHy.

Analysis of condensable volatiles

The volatiles condensed in the stainless steel condenser (toluol), as well as in the glass
condensers (isopropanol) are used to determine liquid/tar mass yields for the mass
balances. For that, all the cold parts are weighted before and after the experiment,

including the used solvent.

Then these volatiles are analyzed in a gas-chromatograph mass-spectrometer detector
(GC-MS), equipped with a column Ultra 2 (Cross-Linked 5% Phenyl Methyl Silicone),
25 m x 0.2 mm and 0.3 pym film thickness. The carrier gas used is He. Several fractions
of the volatiles are analyzed. First of all, a sample is analyzed, as it is taken from
the condensers, including the solvent and without any further treatment. Then the
volatiles condensed in the toluol condenser are separated in two phases by decantation;
one phase is toluol miscible and the other phase cannot mix with toluol but it condensed
due to the low temperatures. Then the solvent is evaporated from each phase in a rotary
evaporator, at a temperature of 40 °C and at different degrees of vacuum. Typically,
isopropanol evaporates at 100 mbar while toluol requires 40 mbar to evaporate. Then
the gravimetric tar (tar which did not evaporate) is solved again in isopranol for further
analysis in the GC-MS. The solvent fractions are also analyzed. A sample of the

gravimetric tar, before dilution with isopropanol is taken for elemental analysis.
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4.2 Experimental conditions

4.2.1 Materials and experimental conditions

The materials used in the experiments reported in the present work are: pine wood
chips - approximate average size 3 cm x 2 cm x 0.5 ¢cm - provided by Robeta Holz OHG,
Milmersdorf, Germany; cellulose with high ash content (h.a.c. cellulose), cellulose with
low ash content (l.a.c. cellulose), both obtained from disposable plates cut in pieces -
approximate average size 5 cm x 5 cm x 0.2 ¢cm -; cellulose obtained from cotton wool;
powder kraft lignin (Protobind 2000); bio-waste, a mixture of cellulose and food waste;
beech wood spheres of 25 mm of diameter; and corn digestate. The corn digestate was
provided by ATB Potsdam, in particular by Dr. Axel Funke.

The disposable plates are referred to as cellulose, since it is mostly a cellulosic mate-
rial, except in Chapter 6, where pyrolysis mechanisms of lignocellulosic materials are
studied, based on the pyrolytic behavior of their main macromolecules. In this case,
they are referred to as holocellulose, since they can also contain significant amounts
of hemicellulose [129]. This is due to the fact that pulping removes nearly all the
lignin but just partially the hemicellulose, leading to hemicellulose contents that can
be higher than 10%. Besides, the pyrolysis mechanism of hemicellulose is consider to
be quite similar to the one of cellulose, therefore the main conclusions from cellulose

can be extrapolated to hemicellulose [130].

In Table 4.1, the proximate and elemental composition of the materials used in the
following experimental investigations on the pyrolysis process and biochar production
are shown. In Table 4.2 the experimental conditions for the different experiments are

summarized.



48 Chapter 4 Experimental setup and conditions

(wt%,db) | Volatiles% | Ash% | C% | H% | N% | 0%
Pine chips 86.00 0.19 | 49.38 | 6.61 0.05 | 43.78
+0.95 +0.04 | £0.40 | £0.02 | £0.01 | +0.43
Beech spheres 86.78 0.30 47.92 | 6.64 0.26 | 44.83
+0.76 +0.05 | £0.44 | £0.03 | £0.23 | £0.25

Cellulose 94.68 0.11
L.a.c. cellulose 86.47 0.94 4726 | 6.61 0.15 | 44.99
(low ash content) +0.15 | £0.05 | £0.01 | +0.17
H.a.c. cellulose 72.87 15.70 | 39.00 | 5.57 0.20 | 39.31
(high ash content) +0.20 | +£0.01 | £0.01 | £0.25
Lignin 74.20 1.40 | 63.17 | 6.06 0.75 | 27.50
+0.06 | +0 | £0.01 | £0.14
Corn digestate 64.24 19.57 | 40.67 | 5.45 2.36 | 31.68
+0.05 +0.04 | £0.69 | £0.11 | £0.05 | £0.76
Heptane-washed 86.60 0.21 49.77 | 6.53 0.04 | 43.41
pine chips +0.17 +0.13 | £0.06 | £0.01 | £0.11
HCl-washed 88.71 0.01 50.09 | 6.43 0.04 | 43.41
pine chips +0.02 | £0.04 | £0.01 | £0.05

Table 4.1: Proximate and elemental analysis of the raw materials used in the experiments. Ozygen
content is determined as: 100%-(C%+H%+N%+S%+ash%). The volatiles and ash content was deter-
mined following the DIN norms, DIN 51720 and DIN 51719 respectively. The elemental composition

was determined used an elemental analyzer Vario EL III.



4.2 Experimental conditions

49

Experiment Material Temp.* ‘ Flow N, ‘ Mass ‘ Application
PW600-20 Pine chips 600 °C | 20 NI/min | 1500 g | V., B., M.
PW600-40 Pine chips 600 °C | 40 NI/min | 1500 g | V., B., M.
PW500-50 Pine chips 500 °C** | 50 N1/min | 800 g V.
PW400-20 Pine chips 400 °C | 20 N1/min | 1500 g V., B
PW400-40 Pine chips 400 °C | 40 N1/min | 1500 g V., B.
BS500-50 Beech spheres 500 °C | 50 Nl/min | 750 g V.
CD600-20 Corn digestate 600 °C | 20 Nl/min | 1500 g B.
CD600-40 Corn digestate 600 °C | 40 Nl/min | 1500 g B.
CD400-20 Corn digestate 400 °C | 20 N1/min | 1500 g B.
CD400-40 Corn digestate 400 °C | 40 N1/min | 1500 g B.
CELash L.a.c.cellulose 600 °C | 20 NI/min | 500 g V., B.
Cellulose L.a.c.cellulose 360 °C | 10 Nl/min | 500 g B.
CEL Cellulose 600 °C | 20 Nl/min | 500 g V., B
CELash+ H.a.c.cellulose 600 °C | 20 Nl/min | 500 g V., B.
Waste Bio-waste 360 °C | 10 Nl/min | 500 g B.
Lignin Lignin 400 °C** | 20 NI/min | 500 g M.
Washed-wood | Water-washed PW | 600 °C** | 20 N1/min | 1000 g V., B
Washed-wood1 | Heptane-washed PW | 600 °C** | 20 Nl/min | 1000 g V., B
Washed-wood?2 HCl-washed PW 600 °C** | 20 N1/min | 1000 g V., B.
Wood20 Pine chips 600 °C** | 20 N1/min | 1000 g V.
Wood10 Pine chips 550 °C** | 10 N1/min | 1000 g V.
WoodSPS Pine chips 560 °C** | 20 N1/min | 1000 g V.
BW600-20 Beech spheres 600 °C | 20 Nl/min | 3500 g B.
BW340-50 Beech spheres 340 °C | 50 Nl/min | 750 g B.

Table 4.2: Summary of the experiments carried out. *Temperature measured in the reference position

as specified in Section 4.1.1. **In these experiments, the final bed height is lower than 10 cm, therefore,

the reference temperature is taken at 5 cm from the bottom of the reactor. V.:

experiment used for

volatiles characterization (Chapter 5). M.: experiment used for investigation on pyrolysis mechanisms

(Chapter 6). B.: experiment used for biochar characterization (Chapter 8).






Chapter

Volatiles evolution

In this chapter, volatiles produced during slow pyrolysis of wood are characterized,
both on-line and off-line, as a mean of getting a deeper understanding of the pyrolysis
process, in particular in conditions closer to industrial applications. The influence of
particle size, retention time and concentration of volatiles in the reaction zone, as well

as alkali content in the raw material, will be also studied.

On-line characterization is performed through analysis of permanent gases in a GC-
TCD, as well as characterization of species emitting fluorescence with LIF spectroscopy
(see Section 3.3). This is accompanied by on-line characterization of temperatures evo-
lution inside the bed. Off-line characterization is performed by collecting the condens-
able volatiles after the pyrolysis process and subsequent analysis of compounds in a
GC-MS (see Section 4.1.2). With the measured gas evolution, integrated over time,
and the condensed volatiles, the total volatiles mass released from the bed can be es-
timated. This mass, together with the mass of the solid char remaining in the reactor,

allows mass balances determination.

The content of this chapter has been partially published in [55], included in the Pub-

lications list of the author, attached to this document.

5.1 Permanent gases evolution

Four are the main permanent gas species present in the pyrolysis product of lignocel-
lulosic or cellulosic materials: COq, CO, CH4 and Hy [96,131,132], being CO, and CO
the main gas compounds produced during primary pyrolysis, while CH, is released in
smaller quantities [120]. The evolution of these three species can be correlated with the
fuel mass loss during primary pyrolysis [120], while H, release at higher temperatures

is mostly related to progressive aromatization of the solid phase [96].
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Figure 5.1: Top: evolution of the main permanent gases present in the volatiles stream vs. temper-
ature during pyrolysis of pine wood chips, 600 °C, 40 l/min (PW600-40), measured in the reference
position (Section 4.1.1). Bottom: temperature evolution in different positions inside the bed for the

same experiment.
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In Fig. 5.1, the evolution of these four species during the pyrolysis of pine wood chips
up to 600 °C (measured in the reference position, Section 4.1.1), with a Ny sweeping
flow of 40 1/min is shown, together with the temperatures evolution inside the bed.
This experiment corresponds to PW600-40 (Table 4.2).

The relatively high concentrations of CO and CO, observed at temperatures around
200 °C, when pyrolysis should be insignificant, according to literature and previous
results on devolatilization kinetics of this material with similar heating rates [133],
may be explained due to the inhomogeneity in temperature distribution inside the bed,
especially at this early stage. That is to say, in other parts of the bed, the temperature
is almost 300 °C, according to Figure 5.1 (bottom). The major release rate of CO and
COs takes place at temperatures around 325 °C in the reference position. At this point,
the temperatures inside the bed are quite homogeneous, being the maximum internal
temperature gradient approximately 50 °C. At higher temperatures, around 400 °C,
CO and COs3 concentrations decrease while CH, emission increases, reaching similar
molar release rates as the ones for CO and CO,. Similar behavior is also observed by
Ryu et al. [134] and Wang et al. [96], where in both cases pyrolysis of pine wood at
different scales is carried out, although in the case of Ryu et al. CO is the major gas
component (in molar fraction) instead of COy. Above 450 °C Hy becomes significant,
being the main gas species at temperatures above 500 °C. The gas species behavior

allows identification of different stages in the pyrolysis process.

CO and COy are produced in primary pyrolysis mainly due to thermal cracking of car-
bonyl and carboxyl groups present in cellulose and hemicellulose, as reported by Yang
et al. [94], which is consistent with their maximum release at low temperatures; while
CH4 and H, appear at higher temperatures, above 350 °C. CH, release may be related
to reactions such as the cracking of methoxyl-O-CHj functional groups during lignin
decomposition [94,95], while Hy formation is related to the cracking and deformation
of C=C and C-H [94] bonds, as well as due to restructuraction and aromatization of
the solid matrix at higher temperatures [96]. Yang et al. [94] also pointed out that
CH, is released in two stages: at low temperatures mostly from hemicellulose primary
pyrolysis around 280 °C, behavior that is not detected in the present study, and at
higher temperatures, between 500 and 600 °C from lignin, most probably due to sec-
ondary reactions. Since CH, in the present study is detected only at temperatures
around 400 °C, this could be an indication of the presence of heterogeneous secondary
reactions enhancing its emission. Granada et al. [135] carried out TGA experiments
coupled with FTIR to analyze CO, CO, and CH, release rates under different heating
rates for pine wood. It was observed that with slow heating rates (10 °C/min), CH,
had its maximum release rate at temperatures around 450 °C, with values (in mass)
one order of magnitude lower than CO maximum release and two orders of magnitude

lower than COs. However, by increasing the heating rates, CH, was the species that
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mostly increased its release, followed by CO, while CO; remained constant. These
results may be also an indication of the fact that CH, release is related to the presence
of secondary reactions. In this case, higher heating rates mean more residence time at
high temperatures and, consequently, higher possibility of undergoing secondary reac-
tions. Neves et al. [120] also reported that CO and CHy were major species coming
from secondary reactions of tars, increasing significantly their release at temperatures
above 600 °C and being CH, yields always an order of magnitude (in mass) below CO
yields.

In the present study, this behavior is further validated with the fact that around 400
°C, the release rate (in mol) for CHy is similar than those for CO and CO,, that
is to say, it supposes approximately a third (in mass) of CO, release and slighlty
above half of the CO release. This behavior is in good agreement with the work from
Asmadi et al. [5], who proposed a possible pathway for CH, formation based on the
demethylation of cresols/xylenols as intermediate products from primary pyrolysis.
Boroson et al. in [136] also affirmed that, despite observing some modest emissions of
CH, from primary pyrolysis, it was definitively a secondary product from homogeneous
tar cracking reactions, together with CO and Hy; while CO, was detected as a truly
product from primary pyrolysis. In [122], where tar cracking reactions over a char bed
were studied, CO and CO, were also detected as definite products of tar heterogeneous
secondary reactions. This behavior could be related with the similar release rates that

CO, CO5 and CHy experience at temperatures above 400 °C.

Other authors like Gilbert et al. [137] reported that both, homogeneous and heteroge-
neous secondary reactions give place to the formation of CHy, CO and H,. Aguiar et
al. studied in [132] the effect of temperature and particle size on gas product composi-
tion in fixed-bed pyrolysis of orange peel residues, concluding that Hy production was
enhanced with increasing particle size and pyrolysis temperatures, while CH, and CO,
productions were just affected by the particle size and not by the pyrolysis tempera-
ture, suggesting therefore a possible enhancement in heterogeneous secondary reactions,

giving place to these species.

To sum up, CO, is reported to be a product of primary pyrolysis or produced during
heterogeneous secondary reaction of tars. CO is a product from primary pyrolysis, but
it is also a very important product of both homogeneous and heterogeneous secondary
reactions of tar. CH, can be detected in small quantities during primary pyrolysis,
around 2 orders of magnitude below COs (in mass) and it is also a clear product of
secondary reactions, mainly through demethylation reaction. In the present study, at
temperatures around 400 °C, CHy release rate (in mass) was around half of that from
CO and above one third of CO,. Since at those temperatures homogeneous secondary

reactions of tars should be almost negligible, these yields must be explained through
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the presence of heterogeneous secondary reactions, enhanced by big particle and bed

sizes.

5.2 Influence of process conditions on volatiles evolution

New experiments were performed in order to further confirm the previous assumption:
permanent gas characterization allows distinguishing two phases in slow pyrolysis of
wood, a primary pyrolysis stage where CO and CO; are the dominant species, and
a second stage, where the release of CH4 becomes significant, indicating the presence
of heterogeneous secondary reactions. In these experiments, the residence time and
concentration of volatiles inside the bed were changed, as well as the particle size and
the alkali content of the initial feedstock. The experiments presented in this Section
have been carried out in the framework of the master thesis from Pablo Cabaleiro, of

which T am coordinator (in submission).

In Fig. 5.2, the comparison of two pyrolysis experiments, using pine wood chips as
feedstock, with an initial bed weight of approximately 1000 g, is shown. The figure on
the top is correspondent to a Ny flushing rate of 20 1/min (experiment Wood20), that
is to say, lower retention time of volatiles inside the bed, as well as lower concentration
of these volatiles. The figure on the bottom shows the results with a flow rate of 10
1/min (experiment Wood10).

It is observed that the release of CO, COy and CH, is significantly higher in the
experiment with lower flow rate (10 1/min), and that these maximum release rates
take place with temperatures inside the bed ranging from 350 - 500 °C, meaning that
homogeneous secondary reactions should be negligible. Looking at Fig. 5.4 (top), it
is observed that the COs yield increases from around 10 to 14% (wt, db), the CO
yield from 5 to 9% approximately and the CHy yield from 1.2 to 1.8 % roughly, when
residence time and concentration of volatiles are increased. This happens even when
the final temperature of the experiment, with a flow rate of 20 1/min, is slightly higher
(600 °C, measured at 5 cm from the bottom of the reactor) in comparison with the final
temperature for the experiment Wood10 (560 °C, measured at 5 cm from the bottom of

the reactor). This suggests that heterogeneous secondary reactions are being enhanced.

In Fig. 5.3 the experiments with pine wood chips, using beds of 1000 g and Ny flow
rates of 20 1/min, but with small particle size (WoodSPS) and with HCI washed wood
(Washed-Wood2), are compared. For the experiment with small particle size (top),
maximum release rates similar to those for Wood10 (flow of 10 1/min) were obtained.
In principle, it should be said that the observed behavior is exactly the opposite as
expected. However, it must be taken into account that with smaller particle size the

bed turned to be much more compact, with significantly higher bulk density. For this
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Figure 5.2: Top: transitory behavior of permanent gases and temperatures for wood pyrolysis (Ex-
periment Wood20) with a Ny flow rate of 20 l/min. Bottom: transitory behavior of permanent gases
and temperatures for wood pyrolysis (Experiment Wood10) with a N flow rate of 10 l/min.
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Figure 5.3: Top: transitory behavior of permanent gases and temperatures for wood pyrolysis with
small particle size (Experiment WoodSPS) with a Ny flow rate of 20 l/min. Bottom: transitory behavior
of permanent gases and temperatures for HCl washed-wood pyrolysis (Ezperiment Washed-wood2) with
a No flow rate of 20 l/min.

reason it is believed that in these conditions the bed, due to the high compaction, and
not the particle size, was enhancing secondary reactions. This is further validated with
the fact that, in these conditions, the maximum release of CO and CO, takes place at
the same time, similar to the case for lower flow rate. For HCI washed wood (Washed-
Wood2), similar values were obtained as for wood with 20 1/min (Wood20), indicating
that the removal of alkali content does not have a significant impact on these products

yields. Slightly more CO is obtained.
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Figure 5.5: Comparison of the normalized total fluorescence intensity (TFI) and the normalized
evolution of the main gas species CO, COs and CHy for experiment PC0.

5.3 Laser-induced fluorescence applied to volatiles characteriza-

tion

With the objective of learning more about the probable presence of these heterogeneous
secondary reactions, on-line characterization of volatiles with laser-induced fluorescence
(LIF) was performed, following two complementary paths: by analyzing the evolution of
the total fluorescence intensity (TFI) (explained in Section 3.5) and by characterizing
qualitatively the spectra evolution. The analysis of the LIF signal is performed as
explained in Section 3.5.

In Fig. 5.5, the normalized TFI evolution is compared with the normalized gas species
evolution for experiment PW600-40, as in Section 5.1. An attenuation in the TFTI is
observed, coincident with the maximum release of CO and CO,, that is to say, with
the maximum volatiles release; while CHy release occurs later and it is coincident with

the second peak in fluorescence intensity after the signal is recovered.

If the TFI evolution is also compared with the total gas release for other experiments,
such as PW600-20 and PW500-50, as it is shown in Figure 5.6, the same behavior is
observed. It is important to say that these experiments present different process con-
ditions - bed heights and N, flow rates - which lead to different retention times of the
volatiles inside the bed and different dilution degrees in the volatiles stream passing
through the LIF system. However, in all of them the same attenuation phenomenon,
coincident with the major gas species release, is observed. Together with this fluores-

cence intensity decrease, a significant reduction in the laser intensity at a wavelength
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of 266 nm, measured after passing though the measurement cell, takes place. Both
behaviors are due to the high tar concentration present in the LIF cell in this stage of
the pyrolysis process. The question now is if the actual maximum of the TFI would
happen during this signal attenuation, being not visible due to the attenuation phe-
nomenon, or if it would actually correspond to the second peak observed in Fig. 5.6,
after fluorescence intensity recovery. In the first case it would mean that the TFI evo-
lution resembles the primary pyrolysis process, while in the second case, it would imply
that it mostly follows secondary reactions, supported by the CH4 behavior. With the
objective of clarifying this question, the TFI evolution is divided by the laser intensity
at a wavelength of 266 nm measured after the measurement cell (TFILI). It is expected
that this value (TFILI) accounts better for substances that emit fluorescence since it
takes into account how much light has been absorbed. Due to the absorption phe-
nomenon that the laser beam also experiences during this pyrolysis stage, a low-limit
value of 250 counts in laser intensity is selected. In Fig. 5.7 the comparison of TFI
and TFI divided by the laser intensity (TFILI) is shown. The tendency of TFILI is to
increase when the attenuation in the fluorescence intensity takes place and to decrease
when the second TFI peak appears. This result would mean that the actual maximum
in the TFI evolution, if there was no attenuation (for example with a higher dilution),
would be approximately coincident with the major volatiles release, resembling hence

primary pyrolysis.

