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CHAPTER 1 : INTRODUCTION

Climate change is one of the most important challenges the modern world is
facing (Lehmann et al., 2006). It is now commonly accepted that the increase
in the greenhouse gases concentration (mainly carbon dioxide, methane and
various nitrous oxides) in the atmosphere affects Earth's climate system
(Lehmann et al., 2006). One of the main reasons for this concentration is the
use of fossil fuels, a practice that can only be reduced through international
efforts. In recent decades, the industrialized countries lifestyle has
significantly changed the scenario and the energy prospects worldwide
(Hubacek et al., 2007). Indeed, the increasing energy demand, coupled with
the high cost of conventional fuels, the uncertainty of their supply and the
problems related to global warming, stresses the importance of this resource
that may no longer