The comparison of total gas and TFI evolution also shows that after the major volatiles
release, with temperatures above 400 °C, the TFT is still significantly high, presenting
similar qualitative behavior to CHy release. This could be another hint of the presence
of heterogeneous secondary reactions. This similarity is further analyzed with the ratio
CH, / TFI - both signals normalized - for experiments PW600-20 and PW600-40. This
ratio presents quite constant values, between 0.35 and 0.5 for PW600-40 and 0.15 and
0.3 for PW600-20. The lowest value in PW600-20 may be due to the fact that longer
residence times give place to a higher quantity of bigger PAHs as shown Sections 5.3.1

and 5.3.2, which present higher fluorescence intensity as already commented.

The next step would be the analysis of the signal spectra at different stages of the
pyrolysis process, to get more information about tar evolution regarding its compo-
sition during the pyrolysis process. To this end, two different stages were considered
separately. The first stage, before signal attenuation, considers the fluorescence spec-
tra at low temperatures, up to 300 °C approximately, that is to say, the beginning
of the pyrolysis process. The second stage, after signal attenuation, refers to tars at
higher temperatures, after maximum volatiles release rates, and shows the possible tar
composition evolution due to the presence of heterogeneous secondary reactions. Both

stages are discussed in the next Sections 5.3.1 and 5.3.2.
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Figure 5.6: Comparison of the total fluorescence intensity (TFI) and the main gas species CO, CO,
and CHy for experiments PW600-20, PW600-40 and PW500-50.
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Figure 5.7: Comparison of the total fluorescence intensity (TFI) and the TFI divided by the laser
intensity at 266 nm (TFILI) for experiment PW600-40.

5.3.1 Qualitative tar characterization at early pyrolysis stages: before at-

tenuation

In this Section, several fluorescence spectra, correspondent to pyrolysis of pine chips and
beech spheres under different experimental conditions, are compared and discussed. In
Fig. 5.8 the fluorescence spectra at different temperatures below 300 °C are shown for
experiments PW600-20 and PW600-40. The only difference in these experiments was
the flow rate, 20 and 40 1/min, respectively. Lower flow rate means higher retention
time of volatiles inside the bed and, consequently, higher possibility of undergoing

secondary reactions, leading to a potential change in tar composition.

The most significant phenomenon observed in this case is the blue-shift of the fluores-
cence spectra between 190 °C and 280 °C, from 390 nm approximately to around 350
nm. This behavior is observed for the experiment PW600-40 but not for PW600-20,
due to an earlier signal attenuation. However, similar behavior is expected in this case,

since at 190 °C the spectra in both experiments are very similar.

The explanation for the presence of the peak at 390 nm at low temperatures is not clear.
It is not probable that it belongs to ketones - aliphatic -, since they emit fluorescence
at higher wavelengths, as it has been reported in Section 3.3 (Figure 3.2). However, it
could have its origin in some electronic transition from aldehydic groups, although in
this case the absorption cross section and quantum yield with this excitation wavelength
should be low. For further interpretation of this behavior, the author now refers to the
results of experiments PW500-50 and BS500-50 in Fig. 5.9. If the fluorescence spectra

evolution of pine chips is compared with the one for beech spheres, it can be observed
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Figure 5.8: Left: fluorescence spectrum at 190 °C in PW600-20. Right: fluorescence spectra at 190
°C and 280 °C for experiment PW600-40.

that the peak shift from 390 to 340 nm is not present for beech wood, having similar
fluorescence peaks for 250 °C and 275 °C.

These results are also consistent with experiments at particle level for both, pine chips
and beech spheres, using in this case an excitation wavelength of 355 nm. The results
for single particle pyrolysis of beech spheres have been already reported in a previous
work of this group [4]. New experiments using pine chips (the same type as the chips
used for the reactor level experiments, with the same setup used in the aforementioned
study and similar process conditions) are added to investigate if this behavior is also
observable at particle level with different wavelengths (355 nm excitation wavelength
for particle level and 266 nm excitation wavelength for reactor level). As it can be seen
in Fig. 5.10, a blue-shift in the fluorescence signal is also observed in the case of single
pine chip particle, although the emission fluorescence wavelengths are different due,
probably, to the different excitation wavelengths. It is also worthy to mention that,
in the first red-shifted signal from pine, the characteristic structure of formaldehyde
fluorescence is observed on top. This would be in good agreement with the hypothesis
that the fluorescence peak may be due to aldehydic groups.

The spectra from pine chips shown in Fig. 5.10 indicate a change in volatiles composi-
tion. The authors interpret this behavior as due to the presence of extractives, which
is not reflected by the spectra from beech spheres, or even due to the different compo-
sition in hemicellulose from both wood species, since one is softwood and the other one
hardwood. The same interpretation can be applied to the results of the technical-scale
pyrolysis shown in Fig. 5.8 and Fig. 5.9, where a blue-shift of the peak from 390 nm
to 350 nm can be observed only for the experiments with pine chips but not for beech

spheres.
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Figure 5.9: Left: fluorescence spectra at different temperatures for pyrolysis of pine chips with No
flow of 50 I/min (PW500-50). Right: fluorescence spectra for beech spheres pyrolysis under the same
conditions as the previous one (BS500-50).
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Figure 5.10: Left: fluorescence spectra at two different temperatures for a particle of pine wood.

Right: fluorescence behavior for a sphere of beech wood [4].
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Figure 5.11: Fitted signal with pure species guaiacol, naphthalene, phenanthrene and pyrene for the
spectrum at 280° C' from experiment PW600-40.

Coming back to the second peak observed in Fig. 5.8 and 5.9, in all the cases it
appears around 350 nm, independently of the process conditions and raw material.
This means that, in this stage, volatiles composition is not affected by the retention
time of volatiles inside the particle or bed and neither by the wood type. This could
suggest that they come from primary decomposition of cellulose, hemicellulose and
lignin, which is also consistent with the low temperatures at which they appear. By
fitting this spectrum with the pure species spectra, obtained as previously reported,
the qualitative composition of the volatiles leading to this spectrum can be seen. As
shown in Fig. 5.11, the main species are guaiacol, as representative of 1-ring aromatic
compounds, naphthalene for 2-ring aromatic compounds and phenanthrene for 3-ring

aromatic compounds.

5.3.2 Qualitative tar characterization at later pyrolysis stages: after atten-

uation

The objective of this Section is to discuss the evolution in tar composition during the
pyrolysis process at higher temperatures, through the analysis of fluorescence spectra,
and determine how process conditions may affect this evolution, regarding the possible
enhancement of heterogeneous secondary reactions with higher residence times and
concentration of volatiles, as well as bigger particle and bed sizes. To support this,
comparison in evolution for each one of the chosen pure species, as representative of

n-ring aromatic groups (guaiacol: 1 ring; naphthalene: 2 rings; phenanthrene: 3 rings;
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pyrene: 4 rings) is done [106,126]. For this purpose, the spectra are fitted with the

representative pure species, as done in Fig. 5.11.

The main drawback regarding qualitative characterization is that the observed fluo-
rescence signals are broad-band featureless spectra, characteristic which has been also
shown for spectra of some PAHs mixtures [126]. Hence, the presence of a specific
species can not be reliably deduced from these spectra, as done for example in [113]
with formaldehyde. However, characterization of tar composition and evolution can
be done based on the fact that each representative species has its fluorescence inten-
sity peak at a specific wavelength, together with the fact that the bigger the aromatic

compound, the more red-shifted the fluorescence spectra [126].

In Fig. 5.12 the influence of flow rate on volatiles composition evolution is studied,
comparing the spectra at 440 °C - measured in the reference position, as explained in
Section 4.1 - for experiments PW600-20 and PW600-40. As previously explained, lower
flow rate means higher residence time and higher volatiles concentration in the reaction
zone and, consequently, potential wider extent of heterogeneous secondary reactions.
It can be observed that in the case of PW600-20 - lower flow rate - there is a slight red-
shift of the signal by approximately 10 nm with respect to PW600-40 - higher flow rate
-. At the same time the curve correspondent to PW600-20 presents higher intensity
at wavelengths corresponding to 3- and 4-ring aromatic compounds than PW600-40.
As shown in Fig. 2.3, PAHs are possible products of secondary reactions. Hence, the
observed red-shift and higher intensity at higher wavelengths may be attributed to the
higher extent of secondary reactions in the case of PW600-20.

This can be further observed by comparing the relative evolution of the representative
pure species for PAHs, guaiacol, naphthalene, phenanthrene and pyrene, over time. To
carry this out, every normalized single spectrum is fitted with these pure species, as
it has be done in Fig. 5.11. The results of this fitting are summarized in Fig. 5.13.
As it can be observed, naphthalene, as the representative species of 2-ring PAH group,
is the main species present during the whole process. This is in agreement with the
measurements presented by Fagernis et al. [100], Srinivasan et al. [138| and Ahrenfeldt
et al. [139], where naphthalene was reported to be the main aromatic compound. It
can be also observed that around 85 min approximately a significant increase in the
relative concentration of phenanthrene occurs. This increase takes place after the
signal attenuation, that is to say, it is coincident with the second peak of fluorescence
as seen in Fig. 5.6. This phenomenon is also coincident with the increase in CHy
release. This could mean that this second peak in the TFI, after the signal attenuation
during primary decomposition, could be due to the presence of heterogeneous secondary
reactions leading to a more complex structure in aromatic compounds. As the process

is more evolved - around 130 min - a slight decrease in the relative concentration of



5.4 Conclusions 67

e
3
:
o
3

o
=)
‘
o
=)

Normalized Intensity [-]
o
)
Normalized Intensity [-]
o
(3]

0.4; 0.41
0.3f 0.3
0.2 0.2
0.1 0.1
0 : : : 0 : : :
300 350 400 450 300 350 400 450
Wavelength (nm) Wavelength (nm)

Figure 5.12: Comparison of volatiles spectra under two different flow rates (20 and 40 l/min) at 440
°C.

phenanthrene can be observed. At the same time, the relative concentration of pyrene
increases slightly.

The next step would be to compare the effect of raw material on tar composition
evolution in this temperature range, after attenuation. Comparing the fluorescence
spectra at 300 °C for wood chips and beech spheres under the same pyrolysis conditions,
no clear variation in tar composition can be found as shown in Fig. 5.14. This is in
agreement with the fact that both wood types have very similar chemical composition

which is illustrated by the proximate and ultimate analysis shown in Table 4.1.

5.4 Conclusions

Laser-induced fluorescence (LIF) has been applied to tar on-line characterization in a
technical scale - 1 m high, 22 c¢m of internal diameter and bed weights in the range of
kg - fixed-bed pyrolysis process of two woody species - pine and beech -. The evolution
of total fluorescence intensity (TFI) is measured during the pyrolysis experiment and
compared to on-line gas evolution characterization and total gas release rate. Analysis
of fluorescence single spectra, based on the characteristic spectra of representative
species, are carried out to qualitatively determine tar composition in terms of n-ring

aromatic groups.

CO4 and CO are the main species ejected during the pyrolysis process, having their
maximum release rate at around 325 °C, measured in the reference postion. These

species come mostly from decomposition of cellulose and hemicellulose, thus, they are
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pyrolysis with a flow of 50 l/min.
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considered representative of the weight loss or major volatiles release during primary
pyrolysis. CH, and H, releases, however, take place at higher temperatures. Their
release may be related to the presence of secondary reactions. Higher residence time
and higher concentration of primary volatiles in contact with the solid matrix leads
to enhancement of CO, CO, and CH, production, as well as a decrease in the liquid

yields.

If the TFI evolution is compared with the total gas release rate, an attenuation in the
fluorescence signal is observed, coincident with this major gas release, independent of
the process conditions. This is due to strong absorption of the laser light, but also of
the fluorescence emitted, as consequence of the high tar concentration in the LIF cell.
The TFI divided by the laser intensity at 266 nm (TFILI), measured after the cell,
shows that the actual peak of the TFI, if there was no attenuation phenomenon, would

be approximately coincident with the major volatiles release, resembling then primary

pyrolysis.

Qualitative characterization of fluorescence spectra is divided in two parts: before and
after attenuation. Before attenuation, early fluorescence emissions are observed for
pine wood pyrolysis, in both, reactor level - 266 nm excitation wavelength - and particle
level - 355 nm excitation wavelength - experiments, exhibiting behaviors distinctive of
aldehydic groups. However, these emissions are not observed in the case of beech wood.
Hence, their presence may be attributed to the release of extractives present in pine,
or even due to the different composition in hemicellulose between both species. This is
also consistent with the low temperature at which they are observed, below 200 °C in

the reference position.

After this early fluorescence emission, a blue-shifting of the fluorescence peak is ob-
served in the case of pine wood, towards characteristic wavelengths of monoaromatics
- guaiacol - and small PAHs - naphthalene and phenanthrene -. This behavior shows
that PAHs of 2- and 3-rings are already released during primary pyrolysis. After atten-
uation, it is observed that process conditions affect tar composition. Higher retention
times lead to a slight red-shift in the fluorescence intensity peak and also to an increase
in intensity at wavelengths characteristic of 3- and 4-ring aromatic species. This could

suggest an enhancement of secondary reactions with higher retention times.

Tar qualitative characterization during this second stage of the pyrolysis process is
further studied by fitting all the fluorescence spectra with the selected representative
species for 1-, 2-, 3- and 4-ring aromatic compounds. It is observed that the main com-
ponents are 2-ring aromatic compounds, which is in good agreement with results from
literature. It is also observed that an increase in phenanthrene relative composition
occurs after major volatiles release, being coincident also with the major CH,4 emission.

This could also be a proof of the presence of heterogeneous secondary reactions. At
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the end of the process, a decrease in phenanthrene and an increase in pyrene relative
composition is observed. In this second stage of the pyrolysis process no influence of

the raw material is observed.



Chapter

Primary and secondary pyrolysis mechanisms

In this chapter, the experimental setup presented in Chapter 4 and applied in Chapter
5, with on-line characterization of permanent gases and targeted tar compounds, is used
to get a deeper understanding of the pyrolysis mechanism of lignocellulosic materials.
Experiments are performed for wood and its two main macromolecular components,
holocellulose and lignin, to try to explain the behavior of biomass, based on the behavior
of its main components [72], in conditions similar to the ones encountered in industrial
applications. The experimental conditions and raw materials properties are reported

in Section 4.2.

The content of this chapter has been partially published in [56], included in the Pub-
lications list of the author, attached to this document.

6.1 Results and discussion

6.1.1 Holocellulose

In this Section, results of holocellulose pyrolysis are presented. As it has been explained
in Section 4.2, holocellulose is referred to as the combination of hemicellulose and
cellulose. Holocellulose h.a.c. stands for holocellulose with high ash content and l.a.c.

holocellulose stands for low ash content cellulose.

In Fig. 6.1 the temporal evolution of temperatures, permanent gases, and TFI are
shown for h.a.c. holocellulose (a) and b)) and lLa.c. holocellulose (c)and d)). Tt is
observed that the main permanent gas species are CO and COs, resulting mainly from
decarboxylation, decarbonylation and dehydratation reactions as reported in literature
[94,140]. A source of controversy is, though, the emission rates of these species at
different temperatures during the pyrolysis process. Shen et al. [141] reported that

CO is the main permanent gas species (% mass) in fast pyrolysis, performed in a
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fluidized bed reactor. On the other hand, Xin et al. [140] reported higher COy (%
mass) production rates compared with CO for a slow pyrolysis process of cellulose
in fixed-bed, with temperatures lower than 550 °C and masses around 1 g. In both
works, with higher conversion temperatures, the CO yield increased while the CO,
total yields kept almost constant. This increase in CO production is probably due to
the presence of homogeneous secondary tar cracking reactions, which take place mostly
at temperatures higher than 500 °C and produce CO as major product [136]. Yang et
al. [94] reported a slightly higher weight percentage for COy than CO in a fixed-bed

experiment over a wide temperature range.

The release patterns obtained in the present study are similar to those reported by
Yang et al. [94] from a qualitative point of view, that is to say, the peak production
rate of CO is obtained at lower temperatures than the peaks of CO, and CHy. The
total mass yield of COs is higher than the one for CO, in agreement also with Xin
et al. [140]. Therefore, the present results supported by literature analysis, suggest
that CO is a product of primary pyrolysis, since homogeneous secondary reactions
of primary volatiles are not expected to happen at the temperatures reached in the
current experiments, with maximum temperatures inside the solid bed around 400 °C
at the moment of maximum CO release rate (Fig. 6.1, b)). COs is also a product of
primary pyrolysis, but its production may be enhanced as a product of heterogeneous
secondary char-forming reactions. It is proposed in literature [64,65,75] that char is
a secondary product of cellulose pyrolysis resulting from secondary reactions in vapor
and solid phases. The residence time of the volatiles inside the matrix, more than
the temperature or heating rate, is the determining factor for the char yield. In this
char-forming reactions COy and water are proposed as the main byproducts [64,65,75|,

together with the production of aromatic compounds [88].

In the present study a higher char yield (around 32 % mass, d.b.) is obtained for
h.a.c. holocellulose than for La.c. holocellulose (around 20 % mass, d.b). CO, release
rate follows the evolution of the TFT signal, as shown in Fig. 6.1 a) and ¢), with
temperatures inside the solid bed between approximately 350 and 450 °C at the time
of maximum release rate. These temperatures are higher than those for the CO peak

emission rate, as well as for the usual cellulose peak decomposition.

In the case of TFI evolution for La.c. holocellulose (Fig. 6.1, ¢) and d)), it can be seen
that there is a first peak between 30 and 60 min, which is not observed in the case of
h.a.c. holocellulose. This peak is produced by an early decomposition of the feedstock
at low temperatures, probably due to the presence of hemicellulose or some extractives

and it will be discussed in more detail in Section 6.1.3.

Comparison of single spectra from both holocelluloses (Fig. 6.4, a) and c¢)) shows a

very similar behavior for the spectra produced at 90 and 106 min, i.e., the fluorescence
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Figure 6.1: TFI and permanent gases evolutions for h.a.c. holocellulose a), l.a.c. holocellulose ¢).

TFI and temperature evolutions for h.a.c. holocellulose b) and l.a.c. holocellulose d).

spectra obtained at advanced pyrolysis stage and coincident with the second peak in
the TFI evolution for the case of l.a.c. holocellulose. On the other side, early spec-
tra for the case of La.c. holocellulose, represented in Fig. 6.4 ¢) (48 min), coincident
with the maximum of the first TFT peak, show slightly different shape, which could be
considered more similar to fluorescence signal from species containing carbonyl struc-
tures. The fitting of these spectra (90 and 106 min) to representative pure species
(Fig. 6.4, b)) for h.a.c. holocellulose may indicate that 2-ring aromatic compounds
(naphthalene) are present. Therefore, the release of CO2 would follow the formation
of aromatic compounds, probably due to secondary char-forming reactions. Besides
this, fluorescence at longer wavelengths than those typical of 2-ring compounds is also
observed. Which species cause the longer wavelengths fluorescence intensities may be a
matter of controversy. According to Fig. 3.2, both phenanthrene and what is has been
considered as species containing carbonyl groups emit fluorescence in the same region.
Aromatic compounds with three or more aromatic rings are reported to be produced
from cellulosic materials at low temperatures, but in very low concentrations and, at
least, one order of magnitude lower than 2-ring aromatic compounds [88, 101, 142].
As several compounds containing carbonyl functional groups are produced from cel-
lulose, including intermediates in charring reactions [88], this region of the spectrum
at longer wavelengths is fitted to a considered representative spectrum of these com-
pounds. These carbonyl species emit lower fluorescence intensity than naphthalene,

but since their concentrations are higher [100], it is possible that similar fluorescence
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intensities are observed. It is also observed that the fluorescence spectra obtained
during the advanced pyrolysis stage (> 60 min) do not experience a significant qualita-
tive evolution, that is to say, the fluorescence emissions take place always in the same
wavelength range. It is then interpreted that the fluorescence observed during cellulose
pyrolytic decomposition is due to the presence of species containing carbonyl groups, as
well as 2-ring PAHs, produced in heterogeneous secondary char-forming reactions, and

that these species do not evolve significantly at higher temperatures to bigger PAHs.

6.1.2 Lignin

Lignin decomposes slower over a much wider temperature range (150 to 750 °C) than
cellulose or hemicellulose, as known from literature [72]. In the present study, the
whole range of lignin decomposition is not considered, but just the temperature range
where also the cellulose and main wood decompositions are observed. It is also the time
range when fluorescence signal is observed. This is why the evolution of permanent
gases shows the highest release rate at the end of the experiment, as opposite to cellulose
and wood. The evolution of lignin pyrolysis products is also very complex due to the
complexity of the initial matrix, leading to the formation of a wide range of products,

from reactive intermediate to more stable aromatics [72].

Comparing the temporal evolution of the permanent gases (Fig. 6.2, i) ) with results
from literature for temperatures below 450 °C, similar patterns are observed [94,140].
At low temperatures CO, is the main gas species followed by CH4 and CO. The pro-
duction of CO, may be related to the breaking of some more labile oxygen containing
functional groups during the initial devolatilization of lignin. According to Fig. 6.2, i),
a significant fluorescence signal is observed simultaneously with the initial formation
of CO,. Aiming at analyzing the origin of this fluorescence, in Fig. 6.4 e) every single
spectrum measured during the TFT peak (30 - 70 min) is fitted with the representative

pure species (as done for holocellulose in Fig. 6.4, b)) for 1-, 2-; 3- and 4-ring aro-



6.1 Results and discussion 75

matic compounds (guaiacol, naphthalene, phenanthrene and pyrene respectively), giv-
ing place to a qualitative temporal evolution of the representative fluorescence-emitting
species. The fitting values are plotted together with the 95% confidence intervals for
each species. The selection of these species is based on the expectation that phenolics
and PAHs would contribute mostly to the fluorescence emissions in lignin pyrolytic de-
composition, while the presence of species containing carbonyl groups would be much

lower due to the initial structure of lignin.

Looking at the species qualitative evolution (Fig. 6.4 e)), it is observed at early pyrolysis
stages (before the peak of the TFI evolution, with temperatures inside the bed below
300 °C - T inlet and T bem, Fig. 6.2, j) -) that the main species contributing to
fluorescence are 1- and 2-ring aromatic compounds. According to literature, primary
devolatilization of lignin gives place mainly to monomers with just one aromatic ring
(phenolics) - e.g., for coniferyl alcohol [72] - or conglomerates of these monomers in
polymers - pyrolytic lignin -, which would exhibit similar fluorescence as 1-ring aromatic
compounds [111]. Hence, it is expected the presence of 1-ring aromatic compounds to
be significantly higher than 2-ring aromatic compounds, despite the higher fluorescence
intensity of 2-ring aromatic compounds (Fig. 6.4, e)). This higher fluorescence intensity
observed for 2-ring aromatic compounds is due to the higher absorption cross section
and quantum yield of these compounds in comparison to 1-ring aromatic compounds
with 266 nm as excitation wavelength, leading to higher fluorescence intensity, as it
has been explained in Section 3.3. 1-ring aromatic compounds without oxygen content
(BTX) are also produced but in much lower quantities than phenolics [100] and, as
these individual compounds, have a similar fluorescence intensity to phenolics, BTX

are not considered in the discussion.

PAHs, on the other hand, will be the product of secondary reactions [4,5]. This is in
good agreement with the volatiles behavior observed at higher temperatures, when the
emission of CH, and CO starts and the TFI evolution peak is reached, accompanied
by a red-shift in the spectra towards wavelengths characteristic of 2-, 3- and 4- ring
aromatic compounds, as shown in Fig. 6.2 i) and 6.4 d). Evans and Milne |72| reported
that the only source of CH, that they observed (excluding homogeneous secondary
reactions at higher temperatures) is the breaking of methoxy groups at later stages
of the pyrolysis process. In the present work this delayed CH, emission is observed
accompanied by the onset of 4-ring aromatic compounds emission, together with an
increase in the release of 3-ring aromatic compounds, while 1-ring aromatic compounds
(phenolics) decrease significantly. That could mean that parallel to these functional-
groups breaking reactions also repolymerization may occur, promoted by the higher
residence time of the volatiles in contact with the solid, resulting in 2-, 3- and 4-ring

aromatic compounds.



76 Chapter 6 Primary and secondary pyrolysis mechanisms

The fact that phenanthrene fluorescence spectrum is similar to the one of species con-
taining carbonyl groups, as discussed in the previous section 6.1.1, may lead to question
the origin of lignin red-shifted fluorescence signal. Aiming at clarifying this issue, in
Table 6.1 the maximum TFT is compared for the different cases. It is observed that
for lignin the maximum intensity is higher than for cellulose, despite the fact that the
concentration of compounds containing carbonyl functional groups is expected to be
more significant in the case of cellulose, mainly due to its chemical composition. This
could mean that the volatiles passing through the cell emit more fluorescence intensity
in the case of lignin than for cellulose, leading to the conclusion that the origin of this
fluorescence should be 3-ring aromatic compounds, with higher absorption cross section

and quantum yield than carbonyl structures with an excitation wavelength of 266 nm.

6.1.3 Wood

In Fig. 6.3 e) the TFT and the evolution of the main permanent gases is plotted during
pine wood pyrolysis. With respect to the TFI, a first peak between 20 and 65 min is
observed (as in the case of holocellulose), followed by a damping of the signal between
approximately 65 and 90 min, and a recovery of the fluorescence intensity and second
peak between 90 and 140 min. This signal attenuation in the middle of the experiment
has been already reported in Chapter 5 and in |55], and it is partially attributed to
the high volatiles concentration in the measuring cell (many of these compounds can
absorb the fluorescence light), since it was coincident with the major volatiles release
(CO and CO, peak), i.e. with the peak of the primary pyrolysis devolatilization. The
results from this study, done with 900 g of wood, and the previous study, shown in
Chapter 5 and [55], done with 1500 g of wood, are very similar. The main gases are
COq and CO in both studies, being the weight yields for COy higher than for CO, as
also reported in the literature [120]. In the present study, however, a slightly delayed
COy emission is observed, partially coincident with the second TFI peak. This CO,
delay was not observed before, and it may be due to different dynamics in the bigger
bed. In the current experiments, as a lower initial mass of wood is employed with the
same Ny flow, lower concentrations of volatiles inside the bed, and consequently in the
measuring cell, should be obtained. This leads, first, to a lower attenuation than in the

previous study and, second, and earlier recovery of the fluorescence signal.

In Fig. 6.4 f) spectra at different stages of the wood pyrolysis process are shown.
Initially a spectrum which could come from species containing carbonyl structures is
observed (36 min). This spectrum is coincident with the first peak in the TFT of wood
(Fig. 6.3 e)) and it is also observed during holocelulose pyrolysis, coincident with the
first early peak in the TFI evolution (Fig. 6.3 ¢)). Then, at 51 min, the obtained

spectrum is similar to the ones obtained for lignin with similar temperatures inside the
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Figure 6.3: TFI and permanent gases evolutions for wood e) and HCl+water washed wood g). TFI

and temperatures evolutions for wood f) and HCl+water washed wood h).

bed (53 min for lignin). This signal, obtained before the TFI attenuation, should come
from the products of early lignin decomposition, including phenolics and small PAHs.
After the fluorescence intensity attenuation, spectra similar to the ones observed at
later stages of lignin decomposition are observed. That is to say, there is a red shifting
of the signal due to the production of bigger PAHs, with more rings, at higher times

and temperatures.

The origin of the early fluorescence signal during wood and holocellulose pyrolysis
(Fig. 6.3, ¢) and e)) may be due to both an early hemicellulose decomposition or
emission of extractives as previously said. In order to further investigate this, the same
experiment has been performed with wood, previously washed with HC1 (500 ml of
HCI 37% vol. in 10 1 of distilled water for 24 hours) and distilled water (for 24 hours).
The results of this experiment are shown in Fig.6.3 g) and h). As it can be seen, after
the washing, the first TFI peak persists while the second one is reduced. These results
show two facts. Firstly, the first fluorescence peak, with spectra that could belong to
species containing carbonyl groups, is not produced by extractives susceptible of being
dissolved in water or acid, since the peak does not disappear after the washing. On
the other hand, this washing reduces the TFT correspondent to the formation of PAHs,
i.e., the second peak. This can be explained by the reduction in ash content (< 0.05 %
mass d.b.) in the wood after the pretreatment. Besides this, in previous experiments
presented in Chapter 5 and [55], performed with beech wood (hardwood), this early

peak with potential carbonyl structure was not observed. We can conclude that the
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Holocel. (h.a.c.) Holocel. (La.c.) Lig. Wood

Char(%,d.b.) 33.38 21.76 50.36  23.37
TFT peak Early peak - 8x10° - 8x10°
(a.u.) Main peak 2%10° 2-3%10° 9x10°  4x10°

Table 6.1: Char yields and mazimum fluorescence intensities for holocellulose, lignin and wood.

early fluorescence signal arises from pine and washed pine (softwood) and in some cases
from holocellulose but not from beech (hardwood) [55]. This indicates that this signal
may come from a specific type of hemicellulose, although lipophilic extractives can
not be disregarded. With respect to the second peak in the TFI evolution, we can
conclude that acid washing decreases the alkali content in wood, which catalyzes the
formation of PAHs, reducing therefore the formation of these species and consequently

the fluorescence intensity.

Biomass pyrolysis can be considered as the sum of its macrocomponents pyrolytic
behaviors, as suggested in literature, although there are some interactions among them
[72]. In this case, the evolution of the fluorescence intensity from wood is mainly
dominated by the fluorescence from lignin (except at the very beginning), as could be
expected due to the higher fluorescence intensities for lignin than for cellulose (Table
6.1), i.e., aromatic compounds of one to four rings dominate the spectrum during
conversion. However, the fluorescence intensity obtained from wood is lower than the
one for lignin (Table 6.1), probably due to the higher concentration of volatiles species
that can absorb the laser light and the fluorescence emission in the case of wood.
Another possible explanation could be the lower quantity of lignin (as a macromolecule
of wood) in the experiments with wood (900 g of wood) than in the case of pure lignin
(500 g). In comparison to holocellulose, the intensity obtained for wood is higher,
despite the attenuation of the signal, although a small contribution from hollocellulose

is also present.

6.2 Off-line validation with GC-MS

In this Section, GC-MS analysis of the condensed volatiles (as explained in Section
4.1.2) are presented as a means to support the fluorescence results previously shown,
i.e., detect the presence of PAHs in the condensed phase. In Fig. 6.5, the results
from the analysis of condensable volatiles produced during pine wood pyrolyis are
shown, for both toluol and isopropanol phases. As it can be seen, among many other
species, naphthalene (the presence of this species could be enhanced due to potential
contamination of the system during calibration of the LIF system), phenanthrene or

anthracene, methyl-naphthalene and fluorene are present. Besides, other species with
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3-ring aromatic compounds have been detected, which could give place to fluorescence

at higher wavelengths.

In Fig. 6.6, the results for heptane washed wood pyrolyis are shown. As it can be
seen, in this case naphthalene and phenanthrene/anthracene are also present, but in
lower concentrations in comparison with to wood pyrolysis (qualitative comparison with

respect to other species). This confirms the results observed with LIF spectroscopy.

In Fig. 6.7, the condensable volatiles composition for holocellulose experiments with
low ash content is shown. It can be observed that naphthalene and methyl-naphthalene
are present, however bigger PAHs are not detected. This is in good agreement with

the conclusions reached based on the LIF results.

6.3 Conclusions

The conclusions are summarized in Fig. 6.8, where the primary and secondary reac-
tions of the pyrolysis process of the three different materials, and the identification of
possible fluorescence sources, are schematically represented. Dashed lines correspond
to fluorescence from holocellulose, solid lines to fluorescence from lignin and dotted

lines to fluorescence from hemicellulose or extractives.

During holocellulose primary decomposition a small quantity of char ({) is formed,
together with permanent gases and other condensable volatile species. The main per-
manent gas is CO, being COy and CHy also released. Some of the condensable volatiles
species may then undergo heterogeneous secondary reactions to produce more char, sec-
ondary condensable volatiles species and more permanent gases. The main secondary
permanent gas species would be CO,, being CO, CHy or Hy also produced. Fluores-
cence comes from species belonging to the group of secondary condensable volatiles.
According to the spectra analysis, they include 2-ring aromatic compounds (PAH),
as naphthalene, and compounds with species containing carbonyl groups. Regard-
ing lignin decomposition, compounds emitting fluorescence are already produced in
the zone dominated by the primary devolatilization. These are mainly 1-ring aro-
matic compounds (phenolics) which appear together with 2-ring aromatic compounds
(PAHs). In this zone COy is also formed. At higher temperatures, heterogeneous sec-
ondary reactions become significant, being coincident with the onset in the emission of
CHy, CO and Hy and giving place to a shifting in the fluorescence spectra to longer
wavelengths, due to the formation of PAHs with three and four rings. For pine wood,
a fluorescence signal is already observed at very early stages of the pyrolysis process
and it is attributed to species with carbonyl structures present in extractives or hemi-

cellulose. This signal appears also occasionally in holocellulose. Wood pretreatment



6.3 Conclusions

81

Abundance
120000

110000
100000
90000
80000
70000
60000
50000
4000071
30000
20000
10000

0
Time->  6.00

Abundance

90000
80000
70000
60000
50000
40000
30000
20000

10000

Oy

8.00

s

Naphthalene

10.00 1200 14.00 16.00

Naphthalene

b MJ\M‘

Naphth
Naphth

Toluol miscible fraction
after evaporation of solvent

alene, 2-methyl- /
alene, 1-methyl-

12

Phenathrene/Anthracene

18.00 2000 2200 2400 2600 28.00 30.00 3200 3400 3600 38.00

Isopropanol miscible
fraction after evaporation
of solvent

13
12

Phenathrene/Anthracene

/

Time—>  6.00

8.00

10.00 12.00 14.00 16.00

T T T T T T T T T T T
18.00 2000 2200 2400 2600 2800 3000 3200 3400 36800 3800

Figure 6.5: GC-MS analysis of the toluol (top) and isopropanol (bottom) phases for wood pyrolysis

experiments.



82 Chapter 6 Primary and secondary pyrolysis mechanisms

Abundance Toluol miscible fraction

10 after evaporation of solvent
120000 8

110000
100606

90000

Naphthalene, 2-methyl- /

80000
Naphthalene, 1-methyl-

70000 9
12

60000

N

50000
4 Naphthalene

40000

14
30000

20000 13

| Pﬂenathrene/Anthracene

10000

ol L jut ‘iamuu

Time-> 400 600 600 1000 1200 1400 16.00 18.00 20.00 2200 24.00 26.00 2600 30.00 3200 34.00 3600 38.00

Abundance Isopropanol miscible

fraction after evaporation
100000 of solvent

90000
80000
70000
60000

11
50000

40000 6

30000
1 13

20000 12 /W

10000 Phenathrene/Anthracene/

L LH LJWM

ime--> 400 600 800 10.00 1200 1400 1600 18.00 20.00 22.00 24.00 2600 28.00 30.00 3200 3400 36.00 38.00

Figure 6.6: GC-MS analysis of the toluol (top) and isopropanol (bottom) phases for heptane-washed

wood pyrolysis experiments.



6.3 Conclusions 83

Abundance Toluol miscible fraction

130000 after evaporation of solvent

120000
110000
100000
90000
80000
70000

80000 9
Naphthalene, 2-methyl- /

50000 Naphthalene, 1-methyl-

Naphthalenge
5
30000 34 11

40000

20000 6 10

10000

0 M T T T T N T T T T e T T T T T T
Time-> K00 800 10.00 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3R00 38.00

Abundance

Isopropanol miscible

16000 fraction after evaporation
15000 of solvent

14000
13000 1
12000
11000
10000
9000
8000
7000
6000
5000
4000
3000
2000

1000

o y . J\ Ls. AL | e i . ‘lw

T T T T T T 1 1 T 1 1 T T T T
Tima-—= A00  ROD RO 1000 1200 1400 1800 1800 2000 2200 2400 2600 2800 3000 3200 3400 3R00 RRN0

Figure 6.7: GC-MS analysis of the toluol (top) and isopropanol (bottom) phases for holocellulose
with low ash content pyrolysis experiments.



84 Chapter 6 Primary and secondary pyrolysis mechanisms

Primary decomposition | Secondary decomposition LIF

Carbonyls_(lcjl_

Holo- Sy e
cellulose Condensables = [{~Condensables Il =<
"""" > PAH (O
CO +CO, |+ CH,| || CO;+COl+ CH|+Hy|

Char

Lignin Condensables) =

OH
, Phenolics ™

MH%%?%

Carbonyls_%c?_

[ Char Lo

OH
Phenolics( Y™
Condensables |
q oay OO0
CO,+CO + CH,+ H; O:Ej

Figure 6.8: Graphical conclusions. Possible reactions and source of compounds emitting fluorescence.

Wood

CO +CO,

Holocellulose (dashed lines), lignin (solid lines) and hemicellulose/extractives (dotted lines).

with HCI and distilled water has shown that this signal does not come from extrac-
tives susceptible of solving in these two compounds. Future work is needed to precisely
identify the source of this signal. Besides this, acid washing removes partially the alkali
content in wood, reducing then the formation of PAHs, due to the catalyzing effect of
the alkalis in these reactions. During most of the experiment the fluorescence signal
is dominated by the fluorescence of species of lignin origin, i.e., aromatic compounds
of one (phenolics) and several (PAH) rings. The fluorescence at lower temperatures
is dominated by primary aromatic products of lignin (phenolics) and small PAHs. At
higher temperatures the proportion of PAH species, obtained from secondary reactions,
increases and PAH species with more rings are produced, as for pure lignin. A small

contribution from holocellulose is also present.



Chapter

Biochar

7.1 Introduction

According to the definition given by Lehmann et al. [143], biochar is a carbon-rich prod-
uct produced by thermal decomposition of biomass (organic material such as agricul-
tural, forestry and animal residues), at moderate temperatures (< 700 °C), in a closed
container and with little or no air/Oy availability. This process definition matches
also the definition of pyrolysis for charcoal production, however, the difference between
biochar and charcoal is that biochar is produced not as a solid fuel but "to be applied
to soil, with the objective of improving soil fertility, carbon (C) storage and filtration

of percolating soil water” [143].

As it has been pointed out in Section 1, the up-scaling of bioenergy systems requires,
among others, a sustainable and efficient land management in order to be considered
a renewable energy source, to protect biodiversity, as well as water and soil quality.
Besides, GHG emissions reduction in comparison with the use of fossil fuels has to be en-
sured. As an example and according to a recent study published by Schulze et al. [144],
if 20% of current global primary energy supply was to be produced by forest biomass,
60% of the global increment in woody biomass would be necessary just for bioenergy
production, leading to a reduction of biomass CO, pools, depletion of soil fertility and
therefore increase in the need of fertilization, provoking increase of GHG emissions
among other. This would also increase the price of wood for other industrial applica-
tions, leading to an over exploitation of the biomass, including relatively nutrient-rich
biomass residues (slash) and root stocks. As a result, further depletion of soil nutrients
and cations stock as well as organic matter would be induced. The same situation
would happen if all the agricultural residues were used for bioenergy purposes [144].
While the nutrients can be further supplied by fertilizers, despite their negative effect
on emissions, maintenance or improvement of soil fertility, structural stability or water

holding capacity requires recirculation of organic matter to the soil [145]. It is in this
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case where biochar application to the soil would constitute a possible contribution to

the global solution that bioenergy production shortcomings require.

However, before any systematic application of biochar in the European Union should be
considered, several aspects need to be clarified, including definition of quality standards,
soil performance and complete assessment of long-term risks, especially for human
health and soil biodiversity [146]. Once these knowledge gaps are fulfilled, a clear and
solid legislative framework needs to be developed to regulate biochar use, respecting
also intra-international laws and regulations. This is not an easy task due to the fact
that biochar is a technology with implications in various EU policy areas, including
environment protection, waste management, agricultural policy, climate change policy,

development aid, research policy, industry and energy [146].

Therefore, a first step towards its application is to define what biochar is (including
the final product, the conversion process and the used starting material) and to fully
understand the interaction of biochar with soil. This could be encompassed in three
main lines. Firstly it is necessary to identify which biochar properties have the potential
capacity of improving soil quality and to understand which is the mechanism behind.
For example, the increase of soil fertility could be related to an increase in nutrients
availability due to an enhancement of the cation exchange capacity (CEC) of soil -
associated to the high CEC of biochar - [147], liming effect - related to the higher pH
of biochar in comparison with soil in acidic soils - [147], increase in soil organic carbon
or improvement of structural stability, water holding capacity or aeration - related to
biochar porosity - [148]. Secondly, it is necessary to assess the potential of biochar to
include toxics which may contaminate not only the soil but also the underground water
and under which conditions the biochar can release those contaminants [147]. In the
same way, biochar may also have the capacity of removing soil contaminants. In this
aspect biochar needs to fulfill the environment, soil and water protection regulations at
local and international level. Thirdly, it is necessary to know the stability of biochar
once applied to soil, that is to say, how many years would it take to release all the

carbon stored if it is going to be used as carbon sink [149].

The next step would be to co-relate the desired biochar properties, according to its
expected function in soil (nutrients carrier, carbon sequestration, soil amendment, etc.),
with the production conditions and feedstock to be used. The production process
has to ensure also environmental sustainability and economic viability [41]. Finally,
instructions about biochar application, i.e., which kind of biochar needs to be applied
where and how are necessary [150]. Once this is achieved, biochar certification should
be possible and, consequently, the development of a regulation framework for biochar

application.

Great efforts have been already done to address the aforementioned issues. A good

example is the development of two voluntary initiatives: the International Biochar
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Initiative (IBI) [151] and the European Biochar Certificate (EBC) [41], whose objective
is to develop industrial standards through the establishment of parameters to define
biochar quality and production criteria, as well as the required analytical methods
(unified methodology) to address them. In fact, Switzerland became in 2013 the first
country in Europe where certified biochar use in agriculture was oficially approved,
being this approval supported on strict quality and sustainability regulations developed
based on the European Biochar Certificate [49]. The same happened afterward for

Austria, also under the certification of the European Biochar Certificate [152].

However the situation in other European countries is different since the use of biochar
for soil amendment purposes is not forbidden, but as previously said, a regulation for
its sustainable application does not exist either and the aforementioned aspects have to
be further addressed. Therefore, it is the task of the scientific community to provide a
clear definition of what biochar is, as well as quality parameters regarding production,
properties and performance, in order to help the decision makers to establish exact
rules for assessment of biochar reliability and usability [150]. That is why in the last
years several research projects have been sponsored by the European Union on the

topic. Some examples are:

e Interreg IVB North Sea Region ”Biochar: climate saving soils” [153|, with the
main objectives of establishing transnational strategy for biochar production and
application and communicating with and educating people about biochar, includ-

ing authorities, producers and end-users.

e EuroChar, focused on the development of technologies for long-term carbon se-

questration.

e Refertil and Fertiplus [154,155|, centered in recycling organic waste as compost
and biochar for fertilizing purposes, so that the use of mineral fertilizers and
chemicals can be reduced in agriculture. While Refertil deals with the develop-
ment of technologies at industrial scale for safe and economic nutrient recovery
processes, as well as with the revision of the Fertilizer Regulation for inclusion
of biochar as organic fertilizer and soil additive; Fertiplus deals with the devel-
opment of new technologies for conversion of urban and farm organic waste into

biochar.

Besides the research institutions involved in these projects, many other scientific groups
from different fields (agronomy, soil science, thermochemical and biochemical conver-
sion of biomass, etc.) work nowadays on biochar production, characterization and
application. This leads to the problem that current biochar investigation in Europe is

very fragmented and unnecessarily repeated [9]. Together with this, and due to the



88 Chapter 7 Biochar

lack of specific norms and analytical procedures for biochar characterization when it
stepped into the scientific community, many analytical techniques and methods (devel-
oped initially for soil, biomass, coal, etc.) coexist with the same final characterization
purposes, leading to a very high degree of difficulty or even impossibility to compare

results, reducing therefore the chances of gaining further knowledge.

To try to solve these drawbacks, a networking project started in 2012, the EU COST
Action TD1107 ’Biochar as option for sustainable resource management’, funded by
COST (intergovernmental framework for European Cooperation in Science and Tech-
nology) [9]. The ultimate goal of this project is to bring together researchers, stakehold-
ers and potential users of biochar from EU and candidate countries, so that meaningful
advances in understanding and optimizing biochar production and performance can be
achieved and directly implemented, in order to move towards a regulated environment

for efficient and beneficial biochar application [9].

The core of this Cost Action is divided in four groups, as it is shown in Figure 7.1,
which address the aforementioned critical issued regarding biochar use. During the
realization of the present work, the author collaborated with the first working group,
focused on the relationship between biochar production parameters, material properties
and generalization of effects after soil application [9]. In particular, the contribution
of the author was located in the area of Method Standardization 7.1, consisting in the
participation in a Ring Trial, where three unknown biochars had to be characterized
following the methods usually applied in each lab. The objective was to identify the
different analytical methodologies applied for biochar characterization, as well as the
possible sources of results disagreement among labs in order to be able to develop stan-
dard analytical methods for biochar characterization. The knowledge gained during
this project, in particular for biochar production (best practice), biochar characteri-
zation (developed and standardized methodology) and biochar perfomance would be

used as groundwork for further development of the European Biochar Certificate.

7.2 Biochar origin and production

The application of charred or partially charred organic matter to soil for amendment
purposes has been done for hundreds or even thousands of years. According to a review
on the origin of biochar management and research done by Lehmann and Joseph [143],
benefits of charcoal application on increasing and quickening vegetation (Trimble in
1851 [156]), absorbing and retaining water, gases and solutions in the soil (Morley in
1927 and 1929 [157,158]) and improving soil chemistry (Tyron in 1948 [159]) have been
already investigated and reported during the last two centuries. However, the scientific

attention developed in the last years on biochar has greatly surpassed these earlier
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activities. The origin of the current interest lies on the finding that the higher levels
of soil organic matter content and sustained fertility (higher water-holding capacity,
nutrient-holding capacity, pH and nutrients content, such as N, P, Ca, K) in Amazo-
nian Dark Earths (known as Terra Preta do Indio), in comparison to surrounding soils,
is due to the application (intentionally or unintentionally) of charred organic matter
and other organic and inorganic matter to the soil [160]. This could show the devel-
opment of man-made soils from surrounding poor soils, i.e., the potential existence of
soil management practices based on application of charred organic matter in ancient
Amerindian civilizations [143]. At the same time, the high radiocarbon age (more than
2000 years in some cases) reported for this black carbon supports the affirmation of
its high stability in soil [160]. Both phenomena combined with the current needs of
reducing greenhouse gas emissions (carbon sequestration) and developing sustainable
soil management, including quality and productivity, explain the great interest that

biochar application raises nowadays.

It is in this context when the term biochar began to be used [161], to differentiate the
use of charred organic matter for soil amendment from charcoal, i.e, the use of charred
organic matter as solid fuel, for metallurgic purposes, for chemicals production, etc.
However, this early definition did not include the application of biochar for mitigation
of greenhouse emissions (carbon sequestration), as addressed in Section 7.1, included

for example later on in [143].

Despite this differentiation in terminology, the production technology has been tradi-
tionally the same for both purposes, that is to say, carbonization with a low presence
of oxygen so that partial combustion would take place to provide the necessary heat in
order to sustain the globally endothermic process of pyrolysis. In the early ages, this
conversion process was performed in kilns such as pit or mound kilns. With time, these
kilns evolved to concrete, brick or metal kilns where a better control of the process (air
supply and therefore temperature) was possible so that higher process efficiency with
better product quality would be achieved [162]. These processes are though not appro-
priate nowadays due to the high pollution and low efficiency that characterize them,
since all the vapors would be emitted to the environment without further utilization or
post-processing. As it has been commented in Section 7.1, biochar production needs to
be environmentally and economically sustainable. This implies (a) sustainable biomass
use (fast growing plants, plant residues from certified forestry management, agricultural
residues and organic wastes from urban areas [150]), (b) clean and efficient conversion
technology, i.e., a technology which is able to deal with the high heterogeneity of
biomass materials included in the previous definition (including high ash and moisture
content), providing a high conversion efficiency and fulfilling the emissions regulations
and (c) the whole process has to ensure a zero or negative C emission and be econom-

ically viable. This is why recently the European Biochar Certificate introduced a new
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definition of biochar ”biochar is a heterogeneous substance rich in aromatic carbon and
minerals. It is produced by pyrolysis of sustainably obtained biomass under controlled
conditions with clean technology and it is used for any purpose that does not involve
its rapid mineralization to COy and preserves its capacity to become eventually a soil
amendment” [41]. This definition includes other applications of biochar besides soil
amendment and carbon sequestration, i.e., considers biochar as a basic material for
synthesis of new products for the bio-based economy [150] and specifically establish

pyrolysis as the technology for biochar production.

However, besides conventional pyrolysis, there are other conversion technologies avail-
able which are being investigated for biochar production. These technologies offer some
advances for the processing of some biomass types in comparison with conventional py-

rolysis and are listed below.

e Flash carbonization: this is a process developed at the University of Hawaii
under the leadership of Prof. Antal. In this process air is used to pressurize
the vessel where the packed bed of biomass is placed, with typical pressures of
1-2 MPa. A flash fire is ignited from the bottom of the packed bed and air is
supplied to the top. Typical reaction times are around 30 min with maximum
temperatures of 600 °C [163]. According to the description of the process is a type
of pressurized oxidative pyrolysis. It allows higher fixed-carbon yields, increasing

therefore the efficiency conversion and C sequestration in the solid product.

e Gasification: the objective of this process is the production of a gas product.
However, there is always a solid residue which can be considered also for biochar

applications.

e Fast pyrolysis: as for gasification, the objective of this process is the production

of a liquid bio-fuel, but the solid bio-product can be used for biochar application.

e Hydrothermal carbonization: this process is carried out in the presence of
subcritical, liquid water and it can be also called hydrous pyrolysis. Typically
the process temperature is kept below 250 °C and pressures can go up to 20 bar.
The advantage of this process is that it can process wet biomass with relatively
high solid yields without the need of drying before the converion process [164].
The solid product of this process is also often called hydrochar, which will be the

name used in this document from now on.

7.3 Physical and chemical properties

As it has been explained in Section 7.1 one of the key issues for biochar development

is to understand the relations between biochar properties, its performance in soil and
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Figure 7.2: Scheme summarizing the objectives of this work with respect to biochar characterization.

its production conditions, including initial feedstock. The objective of this work is
to contribute to this understanding by characterizing several physical and chemical
properties of biochar produced with slow pyrolysis at different conditions. This is

shown in Figure 7.2.

The first step is to identify which are the potential functions of biochar in soil and
determine the necessary biochar properties that need to be characterized in order to
address them. Therefore, in the following sections, a short review on biochar potential
impacts on soil and properties determining them, as well as dynamics of these properties

with biochar production conditions is presented.

7.3.1 Biochar physical properties: structure evolution

Regarding improvement of physical soil properties, the application of biochar may
contribute to a change in ”the bulk surface area, pore size distribution (PSD), density
and packing” and therefore, potentially influence ”soil response to water, aggregation,
workability during soil preparation, swelling-shrinking dynamics and permeability”, as

highlighted by Downie et al. in [148|. Besides, biochar physical properties may also
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influence other chemical, biological and nutrient functions in soil. For example, with
higher specific surface area, the availability of sites for cation retention and exchange
may be higher, enhancing therefore the cation exchange capacity (CEC) and reducing
the possibility of leaching [147,148]. This topic will be further addressed in Section
7.3.2.

The physical and structural properties of biochar are highly dependent on the initial
feedstock and the process conditions since the structure of starting material tend to
remain in the final solid product, but reducing its contribution with increasing severity
in the conversion process [165]. In this way, the natural honeycomb-like macroporosity
(typical of the biological capillary structure) of the biomass raw material allows the
release of volatiles when low heating rates are employed, and therefore big morpholog-
ical changes do not take place [165,166]. As the conversion process evolves (increase
in charring degree), the initial biomass macromolecular structure (amorphous hemicel-
lulose, crystalline cellulose and amorphous lignin [10]) evolves firstly to an amorphous
char which can give place, at higher temperatures, to the formation and evolution (in
size and order degree) of turbostratic crystallites, together with a significant evolution
of the porous structure, as it is reported by Keiluweit et al. in [10] and shown in Figure
7.3, also taken from [10]. These turbostratic crystallites consist of flat sheets of highly
conjugated aromatic structures (graphite-like) of higher density than amorphous char
and cross-linked in a random manner [148]. Tt must be noted at this point that despite
many authors in literature refer to these crystallites as turbostratic, experts in the
carbon materials field assess that this term is not correctly used here due to the fact
that it is thought these layers to be randomly orientated relative to each other and
not in a parallel disposition with a specific sequence [167]. The interstices produced
by the cross-linkage of these crystallites, together with voids in the hexagonal planes
and the presence of heteroatoms in the sheets edges (forming O-containing functional
groups which may prevent a closer rearrangement of the sheets) are the main sources
for further development of char porosity, mainly microporosity [10,148] during conver-
sion process. At higher temperatures also pores which were blocked with condensed
volatiles at lower temperatures, can become available due to further volatilization of

these compounds.

When high heating rates are employed, melting of the cell structure leads to lower
biochar structure complexity, accompanied by the development of mostly macropores
[148,165,166]. The same could also happen with high ash content feedstock due to

fusion, swelling or sintering phenomena [148].

Despite the fact that porosity and surface area increase with increasing maximum con-
version temperature (HT'T), due to the release of volatiles and the progressive develop-
ment of crystalline structures at expenses of the amorphous C matrix (Fig. 7.3, [10]), it

has been also widely reported in literature that this ascendent trend has a top in tem-
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perature, after which the surface area and porosity decrease [166,168-170], parallel to
an increase in solid density. This maximum in temperature ranges mostly between 600
°C and 900 °C, depending on the feedstock and conversion conditions. Several inter-
pretations have been given in literature for this behavior. For example, Guo et al. [170]
attribute this reduction in surface area to ”sintering effect (after reaching post-softening
and swelling temperatures) accompanied by shrinkage of the particle and realignment
of the char structure provoking narrowing or closing of pores”. Other authors sup-
port also the theory that pores shrinkage at high temperatures due to the fact that
gradual thermal transformation of the carbon structure is taken place, as it is the case
of Pulido-Novicio et al. [168] or Brown et al. [169], who talks about ”microstructural
rearrangement” at high temperatures. A different perspective has been given, on the
other hand, by authors such as Guerrero et al. [166], who attribute this behavior not
only to the previously mentioned increase in structural ordering but also to micropore
coalescence. This phenomenon of pore fusion has been reported also by other authors,
such as Zhang et al. [171], during physical activation of char with COs, i.e., further burn
off of C to increase microporous surface area, assessing that when this treatment is too
severe (for example too high retention time) micropores may collapse giving place to
bigger pores. If this was the case for decreasing surface area at high temperatures, this
would be accompanied by an increase in total pore volume (bigger pores), however sev-
eral authors reported a decrease also in total porosity [168,170] parallel to the decrease
in surface area. The effect of pressure in char structure development must be also taken
into account. Cetin et al. [165] investigated the effect of pressure (1, 5, 10 and 20 bars)
at high heating rates (up to 500 °C/s) for pine (low ash content), eucalyptus (low ash
content) and bagasse (high ash content), observing a slightly decrease in surface area
with higher pressures, as well as the development of larger cavities with thinner walls

and bigger particle size due to particle clusters formation because of the melting.

It is clear that a deep understanding of the porous structure development during ther-
mochemical conversion is very difficult and depends strongly on the raw material com-
position and structure (for example, different proportions of hemicellulose, cellulose
and lignin lead to different reactivities for pyrolysis process and therefore different de-
gree of structure development with the process conditions; or higher ash content can
contribute to structure melting and therefore development of bigger pores instead of
micropores) and on the history of the conversion process (high heating rates lead to
structure melting and development of mostly macropores, as well as high pressures
do, while high final conversion temperatures may lead to higher ordering degree and
therefore shrinkage or sealing of micropores or micropores collapse, which may not
affect high heating rate produced biochars [169]). Besides, only one characterization
method, such as for example Ny adsorption (combined with BET model) is not enough

to characterize the pore structure of such complex materials for two main reasons: on
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one hand is not enough to address the "pore structure history” and secondly, it is
necessary to know which type of pores are present in order to determine the possible
function of this biochar in soil. For example, micropores are good for enhancing cation
exchange capacity and therefore nutrients cycling and availability, mesopores are good
for liquid adsorption, increasing the water holding capacity and macropores contribute

to aeration, hydrology and can serve also as habitats for microorganisms [148|.

Hence, in this work, a deeper characterization of the porous structure of several ma-
terials (low and high ash content) obtained with different process conditions will be
performed, using N, adsorption combined with different mathematical methods to eval-

uate the pore size distribution.

7.3.2 Biochar chemical properties: biochar chemical composition and sur-

face functional groups

Regarding biochar chemical properties, they can be encompassed in two main groups:

biochar chemical composition and biochar surface functional groups.

Biochar chemical composition is of high significance because it gives information about
the aromaticity and maturation degree of biochar and therefore its expected stability in
soil [149,172,173|; the potential that this biochar may have to provide nutrients [147],
as well as to contribute to soil contamination, depending upon its content in heavy
metals [147].

In previous sections, definitions of biochar regarding production process as well as
potential use and legal situation have been given. However, no further explanation
about what biochar is or should be, from a chemical point of view, has been provided.
This is difficult to assess due to the complexity and variety of conversion conditions as
well as feedstock composition and post-processes that can be employed, leading to the
fact that "biochar is not a single chemical entity and should be seen as a part of a black
C continuum”, as introduced by Spokas [172]. The defining property, which has already
been partially introduced when describing physical structure evolution, is: ”the organic
portion of biochar has a high C content, which mainly comprises so called aromatic
compounds characterized by rings of six C atoms linked together without oxygen (O)
or hydrogen (H), the otherwise more abundant atoms in living organic matter”, as
defined by Lehmann and Joseph in [143]. The question here is which is the degree of
aromaticity or maturation of this structure, i.e. to which extent these aromatic clusters
(more stable) should evolve in number, size and order at expenses of the amorphous
C (more labile compounds) in order to be considered biochar and not just partially
charred organic matter. This is important because the degree of aromaticity could

have a direct impact on the stability of char against decomposition in soil {174, 175]
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and hence give information about the durability and capacity of this char to storage C
in the soil. This issue is usually correlated to the biochar organic atomic ratios H/C and
O/C, represented in the Van Krevelen diagrams [175,176]. For example, it has been
proposed by Knicker et al. [173| that H/C ratios can be used to deduce information
about the chemical bonds in the solid matrix. In this way, while a H/C ratio of 1.3
could suggest that most C is directly bonded to a H or connected through an OH group;
ratios between 0.4 and 0.6 may indicate that every second to third C is connected to
a H [173]. To further correlate the changes in molecular structure with H/C and O/C
ratios, combination with other analytical techniques is required. For example Baldock
et al. [177] used solid-state *C nuclear magnetic resonance (NMR) spectroscopy and
diffuse reflectance infrared Fourier transform spectroscopy (DRITF) to address the
chemical changes in structure during heating up of Pinus resinosa wood from 150 to
350 °C in a muffle oven (not completely inert,i.e., some oxygen was present). They
observed a decrease in H/C and O/C ratios when conversion temperature increased
from 150 to 300 °C. However, up to 350 °C, the O/C ratio further decreased whilst
the H/C increased, indicating a change in the pathway reaction for the mass loss. The
main reaction pathway suggested to explain the loss in H and O was dehydration,
accompanied, by loss of COy and CO (decarboxylation [176]) at higher temperatures.
Regarding the chemical structure, up to 150 °C the same signals were observed as
for raw wood, i.e., O-alkyl and di-O-alkyl characteristic from cellulose, acetate and
carboxyl groups from hemicellulose and methoxyl, aryl and O-aryl C associated to
lignin. At 250 °C significant changes were already observed, becoming the contributions
from aryl C and O-aryl C (furan-like structures coming from cellulose) dominant, while
O-alkyl and di-O-alkyl C signals decreased. From the DRIFT results, at temperatures
> 200 °C decreases in the O-H and C-H groups intensities were observed, consistent
with the dehydration reaction hypothesis and suggesting that a decrease in H/C ratio
is indicative of the formation of structures containing unsaturated carbons, such as
aromatic rings. With higher temperatures, up to 350 °C, progressive increase in aryl C
was noted, as well as progressive loss of C=0 bonds relative to C=C, consistent with the
further decrease in O/C ratios. Similar studies were performed by other groups as it is
the case of Knicker et al. [173], registering also the likely transformation of protonated
aromatic C typical of lignins to condensed aromatic structures (dehydrogenation [176])

and relating H/C ratios to possible cluster sizes.

From this results, complemented also by what has been reported in [175] for other
biomass such as grass, it can be concluded that biochars produced at temperatures
higher than 350 °C, although presenting a dominant aromatic structure accompanied
by low H/C ratios, still show characteristics of original plant material, such as O-alkyl
C. Hence, their chemical composition would be still highly dependent on the production

processes and initial composition of the feedstock. On the contrary, biochars produced



98 Chapter 7 Biochar

above 500 °C would be dominated by aryl C, with minor contributions of O-aryl C
and small proportions of carbonyl, O-alkyl and alkyl C. This has to be taken into
consideration regarding stability of biochar in soil, since these labile compounds, as
well as small aromatic clusters are more prone to be oxidized by lignin degrading

organisms [173].

Therefore, the next step would be to correlate the biochar chemical structure with the
stability in soil. Of course, this stability would not depend only on the biochar itself,
but also on the type of soil, microorganisms, water dynamics, climatology, erosion, soil
use, mineral content, etc. [149]. Together with all these possible variables, and as it has
been stated by Spokas in a recent review about biochar stability in soil [172], the lack
of standards in stability research, i.e., the high variety of laboratory methods used to
address this property, including analytical quantification, incubation conditions (need
for accounting of biotic and abiotic degradation) or length of the study, difficult the
attempts of unifying results on stability, ranging from decades to millennia and, hence,

to develop an accurate predictor for biochar stability in soil environment [172].

Although production temperature has been often used as deterministic property for
biochar stability [172,177|, high influence of parent material and process conditions
on chemical structure for biochars obtained at temperatures lower than 500 - 600
°C |177] advices against it. On the contrary, O/C ratios account not only for the
conversion degree of biochar (O/C decreases with increasing HTT [96,175,177| due to
release of volatile matter) but it also takes into account post processing conditions (for
example possible surface oxidation when cooled down with water or in absence of inert
atmosphere), the effect of the storage time due to abiotic degradation, the presence of
volatile and non-volatile fractions in the biochar and the number and composition of
surface functional groups, which increase biochar reactivity [172]. This is consistent
with the better relation between biochar stability in soil and O/C ratios than with
other possible predictors as temperature and volatile matter content as reported in the
studies evaluated by Spokas [172], suggesting besides that an O/C ratio smaller than
0.2 could account for a half-life of 1000 years.

Taking into account such results, Schimmelpfennig et al. proposed in 2012 [176] the use
of H/C and O/C together with the black carbon (BC) concentrations as parameters
to determine the desirable biochar properties for soil amendment, in order to ensure a
good quality for environmental management. In particular, the values should be H/C
< 0.6 and O/C < 0.4 and BC > 15% based on C. Also based on that, the European
Biochar Cetificate (EBC) [41] defined that biochar should have a H/C ratio lower than
0.7 and a O/C lower than 0.4. Other than that, partially charred biomass should not
be considered biochar due to lack of fulfillment of quality standards.

Regarding the direct nutrient value of biochar, determined by the biochar nutrients total

content and their availability (nitrogen (N), phosphorus (P), potassium (K),...) [147],
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it depends in the first place on the parent material, and secondly on the conversion
conditions, since the release dynamics of each one of these elements, as well as their
chemical form (influencing their availability) are dependent on these parameters, mainly
temperature [147|. Despite of the total content of N, mineral N (ammonium-N and
nitrate-N) tends to be very low, as reported in [147| for several biochars. In organic
substrates (soil, compost, etc), the ratio C/N is often used as an indicator of their ability
to mineralize and release inorganic N. A C/N ratio of 20 is used as a critical limit above
which immobilization of N by microorganisms may occur, becoming not available for
plants 7 [147]. However it is not clearly understood yet if that would be the case for
biochars too. P availability is highly dependent on feedstock and process conditions.
For example, as it has been reviewed by Chan and Xu in [147|, P availability may
vary in three orders of magnitude for different biochar types, presenting the highest
availability those produced from poultry manure and the lowest those coming from

plants. K availability is typically high [147].

With respect to biochar surface chemical structure, although its composition is included
already in the chemical composition of biochar, its origin, structure, evolution and,
above all, characterization of its behavior regarding biochar functions in soil is highly
important and requires further understanding, i.e., potential contribution to total pH,
capacity to retain and exchange cations or anions, electrical charge, hydrophobicity,
etc. Besides, in this category are included the species adsorbed on the char surface and
produced during thermochemical conversion, such as PAHs or dioxines, which have the

potential to contaminate the soil.

Biochar contribution to nutrients enhanced availability in soil can be, not only due
to direct nutrients supply, as previously introduced, but may be also attributed to
a more efficient nutrients management, i.e., nutrients dynamics, due to increase in
nutrients retention, while maintaining its availability for plants and therefore reducing
its leaching [178]. This is specially evident when biochar is applied together with a
fertilizer, as it has been reported by Chan et al. [179], with a substantial improvement
of N fertilizer-use efficiency and hence a reduction also of soil and water contamination
due to minerals leaching. Two could be the main possible mechanisms behind this
behavior. On one hand, Chan et al. [179] attributed it mostly to improvement of
soil physical properties, mainly water-holding capacity and reduction of soil strength,
while Lehmann et al. [178] concluded that this enhancement in nutrients retention
in an exchangeable plant-available form is related to ”adsorption (electrostatic) to an
exchange complex created by charcoal addition”. This adsorption capacity is related to
the high surface charge density and surface area properties of biochar [147,180], leading
to a high cation exchange capacity (CEC) and increasing therefore this property in
soil [180]. Some studies have also reported that biochar is able to adsorb phosphate

(which is an anion) in a significant manner, therefore potential anion exchange capacity
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in soil should be also considered [181]. Besides increasing cation exchange capacity and
improving soil physical properties, other positive effects of biochar application regarding
fertilization and related to its surface include the inmobilization of compounds harmful
for plants development, as it is the case of exchangeable (Al) in acidic soils; or the
adsorption of organic compounds that could inhibit nitrification and ammonification
or lead to higher N inmobilization [182].

As it has been previously introduced, the biochar potential cation exchange capacity is
dependent upon its surface characteristics, in particular, the net negative charge deter-
mined by the presence of functional groups [180,183] and the environment pH [184], as
well as the total surface area, due to availability of adsorption sites [180]. These func-
tional groups are developed due to breaking down of biomass macromolecules during
thermochemical conversion. In low-temperature biochars higher amount of acid-basic
surface functional groups are found [147], which are released at higher temperatures as
volatiles, as well as carbonized in a more aromatic structure, as previously explained.
Ash content in biochars also influences the chemical surface properties, particularly in
low temperature biochars with higher likelihood to be dissolved [147]. However, the
effect of temperature on cation exchange capacity is not clear. Gaskin et al. [185] re-
ported a decrease in CEC for biochars produced from poultry litter, pine wood chips
and peanut hulls as the production temperature increases from 400 to 500 °C. Mukher-
jee et al. [184] showed also a decrease in CEC with increasing production temperature
from 250 to 650 °C for oak and pine biochars for the pH range from 1.5 to 7. However,
using grass as feedstock, biochars produced at 650 °C showed higher CEC than biochars
produced at 400 °C for pH > 4. Lehmann et al. [181] reported an increase in CEC for
woody biochars when production temperature increased up to 500 °C, followed by a
reduction in CEC in the temperature range of 500 - 600 °C and again an increase in
CEC for temperatures > 600 °C. The CEC is also highly dependent on the pH at which
is determined |184,186], therefore this must be taken into account when applying in
soils. With low pH, the CEC is very low, but increases with increasing pH [184]. Tt
has been also shown that further oxidation of biochar surface, for example due to aging
effects once applied in soil, increased significantly the surface negative charge, while de-
creased the positive surface area (high in fresh biochars), decreasing therefore the point
of zero net charge (PZNC), i.e. the pH at which positive and negative surface charge
are equal [186]. The increase in CEC with aging has been attributed to the formation

of oxygenated functional groups on char surface, such as carboxylic groups [183].

However, not all the biochar effects are good in soil. Negative impacts have been
also reported, mainly due to decrease in efficiency regarding some micronutrients, due
to its alkaline nature or due to N inmobilization [147] or due to the introduction of

contaminants or toxic elements for plants.
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As it can be seen, understanding the behavior and possible impacts of biochar in soil is
a complex matter where many variables influence from both sides, biochar production
and properties, as well as soil, plants and environment conditions. Evidence of the
positive potential impact of biochar in the long term for soil and environment are still
needed. In the same way, further understanding of the relation between production

conditions and material, biochar properties and its influence on soils are required.

In this work, further understanding of the effect of production conditions and initial

feedstock on several physical and chemical properties of biochar will be investigated.

As previously said, much attention must be paid when experimental results are com-
pared, since analytical methodology is very different and many times the methods and
sample preparation are not correctly described, leading to the impossibility of compar-

ing results.

7.4 Biochar characterization

Biochar characterization has been performed in collaboration with other research groups.
Therefore it will be clarified which method development and measurement has been

performed at the Technische Universitit Berlin (EVUR) and which one externally.

7.4.1 Biochar characterization performed at the TU Berlin
Porous structure characterization

Characterization of biochar porous structure has been carried out at the Technische
Universitit Berlin. Part of the development of this method, as well as part of the
samples characterization have been performed in the framework of the master thesis

from Alberto Rueda Garcia [187], of which I am coordinator.

The specific surface area (SSA) is considered as a main characterizing parameter of
biochar (as reported by the European Biochar Certificate [41] and the International
Biochar Initiative [151]), however, without knowing the pore size distribution, the
simple value of surface area might mislead the interpretation of the properties and
functionality of biochar. For example, the low or medium SSA of a biochar can be
due both to high macroporosity with low microporosity or to mesoporosity with e.g.
collapsed micropores. This would make a significant difference in the application of the
biochar, since micropores and mesopores would contribute more to the adsorption of
nutrients and to increase the soil-water retention [148|, while macropores would have

other possible functions more related to aeration, hydrology or life or microorganisms
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[148]. According to the IUPAC classification, micropores are pores with size (typically
in diameter) <2 nm. Mesopores range between 2 - 50 nm and macropores are bigger

than 50 nm in diameter.

There are different analytical techniques to characterize a porous solid, such as gas
adsorption, radiation scattering, pycnometry, calorimetric determinations, intrusion,...
[188]. In the present study gas adsorption will be the analytical technique applied, using
Ny as adsorptive/adsorbate. This is the most widely used and therefore established
technique for characterization of porous structure, more specifically for micropores and

mesopores.

According to the IUPAC, adsorption is defined as ”an increase in the concentration of a
dissolved substance at the interface of a condensed and a liquid phase due to the oper-
ation of surface forces. Adsorption can also occur at the interface of a condensed and a
gaseous phase” [189]. Consequently, gas adsorption always takes place, to some extent,
when a clean solid surface (adsorbent) is exposed to a gas (adsorptive). The amount
of gas adsorbed (adsorbate) depends upon the temperature, the absolute pressure and
the potential interaction between the gas molecules and the surface [190]. Depend-
ing on the strength of these interactions, gas adsorption can be divided in physical
and chemical adsorption. According to Rouquerol et al. [191], in chemical adsorption
(chemisorption), chemical bonding takes place between the gas (or liquid depending on
the type of adsorption) molecules and reactive parts (active sites) of the surface, being
usually an activation energy involved, and with a chemisorption energy similar to the
energy variation in a comparable chemical reaction. Chemical adsorption is necessarily
confined to one layer adsorption, due to the chemical nature of the bonding, and it may
be referred to as irreversible, meaning that if the adsorbed molecule undergoes chemi-
cal reaction cannot be recovered by desorption [191]. Although chemical adsorption is
used to characterize the reactive surface area (active sites) of porous materials such as
catalysts, it does not allow the characterization of pore volume and therefore pore size
distribution. Hence, in the present work, physical adsorption is the one applied. In this
type of adsorption, the interaction forces are the van der Waals forces, of the same kind
as those present in vapor condensation and deviation from ideal behavior in real gases,
as highlighted by Rouquerol et al. in [191]|. Physical adsorption is always exothermic
and the energy involved is usually low. With high partial pressures it generally takes
place as a multilayer phenomenon [191], which allows also pore filling, enabling pore
volume measurements. In opposition to chemical adsorption, physical adsorption is a
reversible process where equilibrium is reached fast [190], except in small pores due to

diffusion limitations.

The basic step in porous structure characterization with gas adsorption is the deter-
mination of the adsorption isotherm. This curve is obtained by plotting the amount

of gas adsorbed versus pressure at a constant temperature (the measurement temper-
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Figure 7.4: Classification of isotherms according to the IUPAC [11].

ature) [190]. The TUPAC recommended a classification of these physical adsorption
isotherms [11], based on an earlier review by Brunauer et al. [192]. Six are the possible
shapes of the adsorption isotherm according to this recommendation, as it is shown
in Fig. 7.4, each of one reflecting some unique property. In these graphics, V, is
the gas volume adsorbed and P/P, is the partial pressure, where P is the absolute
pressure in the device and P, the saturation pressure of the adsorbate at the measure-
ment temperature. The used gas sorption analyzer is a NOVA 2000 series model from
Quantachrome, with two degassing stations and two analytical stations. The software
used to control the device and analyze the results is called NovaWin, also provided by

Quantachrome.

As explained in [11,190], isotherms type I are characteristic of microporous materials,
with a pore size not larger than a few times the diameter of the adsorbate molecule.
Type II isotherms are typical of non-porous or macroporous materials. Type III is for
materials with weak interactions adsorbent-adsorbate. Type IV occurs for mesoporous
materials, being the hysteresis an indication of capillary condensation. Type V is for
materials also with weak interaction with the adsorbate but containing mesopores.

Type VI presents layered adsorption on a uniform non-porous surface.

Taking this into account, the shape of the adsorption and desorption isotherms provides

the initial information about the porous structure of the biochars under study.

The next step would be the application of several mathematical models to the adsorp-
tion and desorption isotherms to gain information about the total surface area, total

pore volume, as well as pore surface and volume related to each pore size.

Sample pretreatment
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Before performing the Ny adsorption measurements, the sample needs to be pretreated.
The first point of discussion is whether the sample should me milled, crushed or ana-
lyzed as it is produced. The reason for milling the samples is based on the presence
of pore diffusion limitation when the porous structure is mostly formed by micropores,
specially small ones. In these conditions, bottle necks may be formed which slow down
the movement of the molecules into the pores. Consequently, part of the surface will
not be covered by Ny and thermodynamical equilibrium will not be reached. This is still
worsened by the low temperature at which this measurement needs to be performed,
77 K. If the sample is milled, part or the totality of these bottle necks may be broken,
reducing this effect. Therefore, thermodynamical equilibrium should be reached and
the measured surface area should be more reliable describing the real one. However,
when milling the sample, if the particle size is too small, external surface area, i.e., the
pore surface due to particles agglomeration, may contribute in a significant way to the
total surface area, leading also to false surface area determination. To avoid this, the
particle size of the sample should be kept at least two orders of magnitude bigger than
the maximum size of the pores expected to be measured. For example, if pores up to
100 nm in diameter are expected, the minimum size of the particle should be bigger

than 10 pm.

In the present work, due to strong presence of diffusion limitations and therefore low
repeatability in the results, it has been decided, based on the experimental results, that
the sample should be milled and the surface area should be referred to as maximum

surface area measured in the specified conditions.

The sample needs also to be degassed before the adsorption measurements are per-
formed. This is due to the fact that other molecules present in the environment will be
adsorbed at the surface, such as water, carbon dioxide, oxygen, etc. When looked into
the literature, or in the DIN norms, typical degassing times are quite large, usually
around 12 hours or more, and the temperature used is dependent upon the material.
In the present work, however, it has been determined, based on the experimental re-
sults, that degassing in vacuum of 3 hours is enough to clean the surface of these chars,
or in other words, longer times do not lead to bigger measured surface areas. The
temperature used for degassing in the present work is 150 °C. This is based also on
experimental results obtained at different conditions, leading to the conclusion that
samples produced in pyrolysis above 300 °C should be degassed at 150 °C and samples
produced below that temperature would be degassed at 120 °C. More severe conditions

could lead to irreversible damage of the sample.

Once the adsorption isotherm is obtained, several models are applied to gain informa-

tion on the surface area, pore volume and pore size distribution. Those are:

BET and Langmuir models



7.4 Biochar characterization 105

The BET model is the most employed method nowadays for determination of the total
specific surface area. It supposes an extension of the Langmuir theory [193]. Langmuir,
in his adsorption theory, tried to quantitatively determine the molecules adsorbed on
a solid plane surface, considering that this adsorption would be ”true adsorption”,
which he defined as follows: ”in cases of true adsorption this layer [adsorbed layer]
will usually be not more than one molecule deep, for as soon as the surface becomes
covered by a single layer the surface forces are chemically saturated” [193]. He also
defined the forces involved in the adsorption phenomenon as chemical forces, indicating
that he was referring to chemical adsorption. In this work, he proposed first a simple
adsorption theory which then extended to more complex cases. In this first adsorption
theory, he assumed that all the potential adsorption sites were equal, having then the
same adsorption energy, and that each one of these sites could only hold one adsorbed
molecule. Besides, based on the concept of true adsorption, he assumed that the forces
acting between two adsorbed layers would be much weaker than the forces between
the solid surface and the first adsorbed layer, leading to the fact that the rate of
evaporation from the second layer would be much greater than that from the first
layer and, therefore, the molecules adsorbed on the second layer would be negligible in
comparison to the first layer. Besides, he considered the range of low pressures, i.e.,
pressures far below the saturation pressure to avoid capillary condensation. In these
conditions, taken moreover into account that thermodynamically equilibrium would
have been reached, the surface covered by adsorbed molecules would be described
as [193]:

o]
0= T4 o] (7.1)

where © is the surface fraction covered by adsorbed molecules, « is the fraction of
molecules striking the surface which will condense and p represents the number of

gram molecules of gas striking the surface.

This theory may be then appropriate to describe chemical adsorption or physical ad-
sorption in case of isotherms Type I with very small pores (see Fig. 7.4), i.e., when
the porous structure is completely microporous and, therefore, there is no possibility of
several layers adsorption. However it cannot describe other types of isotherms, where a
convex-shape curve appears at the highest pressure range. This behavior has been at-
tributed by Brunauer, Emmett and Teller [194]| to multimolecular adsorption, induced
mostly by the same forces that produce condensation, rather than by condensation in
capillaries of molecular dimensions. This multilayer adsorption would be enhanced by
the higher probability that a gas molecule would strike and be adsorbed on an adsorbed
molecule due to the higher pressures and therefore concentration of the gas [190]. With

these considerations, Brunauer, Emmett and Teller developed a theory describing the
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multimolecular layer adsorption similar to Langmuir derivation for unimolecular layers,
i.e., the BET model [194] of the form:

P 1 C—-1P

v(P,—P)  v,C * Uy C' FG

(7.2)

where P, is the saturation pressure of the gas, P is the absolute pressure at each step,
V., is the volume of gas adsorbed in the first layer when it is completely covered and
C is a constant related to the heat of adsorption on the first layer and therefore an
indication of the magnitude of solid /gas interactions. From the value of v,,,C' the surface
area can be determined, assuming a value of the cross-section of the molecule. The
assumptions on which this theory is built are that the heat of adsorption in the first
layer is independent of the number of gas molecules already adsorbed on the first layer,
and that the heat of adsorption in the second and upper layers is equal to the heat of
liquefaction and, therefore, constant for all the layers, as any other constant involved.
Besides, Equation 7.2 implies that an infinite number of layers can be adsorbed on
the solid surface. Braunet, Emmet and Teller developed in the same work [194] a
description for the isotherm in case that the number of possible adsorbed layers would
be limited, for example due to small pore sizes, however, this second equation is not

usually applied.

Despite the widely extended use of the BET theory for total specific surface area
determination, it has been also source of severe criticism. This lays mainly on the
assumptions which this theory relies on. In general the BET may fail in the range of
very low relatives pressures, (below 0.05) due to the assumption of an energetically
homogeneous surface [190]. Another point of criticism is the assumption that the heat
of adsorption for the second and upper layers is equal to the heat of liquefaction. This
contributes to the failure at partial pressures above 0.35 [190]. However, in the partial
pressure range of 0.05 - 0.35, close to complete coverage of the first layer, the BET
theory is generally valid for most of the isotherms [190].

However, for microporous materials the BET model does not present linearity in this

region, being necessary to shift the partial pressures range to lower pressures.
Total pore volume

The determination of the total pore volume with gas adsorption is based on the Gurvich
rule [195], i.e., the fact that ”at saturation the liquid volume of different adsorbates,
when measured on porous adsorbents, is essentially constant and it is independent of
the adsorbate” [190]. This indicates that at saturation pressure, that is to say, when
the partial pressure is close to 1 in the adsorption isotherm determination, the pores are
filled with liquid adsorbate. Based on that, the total pore volume can be determined

knowing the adsorbed gas quantity and the properties of the adsorbate [190].
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V-t method and BJH method

In the V-t method, the isotherm of the material to be analyzed is compared with
an standard Type II isotherm [196] for determination of the micropore volume and
surface area, based on the t-curve, which is the statistical thickness (t) plotted versus

the relative pressure P/P,. This t-curve can be defined by the de Boer equation as 7.3:

13.99
log +0.034

D=

t(Angstrom) = ( ) (7.3)
assuming hexagonal close packing, i.e., the thickness of one molecular layer of nitrogen
is 3.54 (Angstrom). This statistical thickness is then used to evaluate the analysis
isotherm as a t-curve, by plotting the volume of adsorbed gas versus t [190]. Depending
on the shape of the isotherm and consequently the t-plot, several analysis can be
made as explained by Lowell et al. [190]. For example, if the sample presents mostly
microporosity, when the t-plot is represented, the linear part of the t-plot (in the high
statistical thickness region) would show a positive intercept with the adsorbed volume
axis. This positive intercept would be equivalent to the micropore volume, and the

slope of the straight line would be proportional to the external surface area.

The BJH method has been developed by Barrett, Joyner and Halenda [197] and it is
applied to characterize the pore size distribution for pores bigger than 3 nm. It is
based on the assumption that at a partial pressure close to 1 the pores are filled with
liquid nitrogen. As summarized in [198], in each pore, a physically adsorbed layer of
thickness t would enclose an inner capillary with radius rg, from which evaporation
would take place, as the partial pressure decreases. The total pore radius would be
then r = r, +t. As the desorption proceeds, the volume desorbed in each partial
pressure step corresponds to the volume of condensate desorbed from the next larger
size pores together with volume desorbed from the physically adsorbed layer left from
the pores with bigger size. A deeper explanation on the algorithm for the application
of this method can be found in [198].

DFT method

The application of the density functional theory (DFT) for calculating the pore size
distribution in porous materials from the adsorption isotherm has been proposed for
the first time by Seaton et al. in 1989 [199]. According to a recent review on the topic
performed by Landers et al. [200], this approach provides, as they introduced, ”a more
reasoned and versatile approach to calculating the pore structure parameters compared
to conventional methods based on the Kelvin equation”, based on its "rigorous theo-
retical basis that covers the whole region of micro- and mesopores” [200]. As the next

step, the non-local density functional theory (NLDFT) evolved, firstly developed for
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slit geometries in activated carbons, concluded into a library of computational meth-
ods, taking into account several pore structures and morphologies potentially present
in typical adsorbent materials [200]. Those computational methods include besides
assessment of physical phenomena related to geometries of specific pore structures. As
an step forwards appeared the advanced quenched solid density functional theory (QS-
DFT), which takes also into account the roughness and heterogeneity of the pore wall
surfaces [200]. All these computational models are included as library in the software
from the Quantachome Instrument, for several adsorbates and pores geometry. These
models are compared to the experimental data from the adsorption isotherm and the
model which best fits the experimental results is the considered one for analysis of
the pore structure. In the present work, for all the samples, the model QSDFT for
slit/cylindrical pores was the applied.

Proximate and elemental analysis

Proximate and elemental analysis of the biochar samples have been performed at the

Technische Universitat Berlin.

Proximate analysis, i.e., volatiles and ash content have been determined following the
DIN norms DIN 51719 and DIN 51720 respectively. Fixed carbon content is then de-
termined as 100% - (volatiles(%,db) + ash(%,db)). Briefly, for volatiles determination
the char sample is kept during 7 min in the oven at 900 °C in close crucibles and
for ash determination the char is introduced in the oven in open crucibles with the
following temperature program: starting with ambient temperature, the temperature
is raised to 500 °C in 30 min, and then up to 815 °C in 45 min and held at this
temperature for 60 minutes. Organic elemental composition (CHNS) has been char-
acterized in a Vario EL elemental analyzer. Oxygen content is determined then as
100%-(ash%+C%+H%+N%+S%). Inorganic elemental content is characterized in an
ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry) after digestion

in a microwave (Multiwave 3000 Anton Paar).

The procedure is the following: after drying the sample at 106 °C for 90 min, and
milling it, it is digested in the microwave. For that, approximately 4 mg of sample is
mixed with 5 ml HNO3 and 2 ml H,O, in sealed vessels of 50 ml. In the microwave, the
sample is subjected to a power of 500 W, reached after 25 min, and held for 50 min. The
temperature reached by the sample must overcome 200 °C and the maximum pressure
that can be reached is 60 bar. After that, the sample obtained from the microwaved
is diluted up to 50 ml with distilled water and then introduced in the ICP-OES for

further measurement.
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Electrical conductivity and pH

To measure the pH and electrical conductivity, the sample is mixed with distilled water
and the measurements are taken while stirring. Several concentrations have been tried.
The first concentration is the one suggested by Pulido-Novicio et al. [168], i.e., 1 g
of char in 20 ml of distilled water. On the other hand, the norm DIN ISO 10390
suggests a volumetric relation 1:5 solute solvent. If 5 ml of sample is taken, it should
be dissolved in 25 ml water. However, 5 ml of sample is dependent on the bulk density,
and therefore on the particle size, density of the sample and packing. This leads to the
situation that for 5 ml the sample mass ranges between 0.5 g up to 2 g. Consequently,
two measurements were performed: 1 g in 25 ml water and 5 ml sample in 25 ml water.
For pH the results are very similar in all the cases. Therefore the results reported here
are correspondent to 1 g in 20 ml water. The pH is measured with a pH-electrode
Sen Tix HW, attached to a pH meter WTH pH 340 and the electrical conductivity is
measured with an electrical conductivity meter, model WI'W KLE 1/T.

Surface functional groups. Boehm titration

As it has been previously outlined, characterization of surface chemical structure is
of high significance since it has a direct impact on pH, capacity to retain and ex-
change cations or anions, electrical charge, hydrophobicity, etc. However, qualitative
and quantitative determination of this property is not an easy task, due to the high
heterogeneity in composition and lack of a standard and reliable method, above all, to

quantify the surface functional groups.

According to Amonette and Joseph [201], ”operational determination of acidic and
basic functional groups on biochars can be performed by Boehm titration”. However,
this methods would not work appropriately if significant amounts of tar or mineral

surfaces are present [201].

Other alternative methods that have been used to examine surface chemistry of biochar
include diffuse reflectance infrared Fourier transform spectroscopy (FTIR), X-ray pho-
toelectron spectroscopy (XPS), energy dispersive X-ray spectroscopy (EDX) or near-
edge X-ray absorption fine structure (NEXAFS) spectroscopy [202]. However, these
methods are not able to provide a reliable quantification of the surface functional

groups, if any at all, being more appropriate for qualitative evolution characterization.

In the present work, the Boehm titration method is the one applied, including pre-
treatment of the biochar samples to reduce the effect of possible tar adsorbed on the
solid surface, as well as inorganic species. This method has been developed in 1964 by
Boehm and his colleagues [203], with the aim of characterizing the surface oxides in

carbon. The idea behind this method is that the oxygen-containing functional groups
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on the biochar surface have different acidities and therefore can be neutralized with
bases of different strengths [204]. The acidic groups to be determined are carboxylic,

phenolic and lactonic groups.

The development of this method, as well as the characterization of some biochar sam-
ples according to it, have been partially performed during the master thesis of Alba
Yebra Dominguez (in submission) of which I am coordinator. The experimental proce-
dure applied is the one carefully described by Goertzen et al. [204], including a sample
pretreament proposed by Tsechansky and Graber [205]. Due to the presence of inor-
ganic basic and acidic components, which can be condensed on the biochar surface but
not be part of the biochar structure, false results from the Boehm titration could be ob-
tained because of the solubilization of these components in the Boehm basic solutions.
Consequently they should be removed prior titration. This washing is performed first
with HCL (0.05M) and NaOH (0.05 M) during 24 h each to remove basic and acidic
species repectively. After this, a final washing with HCL is performed to protonate the
acidic species on the char surface again. After each washing and before the next one,
the biochar is washed with deionized water until a conductivity lower than 10uS/cm is
reached. The final step is the degassing using N, and finally the sample can be titrated
with the different bases.

7.4.2 Biochar characterization performed externally
Char wettability

Determination of char wettability has been carried out by Dr. Gerardo Ojeda (with
current affiliation Universidad Nacional de Colombia) and Prof. Jérg Bachmann (with
current affiliation Institute of Soil Science, Leibniz University of Hannover), as result
of a common collaboration. The methodology applied can be found in [206]. Briefly, a
glass tube 6 cm high with 0.9 cm of internal diameter is filled with the different biochar
samples up to a height of 3 cm. Then the tube is attached to a high precision scale.
Below the tube, a glass filled with water or hexane is placed and carefully risen until it
touches the bottom part of the tube. Water/hexane capillary absorption is measured

by registering the weight increase in the biochar column during 200 s.

Contaminants: polyaromatic hydrocarbons (PAHs) content

The determination of PAHs in biochar has been performed by Alessandro G. Rombola,
with the supervision of Prof. Fabbri at the University of Bologna, as result of a common
collaboration. The method applied for characterization of the 16 USEPA (United States
Environmental Protection Agency) PAHs is described in [207]. Briefly, the biochar
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samples were Soxhlet extracted with an acetone/cyclohexane (1:1) solvent mixture and
then the PAHs were analyzed in a GC-MS.

Stability

This characterization has been performed by Alessandro G. Rombola with the supervi-

sion of Prof. Fabbri, at the University of Bologna, as result of a common collaboration.

In this case, the stability of biochar has been evaluated by characterizing to which ex-
tent the biochars had been charred in the pyrolysis process. That is to say, the biochars
samples were subjected again to an analytical pyrolysis process, up to a temperature
of 900 °C and the species emitted were analyzed in a GC-MS. The technique is called
Py-GC-MS. In this way, depending on the quantity and nature of the labile species, it
can be determined how recalcitrant the biochar is. The method applied in described
in [208].






Chapter

Results, discussion and conclusions of

biochar characterization

8.1 Elemental and proximate characterization

Biochar elemental and proximate characterization is included in the description of

biochar chemical structure, as explained in Section 7.3.2.

In Fig. 8.1, the Van Krevelen diagram, i.e., the representation of H/C molar ratio
versus O/C molar ratio is presented for numerous biochars produced from several raw
materials under different pyrolytic conditions. As it has been aforementioned, this
diagram is often used to illustrate the degree of maturity and aromaticity of biochar
[175].

It is observed that higher conversion temperatures lead to a decrease in both molar
ratios due to the carbonization process and consequent progressive loss of volatiles,
mainly through dehydration, decarboxylation, decarbonylation and demethylation re-
actions, leading to a more condensed solid structure, with higher aromatization degree.
However, these results show that biochar chemical composition depends not only on
the conversion conditions, but also on the initial feedstock composition, having a sig-
nificant impact on final biochar chemical properties. This is illustrated with the results
of corn digestate (CD) versus those for pine and beech wood or cellulose. With the
same process conditions, corn digestate biochars show significantly lower hydrogen (H)
content and higher oxygen (O) content. This indicates that reactions involving H loss,
such as demethylation, should occur to a higher extent than those leading to O release.
Looking at the composition of the raw material, corn digestate presents a very similar
H/C ratio (dry ash free basis, daf) to wood and a slightly lower O/C ratio. However,
the main difference between them is the ash content. While wood has an ash content

below 1% (wt, db), the content of corn digestate goes up to around 20% (wt, db).
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Figure 8.1: Van Krevelen diagram for biochars produced from different raw materials and process

conditions, as specified in Section 4.2. The molar ratios are given in dry ash free basis (%wt, daf).

This difference in ash could be the main reason lying under the reported differences in

elemental composition, enhancing H loss reactions.

According to the definition given by the European Biochar Certificate (EBC) [41],
almost all chars (except waste derived biochar with the lower charring degree) reported
in this Section could be considered biochars, since H/C is lower than 0.7 and O/C ratio
is lower than 0.4. Going further, and according to a recent review from Spokas [172]
on char stability, those biochars with an O/C content lower than 0.2 could ”provide, at
minimum, a 1000-year biochar half-life”. Those would be all biochars produced from
wood and cellulose and most of those produced from corn digestate and waste with the

most severe conditions.

In Fig. 8.2 the H/C and O/C ratios are plotted versus the volatiles (%wt, daf) con-
tent in biochar. It is noteworthy to highlight the linear behavior of O/C ratio as a
function of volatiles content. From this linear behavior, it could be withdrawn that
volatiles content could be also used to assess biochar stability. In this case, biochar
with a volatiles content (%wt, daf) lower than 35 %, or in other words, a fixed carbon
content (%wt, daf) higher than 65%, could ensure an acceptable stability in soil. The
advantage of using volatiles instead of the O/C ratio is that is easier and cheaper to
determine. However, this tool has to be used carefully, since the determination method
may strongly influence the result. According to Spokas [172] and Zimmerman [209],
volatiles content could be also a good indicator of biochars produced in the same py-

rolysis unit or process.
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Figure 8.2: H/C and O/C ratios plotted versus volatiles content in biochar, given in dry ash free
basis (daf) for several biochars produced under different pyrolytic conditions and using several raw

materials, as specified in Section 4.2.
8.2 pH

Biochars can possess both acidic or alkaline character and this property is of high
relevance for its application in soil, since it determines not only its potential liming
effect, but it also has an influence on other properties, such as the cation exchange
capacity or the water holding capacity. It has been reported in literature that pH may
be dependent on both, the surface chemistry and the ash content. In this way, Pulido-
Novicio et al. [168] affirms that acidic and basic properties in woody chars could be
attributed to the presence of acidic and basic surface groups. However, Nguyen and
Lehmann [210], when analyzing the effect of black carbon oxidation (during incubation)
on pH, reported that the lack of correlation between C loss and pH could be due to
two different phenomena, the increase of carboxyl groups, with high acidity, or the
dissolution of mineral matter in high ash-containing biomass. Carrier et al. [211],
based on previous investigations, affirm also that pH (together with cation exchange
capacity and electrical conductivity) depends on the content and the composition of

the mineral fraction.

These both influences are further confirmed in the present study. In Fig. 8.3 (top)
pH is plotted versus the volatiles content of the biochar in dry ash free basis (% daf).
Three different regions can be observed. The black points correspond to corn digestate
biochars, which, as it can be seen, present higher pH than woody biochars, having
similar volatiles content. However, a trend can be observed in the behavior pH -
volatiles also for this material, i.e., the lower the volatiles content, the higher the pH.

It must be clarified that all the corn digestate biochar samples present quite similar



116 Chapter 8 Results, discussion and conclusions of biochar characterization

ash content, ranging from 38% in dry basis to 46%. Therefore, this difference in ash

content could probably not explain the variation in 3 points in the pH value.

In the middle region, in green, blue and pink, are the pH values for biochar samples
coming from woody biomass and cellulose. It is observed that the relation between
pH and volatiles content is quite linear. Noteworthy to mention is, however, the fact
that the pH of cellulose with ash is slightly above the mean values of pH for wood
and cellulose biochars, with similar volatiles content. Besides, biochars produced from
wood, with and without washing, show significantly different values. By washing the
wood with HCI, previous to the pyrolysis conversion process, the ash content is removed
(final ash content value of 0.01 %wt in dry basis) and consequently the produced biochar
has lower pH.

The third region is for biochar produced from cellulose and bio-waste, with a sig-
nificantly lower degree of conversion. In these biochars the pH is completely acidic,
possibly due to the surface functional groups, both quantity and nature, as shown in
Fig. 8.4.

Fig. 8.3 shows the pH plotted versus ash content for the same samples. The two
regions between low and high content biomass is clear, however it is also noteworthy to
mention that the biochars with the highest carbonization degree from low ash content
biomass present similar pH values to biochars with the lowest cabonization degree from

high ash content biomass.

These results indicate that both phenomena, that is to say, influence of surface acidity
and ash content are coupled regarding the pH behavior of biochars, or in other words,

that pH is dependent on feedstock and carbonization degree.

8.3 Surface functional groups

In Fig. 8.4, information about the acidic functional groups present on the biochar
surface is presented. These results have been obtained as explained in Section 7.4.1,
i.e., by performing the Boehm titration. This method gives information about three
main acidic functionalities present on biochar surface: caboxylic, phenolic and lactonic
groups. The content of each of these functional groups has been then compared with
volatiles content, O/C and H/C ratios and pH. The biochars selected for these analysis
include pine wood, corn digestate, cellulose and bio-waste biochars, to have a wide
representation of feedstock and conversion conditions. In the first graphic of Fig. 8.4,
the comparison of these functional groups with volatiles (%wt, daf) is presented. It
can be seen that content of total and phenolic & lactonic acidic groups shows a linear

behavior with respect to the volatiles content for all biochars, except high ash content
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biochar, i.e., corn digestate biochars. The first explanation for this behavior is that
the acidic groups are expressed with respect to biochar mass in dry basis. Therefore,
the biochars with high ash content will present necessarily less total functional groups,
since the organic part is considerably lower than for biochars with low ash content.
For carboxylic groups, the content is very low for all biochars, independently of the
volatiles content. The same results are observed when compared with O/C ratio, since
the relation between O/C and volatiles content is also linear, as reported in Section
8.1.

Interestingly enough is the fact that, when these surface acidic groups are compared
with H/C ratios, a quite linear relation is obtained, independently of the ash content.
Looking back at Fig. 8.2, the H/C ratio was lower for corn digestate biochars than for
woody biochars with the same volatiles content. This could be due to two main reasons.
The low H/C ratio reported by corn digestate biochars could be due to an enhancement
in H release reactions, such as demethylation, due to the high ash content; or it could be
that the measured volatiles content in corn digestate volatiles was not totally organic,
but also a significant inorganic fraction would be also present, due to the high inorganic
content of this feedstock. As consequence of the second possibility, the H/C ratio of
corn digestate biochars would be actually higher for the same (organic) volatiles content
than it is currently reported and, at the same time, it could be a better representation
of the organic fraction of the biochar. Coming back to the surface functional groups, if
these groups were represented with respect to the organic part of the biochar, for the
same H/C ratio, higher content of acidic groups would be present in high ash content

biochars.

The last graphic in Fig. 8.4 shows the comparison of these groups with pH. It is
observed that there is a clear relation between the increase in pH and the decrease in
total acidity of the biochar surface. With higher pH, the total acidity decreases, as well

as the carboxylic functional groups for both feedstocks.

8.4 Porosity characterization

In this Section, the evolution of biochars porosity is evaluated. As it has been already
introduced in Section 7.3.1, as the charring intensity increases, the release of volatiles
and the development of crystalline structures [10] leads to an increase of porosity and,
consequently, biochar internal surface area. This is shown in Fig. 8.5, where evolution
of the internal surface area is plotted versus the biochars volatiles content (expressed
in %wt, daf). The lower the volatiles content, the higher the internal specific surface

area, determined in this case with the BET method.
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Figure 8.4: Acidic functional groups present on the biochar surface determined with the Boehm

titration method.

It has been also introduced in Section 7.3.1 that this porosity should be mainly micro-
porosity, attributed to interstices in the evolving graphite-like structure. This is shown
for example in Fig. 8.6 (top), where representative isotherms from pine wood biochars
are plotted. According to the introduction to this methodology given in Section 7.4.1,
the shape of the adsorption isotherms from pine wood biochars produced at 600 °C
(reference position) resembles the one of Type Iisotherm (Fig. 7.4), indicating that the
porosity in this material is mostly due to the presence of micropores. On the contrary,
biochars produced at 400 °C show a very low capacity of adsorbing Ns, indicating
that, at this temperature, the evolution of porous structure has not been significantly

triggered yet.

Similar isotherm shapes have been shown for example by Carrier et al. [211] and Guo
and Lua [170] for oak wood biochar (460 °C) and oil palm stones (600 - 800 °C) respec-
tively, although the specific surface area values (BET method) reported by Guo and
Lua are lower than those obtained in this work, even at higher conversion temperatures,

probably due to the higher ash content.

This leads to the next question: what is then happening to corn digestate biochars?
Why do they have such low capacity to adsorb Ny (Fig. 8.6, bottom), i.e., low specific
surface area, even when they have been produced at temperatures as high as 600 °C?
To explain this, two effects need to be taken into account. In the first place, it has
been shown that corn digestate biochars have an average ash content around 40 %wt
in dry basis, therefore, an important fraction of the mass being analyzed corresponds
to inorganic compounds. Secondly, these compounds could clog or block the access
to micropores [212], limiting therefore the access of Ny to the pores, but also avoiding

volatiles to be released from the pores during conversion. This could be in agreement
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Figure 8.5: Specific surface area determined with the BET method (based on Ny adsorption) plotted
versus the volatiles content in %wt dry ash free basis (daf) for several biochars produced under different

pyrolytic conditions.

with the higher volatiles content (%wt, daf) of corn digestate biochars, in comparison

to woody biochars, for the same conversion temperatures.

However, to get a deeper and quantitative knowledge of the pore size distribution,
further analysis of the adsorption and/or desorption isotherms needs to be carried out,

applying different models, already introduced in Section 7.4.1.

The models applied here, besides BET for total specific surface area characterization
and the determination of the Ny adsorbed up to a partial pressure of 0.99 for total
pore volume analysis, are: the density functional theory model (DFT), in particular
the QSDFT model applied to the adsorption isotherm (considering that the pores are
slit/cylindrical), for determination of total specific surface area, total pore volume,
microporosity (surface area and volume) and mesoporosity, up to 30 nm in pore size
(surface area and volume); the V-t model for determination of microporosity (surface
area and volume) and surface area attributed to pores bigger than 2 nm; and the BJH
method for characterization of pores bigger than 3 nm (surface area and volume). The
results are summarized in Tables 8.1 and 8.2. Besides, in Fig. 8.7 (top) the total
specific surface area and surface area distribution (pores smaller and bigger than 2 nm,
according to the DFT method) for all the samples under consideration are compared.

The same is done for volume in Fig. 8.7 (bottom).

As it can be seen, total specific surface area values of around 400 m?/g are reported
for pine wood biochars, produced at 600 °C, decreasing to below 10 m?/g for samples
produced at 400 °C. In the case of corn digestate biochars, the surface area values can

go up to around 100 m?7g for biochars produced at 600 °C, with a flushing flow of 40



8.4 Porosity characterization 121

140

120

100

[
o

— PW600-20 adsorption
- - - PW600-20 desorption
60 —— PW600-40 adsorption |
- - - PW600-40 desorption
—— PW400-20 adsorption |

N2 volumen adsorbed (cm3/g)

o8 - - - PW400-20 desorption
20+ B
0 """""""""" t S— t T 1 I [
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
p/po
45 T T T T T T T T T
—— CD600-40 adsorption —— CD400-20 adsorption ~—— Cel-waste360 adsorptio
40~ --- CD600-40 desorption - -- CD400-20 desorption --- Cel-waste360 deso n -
— CD600-20 adsorption e

35 --- CD600-20 desorpton ~  ___-----------"77770

N2 volumen adsorbed (cmslg)

0.5 0.6 0.7 0.8 0.9 1
p/po
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1/min, while for the rest of the samples the values would remain below 20 m?/g. The
major contribution to the surface area and volume for woody biochars produced at
600 °C is provided by the presence of micropores, as qualitatively explained with the
evaluation of the adsorption isotherms. However, in the case of corn digestate biochars,
mesopores have a much more significant contribution to the total pore volume. There-
fore, inorganics would not only reduce the presence of micropores through potential
blocking, but could also enhance the development of mesopores. As far as the author
is aware of, this enhancement of mesopores in biochar due to the presence of inorganics

has not been previously reported in literature.

Finally, it is important to highlight a phenomenon caused by the biochar porosity and

enhanced by the measurement conditions (77 K), which can have a very significant
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impact on the final results: diffusion limitation. This is easily observable in Fig. 8.6
for all the isotherms except PW600-40 and some of the corn digestate biochars. The
fact that the desorption isotherm does not come back to the adsorption isotherm (the
same quantity of Ny adsorbed is then desorbed) might be an indication of the presence
of this phenomenon. To further support this, three different samples of PW600-20
were plotted in Fig. 8.6 (top). It can be seen that the adsorption behavior also differs
significantly among them. Besides, the lower the adsorption in the low pressure range
(smaller pores are filled) is, the further the desorption isotherm remains with respect
to the adsorption isotherm. Another indication would be that for the three samples,
the final Ny volume adsorbed is quite similar, i.e., for those samples which present
the highest diffusion limitation in the low pressure range, once the Ny concentration
is increased, this limitation may be partially overcome. This leads to a change in the
shape of the curve, which then conducts to false results once the models are applied.
This is why in Tables 8.1 and 8.2 the values for each repetition (a, b and ¢) are shown,
instead of giving averages and standard deviations. In this way, it can be seen besides
that not all the models have the same sensibility to this phenomenon, being the DFT
model the most problematic, since it analyzes the whole adsorption isotherm and not

only a specific range.

It is not possible to avoid this phenomenon, since it is related to the biochar porous
structure and to the measurement temperature, however it should be always evaluated
and reported. Therefore, any result reported with those models is relative and it must
be compared to other models and related to the measurement conditions and the type
of char being analyzed. As far as the author is aware of, this problematic has not been

previously addressed in literature for biochar characterization.

Interestingly enough is the fact that pine wood biochar produced at 600 °C with the
highest flushing flow (40 1/min) does not present this diffusion limitation and, at the
same time, shows higher Ny adsorption in the low pressure range. This could indicate
that with higher flushing rate this problematic could be partially avoided or, in other
words, this limitation could be related to deposition of volatiles, partially clogging
the smallest pores, or to the formation of secondary char, due to the higher volatiles

concentration and retention time with lower flushing rates.

In the case of corn digestate, biochars produced at 600 °C with a Ny flushing rate
of 40 1/min present also higher porosity than those produced with 20 1/min, but the

transport limitation seems to be still significant.

This will be further investigated in the future, using another gas which reduces the

diffusion limitations, COs,, since the measurements are done at 0 °C.

The sample from cellulose and waste presents the lowest porosity due to the lower

conversion temperature.
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(m?/g) SSA | SSA | uSSA | uSSA | >2nm | >2nm | >3nm
Method BET | DFT V-t DFT V-t DFT BJH

PW600-20 a | 397.50 | 412.74 | 360.06 | 362.61 | 37.44 50.13 11.21
PW600-20 b | 418.58 | 493.04 | 387.43 | 473.69 | 31.16 19.35 8.08
PW600-20 ¢ | 338.80 | 262.79 | 263.61 | 199.01 | 75.19 63.78 29.46
PW600-40 438.11 | 473.77 | 412.38 | 459.29 | 25.73 14.48 8.81
PW400-20 6.36 3.36 3.25 3.74 3.10 1.62 1.42

CD600-20 a 7.88 8.07 1.19 3.20 6.69 4.87 7.82
CD600-20 b | 20.59 | 14.93 5.24 5.66 15.35 9.27 7.41
CD600-20 ¢ 8.19 8.84 0.75 3.11 4.45 5.74 8.63
CD600-40 a | 98.26 | 95.41 | 78.63 | 74.53 | 19.64 20.88 8.30
CD600-40 b | 122.06 | 90.20 90 69.21 | 32.27 20.98 11.24
CD400-20 5.64 4.93 0.80 1.65 4.84 3.28 3.03

Cel-waste \ 3.15 \ 2.92 \ 0 \ 0.79 \ 3.15 \ 2.14 \ 2.21

Table 8.1: Total specific surface area according to the BET method, total specific surface area ac-
cording to the DFT method and surface area distribution in microporosity (< 2 nm) and porous bigger
than 2 nm according to the methods V-t, DFT and BJH.

(em?/g) TPV | TPV | pvol | pvol | >2nm | >3nm
Method DFT | V-t | DFT | DFT BJH

PW600-20 a | 0.186 | 0.170 | 0.153 | 0.130 | 0.040 0.018
PW600-20 b | 0.179 | 0.164 | 0.153 | 0.148 | 0.016 0.013
PW600-20 ¢ | 0.174 | 0.160 | 0.109 | 0.102 | 0.058 0.038
PW600-40 0.188 | 0.171 | 0.164 | 0.158 | 0.013 0.014
PW400-20 0.006 | 0.005 | 0.001 | 0.002 | 0.003 0.004

CD600-20 a | 0.022 | 0.018 | 0.001 | 0.001 | 0.017 0.024
CD600-20 b | 0.017 | 0.022 | 0.001 | 0.003 | 0.019 0.022
CD600-20 ¢ | 0.025 | 0.024 0 0.001 | 0.023 0.025
CD600-40 a | 0.066 | 0.059 | 0.034 | 0.029 | 0.030 0.025
CD600-40 b | 0.078 | 0.068 | 0.035 | 0.037 | 0.031 0.033
CD400-20 0.015 | 0.012 0 0.001 | 0.011 0.014

Cel-waste | 0.007 | 0.006 | 0 | 0 | 0.006 | 0.007

Table 8.2: Total pore volume measured at a partial pressure of 0.99, total pore volume according to
the DFT method and pore volume distribution in microporosity (< 2 nm) and porous bigger than 2
nm according to the methods V-t, DFT and BJH.



8.5 Biochar wettability and contact angle 125

8.5 Biochar wettability and contact angle

As it has been already introduced in section 7.4.2, the determination of char wettability
has been performed by Dr. Gerardo Ojeda and Prof. Jorg Bachmann, as result of a
common collaboration. However, the interpretation of these results and correlation to

other biochar properties and production conditions is topic of the present work.

In Fig. 8.8 the water absorption behavior of several biochars samples is shown. On the
left, those for corn digestate and cellulose and, on the right, the behavior for woody
biochars. Corn digestate biochars produced at different pyrolytic conditions show a
similar pattern regarding water absorption, with higher capacity as the conversion
process severity increases, leading to an increase in porosity and reduction in surface
functional groups. Woody biochars present two completely different behaviors. While
chars produced at the highest severity (600 °C, 40 1/min) show similar patterns to
those from corn digestate biochar (although with slightly lower capacity of absorbing
water), those produced at lower temperatures do not show almost capacity to absorb
water, reaching an asymptotic behavior after the first seconds. Cellulosic biochar shows
similar behavior as woody biochars produced at mild conditions. These behaviors are

directly related to biochar hydrophobicity.

When water is substituted by hexane, corn digestate biochars still show similar absorp-
tion capacity in comparison with water, however the capacity of absorbing hexane by
pine wood biochars is much higher than the one for water. If both absorption curves
are compared, the contact angle can be determined. For that, the slope of each water
and hexane curve is evaluated in intervals of approximately 10 s and compared with
each other. The contact angles obtained are shown in Table 8.3. As it can be seen,
pine wood biochars present contact angles close to 90°, except PW600-40, which is
an indication of higher potential hydrophobicity [213], while corn digestate biochars
present lower contact angles. From these results it can be concluded that biochars are
mostly hydrophobic. However, it has been also shown that after one year in soil, they
loose part of this hydrophobicity [213].

8.6 PAHs content

When biochar is applied to soil, it can also have negative impacts, among others, due
to the contaminants introduced in the soil. These contaminants may be heavy metals
or organic compounds, such as polycyclic aromatic hydrocarbons (PAHs) or dioxines.

In this Section the presence of PAHs in several biochar samples is evaluated.

As previously reported in Section 7.4.2, these measurements have been performed at

the University of Bologna by Alessandro G. Rombola and Prof. Fabbri, as result of
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Figure 8.8: Water absorption behavior over a period of 200 s for several biochar samples: corn
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t(s) ‘PW600—40 CD600-40 | PW600-20 | PW400-40 | CD400-40 | CEL360

2-10 73.7° 66.2° 77.2° 81.4° 70.1° 84.1°
10-20 83.1° 27.1° 89.3° 88.8° 88.3° 89.2°
20-30 81.3° 66.8° 89.8° 89.8° 89.4° 89.9°
30-40 79.5° 73.1° 89.8° 89.9° 88.8° 89.9°
40-50 T70.T° 74.9° 89.9° 90.0° 88.4° 90.0°
50-60 77.3° 73.8° 89.8° 89.9° 88.0° 89.9°
60-70 77.0° 73.6° 89.7° 89.9° 87.5° 89.9°
70-80 74.7° 74.0° 89.7° 89.9° 87.1° 89.9°

Table 8.3: Contact angle from several biochar obtained from comparison of water absorption velocity

for water and hexane during 100 s.

a common collaboration. However, the evaluation and correlation with other biochar
properties characterized in the present work, as well as with the production condi-
tions, is a topic of the present work. Part of these results, in particular PW600-20
(ID), PW400-20 (ID), CD600-20 (EU), CD400-20 (EU), BW600-20 (ID) and BW340-
50 (ID), will be published in a paper with the title ”Biochar stability characterization
by hydropyrolysis and pyrolysis-GC/MS” (in preparation for submission), in which I
will be co-author. In this paper, the stability of these biochar samples, determined
according to two different methods, is compared, and the results of PAHs content are
included for further characterization of the sample. In the present work, these results
are also included to have a better comparison of biochar PAHs content behavior, ac-
cording to physical distribution inside the reactor bed. That is to say, they belong to
the same experiments as the rest of the results presented in this thesis, but taken from
different parts of the bed.

According to the European Biochar Certificate [41], the biochar PAH content, which is
defined as the sum of the EPA (US Energy Protection Agency) 16 priority pollutants,
must be under 12 mg/kg for basic grade biochar and below 4 mg/kg for premium grade

biochar.

If the results shown in Chapter 5 and 6 are considered, PAHs can be produced during
pyrolysis, even at temperatures as low as 400 °C, due to secondary reactions inside the
solid matrix. They are not definitely one of the main products of pyrolysis at such
temperatures (for example Fagernés et al. [100] reported yields ranging from 0.1 - 0.4
%wt of the tar yield in slow pyrolysis, at a final pyrolysis temperature of 500 °C), but

their presence in biochar may be high enough to advise against its use in soil.

This PAHs content in the char is dependent on the process conditions, mainly maximum
temperature reached in the process, feedstock and mass transport limitations due to

potential enhancement of heterogeneous secondary reactions. For example, as reported
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in Chapter 6, the emission of PAHs (detected in the vapor phase) for pine wood chips
starts when the temperatures inside the solid bed ranges between 300 - 350 °C (Fig.
6.3, )); being at those temperatures 2-ring aromatic compounds the main species.
This is in good agreement with the results shown in Fig. 8.10 and 8.11, where it is
already observable that at 340 °C PAHs species are present in the biochar from beech
wood, being naphthalene the most significant species. At higher temperatures (400
°C for biochar coming from pine wood), the presence of PAHs increases, for two main
reasons: more volatiles are produced, which can further react in the solid matrix and,
at those temperatures, these secondary reactions could be also enhanced. However,
when the temperature further increases to 600 °C the presence of PAHs decreases
significantly. At those temperatures almost no more volatiles, which can further react,
are being produced and the temperatures are also high enough to evaporate a good

part of the PAHs still present in the solid matrix.

In both Fig. 8.10 and 8.11 results are shown for bottom (ID, ED) and top (EU, IU) of
the reactor bed. It can be seen that for pine wood the PAHs content is always higher at
the bottom of the reactor. This is due to the fact that the temperatures are always lower
in this position, as consequence of the heat transport phenomena behavior inside the
reactor. For the experiment at 400 °C (this temperature is measured in the reference
position at 10 cm from the bottom of the reactor), the lowest of the maximum reached
temperatures (at the end of the experiment) was 360 °C (temperature measured at the
inlet of the bed). Therefore, the temperatures correspondent to the sample bottom
would be between 360-400 °C. On the other hand, the average temperature of the gas
phase above the bed is 575 °C. Consequently, the sample correspondent to the top
of the reactor would have a minimum temperature of 400 °C and could go up to a
maximum temperature of 575 °C. At those temperatures, the evaporation of volatiles
from the sample is already significant and that could explain the lower content. For
600 °C the temperature correspondent to the sample from the bottom of the reactor
would range between 580 - 600 °C, while the temperature in the gas phase is 700 °C,
so the temperature for the top sample could range from 600 °C up to a maximum
possible temperature of 700 °C. Evaporation could explain the low content in PAHs of

the sample at the top of the reactor.

With respect to beech wood, the values at the top and bottom of the reactor are similar
for both temperatures 340 and 600 °C, being at 600 °C the PAHs total content for the
bottom of the reactor very similar to the ones of pine wood biochar produced in similar
conditions. This is due to the fact that the temperatures are similar. At the top of the
reactor, however, the PAHs content is higher in the case of beech wood samples. This
could be explained by the fact that the temperature of the gas phase in the beech wood
experiments at 600 °C is 630 °C. At that temperature, less PAHs could be evaporated

in comparison with pine wood (maximum possible temperature of 700 °C). Besides, the
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particle size is bigger in the case of the beech wood samples, enhancing therefore mass
transport limitations. For the experiment of 340 °C, the axial temperature gradient
is 10 °C, hence the similarity in temperatures would explain the similarity in PAHs

content.

For corn digestate, however, the trend is the opposite, being the PAHs content always
higher at the top of the reactor. In both cases the temperatures were also higher at the
top than at the bottom of the reactor, suggesting that the pyrolysis mechanism behind
the formation of PAHs is different in this case and it is shifted to higher temperatures.
It must be taken also into account that the ash content in the corn digestate biochar
is very high, with values around 40 %wt in dry basis. Since the volatiles are produced
in the organic phase, to compare the total PAHs in the same basis for corn digestate
and wood biochars (volatiles % wt,daf), the PAHs content in the case of corn digestate
should be multiplied by an approximate factor of 1.7. This leads to higher PAHs
concentration in corn digestate than in pine or beech wood for all the cases, except
bottom reactor at 400 °C in pine wood. This different behavior in the PAHs content

could be explained by the ash content and the nature of this ash.

To know more about these PAHs, in Fig. 8.11 the quantitative characterization is
presented. It is of high interest the variations in composition, above all for samples
coming from pine wood and from corn digestate. The most significant result is the
fact that in biochar from pine wood at 400 °C, the main PAH species is phenanthrene
followed by other species such as fluoranthene and pyrene. This means that even at
those low temperatures, 3- and 4-ring aromatic compounds are being produced. At
higher temperatures, naphthalene is the main species, at it is for beech wood. The
fact that at 340 °C the presence of bigger PAHs for beech wood is very reduced could
be explained by the still too low temperatures for the formation of these compounds.
In the case of corn digestate, naphthalene is for all the conditions the most abundant
PAH, with a significant difference over the other species. This reaffirms the different

mechanisms in formation of such species for both types of biomass.

Regarding to the application of biochar to soil, while in almost all the cases a basic grade
biochar is obtained, it can be concluded that for a high quality biochar temperatures
close to 600 °C must be reached.

8.7 Stability

The pyrolysis-GC-MS analysis presented in the this Section have been performed at
the University of Bologna by Alessandro G. Rombola and Prof. Fabbri, as previously

explained, as result of a common collaboration. These results will be published in a
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Figure 8.10: Total PAHs content for biochar samples produced at different conditions from three

different feedstocks. For each case, samples from the top and the bottom of the reactor are analyzed.

paper with the title ” Biochar stability characterization by hydropyrolysis and pyrolysis-
GC-MS” (in preparation for submission), in which I will be co-author. In this paper,
these two techniques to address biochar stability are compared, being the samples
produced during the present work under investigation. These results will appear also in
the PhD thesis of Alessandro G. Rombola (University of Bologna), since he develops an
accumulative thesis (with journal publications). However, in this thesis, the objective
is to relate the biochar stability with other biochar properties evaluated during the
present work, as well as with the biochar feedstock and production conditions, and not

to compare two techniques to address biochar stability.

As it has been previously said in Section 7.3.2 and 8.1, stability in soil is a very
important property of biochar, since it determines its oxidation capacity and therefore
its changes in surface properties but, above all, its capacity to retain carbon in soil.
Studies to address stability in soil are not easy to perform, since they have to be
carried out in a relatively short amount of time (several months to a couple of years)
but give information about biochar evolution in hundreds of years. This is why so
many studies are available, with different methodology and wide variety of results, as
it has been reported by Spokas [172] in a review about the topic. However, results
seem to indicate that it is possible to correlate the stability of biochar in soil with, at
least, the O/C molar ratio [172]. In this way, biochars with a O/C molar ratio < 0.2
seems to account for a half life of at least 1000 years in soil. This has been analyzed for
the biochars evaluated in the present work in Section 8.1. However, to get further in
the correlation of this potential stability of biochar with its composition and structure,
pyrolysis-GC-MS measurements have been included, where these biochars are further

pyrolyzed up to 900 °C and the species produced are characterized with a GC-MS.
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Figure 8.11: PAHs species present in biochar produced from pine wood (top), corn digestate (middle)
and beech wood (bottom) at different conditions.
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Figure 8.12: Py-GC-MS analysis of pine wood biochar samples produced until a temperature of 400

°C (reference position). The samples are taken from the top and bottom of the reactor.

Fig. 8.12 shows the results for biochars from pine wood produced at 400 °C from
both positions inside the reactor, top (EU) and bottom (ID). These samples have a
volatiles content of 13.78 %wt and 33.7 %wt in dry ash free basis, O/C molar ratios
of 0.07 and 0.19 respectively and H/C molar ratios of 0.40 and 0.71. Those data are
in accordance with the pyrograms, i.e., the volatile matter still present in the biochar
sample is significantly higher in the case of PW400-20 (ID) and that would explain the
release of those labile compounds, i.e. mostly alkyl phenols; while the pyrogram coming
from the PW400-20 (EU) is quite clean, indicating a higher degree of carbonization
already in the sample and, therefore, significantly lower lability of the biochar, also
consistent with the O/C ratio of 0.07.

Fig. 8.13 shows the pyrograms for the four biochar samples produced from corn di-
gestate, at both, 600 and 400 °C. The first thing that should be remembered here is
that these samples have a quite high ash content, around 40 %wt, consequently, in
order to compare these quantitative values with the ones from pine or beech wood,
they should be multiplied by a factor of approximately 1.7. This is why the pyrograms
seem more stable and clean, because they are represented with respect to the whole
biomass sample, not only with respect to the organic phase. Nevertheless, both sam-
ples show already a high aromatization degree. This is also consistent with the results

for H/C molar ratios shown in Fig. 8.2, where for similar volatiles content, the H/C
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Figure 8.13: Py-GC-MS analysis of corn digestate biochar samples produced until a temperature of
600 and 400 °C (reference position). The samples are taken from the top and bottom of the reactor.

ratios were lower in the case of corn digestate than for any other sample, while the
O/C ratios were in accordance with the other results. Therefore, with biomass with
high ash content, less severity in the process is required to reach higher stability due
to the inorganic phase. The question that may arise here is: where are then going all
those volatiles detected for corn digestate biochar samples, since the pyrograms are so
clean? This could indicate that a significant part of the volatiles content measured
for corn digestate is not organic and, therefore, cannot detected in the Py-GC-MS,
but inorganic, such as carbonates. These results would support then the explanation
presented in Section 8.3 for the lower H/C ratios of corn digestate biochars, with the

same volatiles content (%wt, daf), in comparison to woody biochars.

Fig. 8.14 shows the pyrograms for beech wood. It is interesting to notice that for the
pyrograms at low temperatures, i.e., 340 °C for beech wood, despite the fact that they
are dirty, i.e., still a lot of species are still released, showing a high degree of lability,
these species are different in comparison with the pyrogram from pine wood biochar,
with higher presence of compounds such as methyl-syringol, biphenyl or naphthalene,
while in the case of pine wood biochar at lower temperatures, the main compounds are
alkyl phenols. At 600 °C the pyrogram is almost clean, consistent with the volatiles
content on 5.80 %wt, daf basis and the O/C and H/C ratios of 0.04 and 0.17 respec-
tively.
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Figure 8.14: Py-GC-MS analysis of beech wood biochar samples produced until a temperature of 600
and 840 °C (reference position). The samples are taken from the top and bottom of the reactor.

8.8 Conclusions

Biochar samples were produced using several raw materials (agricultural residues, bio-
waste, wood and cellulose) at different pyrolysis conditions, with the objective of having

an array of samples able to simulate a wide range of potentially produced and marketed
biochars nowadays.

Several properties of these biochars have been characterized. These could be divided
in primary characterization, i.e., minimum set of properties that need to be addressed
to determine that the sample is indeed biochar and not only partially charred organic
matter; and advanced characterization, that is to say, those properties that give more
information about the physical and chemical structure of biochar and can work as a
relation link between primary characterization (related to the feedstock and pyroly-
sis conditions) and biochar application. Primary characterization would include H/C
and O/C ratios, volatiles, and ash content while advanced characterization would en-
compassed pH, surface functional groups and porosity distribution. Finally another
set of properties, which could be defined as application-related properties, have been
evaluated, including potential PAH toxicity, stability and wettability.
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The combination of production conditions, primary and advance characterization pro-
vides knowledge about how to produce biochar, and the application-related properties
describes its possible behavior in soil. This information could be then used as feedback
in the production process, so that biochar would be "engineered” for different sets of

requirements regarding its application in soil.

Regarding primary characterization, it has been shown that O/C ratios present a linear
behavior with respect to volatiles content (%wt, daf), independently of the pyrolyis
conditions and feedstock, for a wide range of biochars. While in the case of H/C ratios,
corn digestate presents different behavior (for all pyrolyis conditions) with respect to
other biochars. This could be attributed to different pyrolysis pathways due to the high
ash content of corn digestate, enhancing aromatization in the biochar. But it could be
also related to a high inorganic fraction in the volatiles content. In this case, the low
H/C ratio could be potentially correlated to a lower organic fraction of the volatiles.
Consequently, the behavior of the H/C ratio in corn digestate biochars would be more
similar to the one for woody biochars. Py-GC-MS results of the corn digestate biochars
are quite clean, i.e., almost no labile species are released. That is related to the high
ash content of these biochars, but could also support the idea of a relevant inorganic
fraction in the volatiles content, since they would not be detected by the Py-GC-MS,
when further pyrolyzed up to 900 °C.

In the case of pH, it shows a clear dependence on both, process severity, and therefore
carbonization degree (represented with the volatiles content), and initial feedstock,
distinguishing between low and high ash content feedstock. Values ranging from 4 to
almost 13 were obtained. A good correlation has been also observed between biochar pH
and biochar surface functional groups: the lower the acidic functional groups content,
the higher the pH.

Porous structure varies greatly among biochars. While woody biochars produced at
600 °C present typically micropore structure with total specific surface areas around
400 m?/g; in chars produced from corn digestate this microporosity is not present in
most cases. Woody biochars produced at 400 °C present also micropores, but much less
developed than higher temperature woody biochars, i.e., microporosity must be still
developed through volatiles release, to open the pores, and further solid aromatization.
The explanation for the lack of microporosity in corn digestate biochars is attributed
to the high inorganics content which could potentially block the pores. It has been also
shown that higher Ny sweeping flow during the pyrolysis process, leading to a lower
retention time and concentration of volatiles in contact with the solid matrix, enhance
microporosity development (from below 20 m?/g up to 100 m?/g for corn digestate
biochars produced at 600 °C with 20 and 40 1/min flow respectively). This indicates
that micropores blocking is related to volatiles which, due to the high concentration and

retention time, may further react to form secondary char or condense in the pores. The
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fact that this phenomenon is also that significant in corn digestate biochars, suggests
that pore blocking is also related to volatiles. High ash content enhances, moreover,
mesoporosity development. Besides pore size characterization, assessment of diffusion
limitations during the measurement and relation to the production conditions has been
performed. These transport limitations lead to false results interpretation if not taking
into account and make the results only significant from a relative perspective, rather
than provide absolute values. As far as the author is aware of, the influence of flow
rate, the development of mesoporosity due to high ash content and the assessment of

transport limitations are here reported for the first time in the field of biochar.

Both pH and porous structure seem to have an impact on char wettability. The more
acidic the biochar surface, the lower the capacity to absorb water. Besides, the higher
the diffusion limitations inside the biochar sample, the lower the capacity to absorb wa-
ter. However, microporosity does not seem to play a role in this case, since the biochars
with no microporosity absorb the same quantitiy of water as those with microporos-
ity. With the same production conditions, corn digestate biochars show significantly
lower hydrophobicity (lower contact angle) than woody biochars. This seems to in-
dicate that pH and surface functionality are the determining properties, having basic

biochars better wettability.

Finally, regarding the presence of PAHs, it has been shown that at temperatures as
low as 340 °C, PAHs are already produced. Then, for temperatures around 400 °C,
the maximum quantity of PAHs is detected in the biochar sample, overcoming the
maximum level of admitted PAHs content for pine wood biochar. At higher temper-
atures, the PAHs content is reduced again, due to vaporization of these species from
the solid matrix. At temperatures above 550 °C, premium quality biochar, regarding
PAHs content, can be produced. The composition of these species is also completely
different depending on the feedstock, while naphthalene is the main species in corn
digestate biochar, phenanthrene and fluoranthene are the main species in pine wood
biochars at low temperature. This seems to indicate different formation pathways of

these compounds, depending on the feedstock composition.

Knowledge gained on detailed pyrolysis mechanisms, specially with respect to the pres-
ence of secondary reactions, has been also key to understand the results obtained for
biochar characterization.

In Fig. 8.15 this conclusions are also summarized. Biochar should be produced at tem-
peratures above 550 °C, independently of the initial feedstock, to guarantee the quality
criteria of H/C and O/C ratios and PAHs content. Ny flow during the pyrolysis process
would significantly enhance microporosity evolution. If biochar is produced with the
final goal of increasing water holding capacity, biochars with relatively high ash content

should be preferred, since they present lower hydrophobicity. This characteristic would
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Figure 8.15: Conclusions from biochar characterization

also affect to other properties related to water dynamics. These conclusions can be ap-
plied to "engineer” appropriate biochars with respect to soil demands and certification

requirements, as well as to improve biochar certification.






Chapter

Summary

Two were the main objectives of this thesis: to get a deeper understanding of slow py-
rolysis conversion of lignocellulosic materials in conditions similar to the ones present
at industrial scale, by contributing to the development of detailed pyrolysis mecha-
nisms, with focus on heterogeneous secondary reactions and the pathways leading to
the formation of polyaromatic hydrocarbons (PAHs); and to evaluate this process as a

potential way of producing biochar for soil amendment and carbon sequestration.

To this end, a technical-scale fixed-bed reactor was built to perform on-line character-
ization of the transitory evolution of the pyrolysis process through temperatures and
permanent gas composition characterization, as well as LIF spectroscopic analysis of
species potentially able to emit fluorescence under the measurement conditions applied

in this work.

Besides, several characterization techniques were developed to address biochar prop-
erties and behavior in order to correlate process conditions with biochar properties
and its potential applications. When needed, external collaborations were established
to address both, validity of some characterization techniques or to let new biochar

properties be analyzed.

Regarding on-line pyrolysis characterization, the major contribution of this work was
the detection of heterogeneous secondary reactions, enhanced by larger residence time
of produced volatiles in contact with the solid matrix, resulting in the production of
PAHs. With the combination of both techniques, GC-TCD and LIF spectroscopy,
it was possible to discriminate between primary pyrolysis and secondary reactions of
primary volatiles, with this second stage characterized by the enhancement of CH, and
PAHs production including 2-, 3- and 4-ring aromatic compounds. Increase in volatiles
concentration and residence time in contact with the solid matrix led to increase in
gas yields at the expense of liquid yields. The exothermic character of these secondary
reactions was also addressed. As far as the author is aware of, it is the first time that

LIF spectroscopy has been applied to qualitatively follow the emission of PAHs during
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slow pyrolysis in a technical-scale reactor, as a pathway to address the presence and

enhancement of heterogeneous secondary reactions.

To further understand the origin of these observations, further investigation on the
pyrolysis mechanism of lignocellulosic materials was performed. For that, holocel-
lulose and lignin, the main macromolecules present in lignocellulosic materials, were
considered, as well as wood and washed wood, where alkali and other metals content
is reduced. Based on the experimental results, a pyrolysis mechanism was proposed.
Briefly, hollocellulose would be the major source of volatiles products. Primary holo-
cellulose decomposition would produce small char yields, CO, small quantities of CO,
and CHy. Secondary reactions of primary volatiles would lead to increased char yields
and significant release of CO,. With the release of COs, 2-ring aromatic compounds
(PAH) such as naphthalene, would be also produced, according to the LIF spectro-
scopic analysis. Other species containing carbonyl structures would also contribute to
the total fluorescence signal. Lignin would be the major contributor to char yields,
as well as to PAHs species. During primary devolatilization, mainly 1-ring aromatic
compounds (phenolics), together with 2-ring aromatic compounds (PAHs), would be
released. In this zone CO, would be also formed. At higher temperatures, heteroge-
neous secondary reactions would become significant, being coincident with the onset in
the emission of CH,, CO and H,, and giving place to a shift in the fluorescence spectra
to longer wavelengths due to the formation of PAHs with three and four rings. For
pine wood, fluorescence signal presented two stages: an early one, at low temperatures,
attributed to the release of species with carbonyl functional groups present in extrac-
tives or hemicellulose. This signal would be observed also occasionally in holocellulose.
And a second stage attributed to the formation of PAHs. Wood pretreatment with HCI
and distilled water or heptane, as organic solvent, showed that the early fluorescence
signal does not come from extractives susceptible of dissolving in these substances.
However, it was observed that this washing had a direct impact on the LIF signal cor-
respondent to PAHs emission, being reduced. This would be related to the fact that
this washing removed partially the alkali and other metals content in wood, which are
known to enhance secondary reactions. Future work is needed to precisely identify the
source of the early fluorescence signal. The results regarding PAHs emissions, qualita-
tively detected by LIF spectroscopy, were further confirmed by GC-MS analysis. This
knowledge on pyrolysis conversion has been crucial to understand biochar responses to

process conditions.

Regarding biochar production and characterization, the first step was the development,
of several characterization techniques to address biochar properties. Of special signif-
icance was the development and knowledge achieved in porosity characterization. In
this field, the author took part in the EU COST Action TD1107 ’'Biochar as option

for sustainable resource management’, as previously explained. With respect to the
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results presented here, it has been shown that temperatures above 550 °C in the pro-
duction process are required to fulfill most of the biochar quality criteria described in
the European Biochar Certificate. Besides, the utilization of Ny during the production
process would increase significantly biochar quality, regarding microporosity evolution
and char wettability. It has been also shown that pH value in biochar correlates with
both, acidic surface functional groups and ash content, and it seems to be the most de-
termining parameter in biochar wettability. At the same time, ash content in biochars
hinders microporosity development while enhancing mesopore formation. With respect
to potential toxicty of biochar in soil due to PAHs content, it has been also shown that
with production temperatures above 550 °C, premium quality biochar is guaranteed.
As far as the author is aware of, the relations between flushing flow and biochar micro-
porosity, as well as between biochar ash content and mesoporosity development, have
been characterized for the first time in the present work. These conclusions can be ap-
plied to "engineer” appropriate biochars with respect to soil demands and certification

requirements, as well as to improve biochar certification.

9.1 Future work

Further investigation on the effect of process conditions on products yields and compo-
sitions, including further quantitative characterization, is required, due to the fraction
of volatiles that can neither be measured on-line nor condensed with the current equip-
ment. To complete this, experiments will be performed in the near future in an external
institution where a FTIR will be attached to the reactor for on-line characterization of
light volatiles. Besides, information about the water yields is required, as well as on

the elemental balances of the process.

These experimental results will be used for validation of a mathematical model previ-

ously developed in this research group [15].

Further development in the LIF system, firstly to avoid self-absorption due to high
volatiles concentrations, and secondly to be able to reach semi-quantitative values, is

required.

Regarding biochar, further investigation with alternative adsorptive species which present
lower diffusion limitation, for example CO,, will be performed to gain more knowledge
on the biochar porous structure. Further investigation on the surface functionalities,

specially regarding cation exchange capacity (CEC) will be also performed.
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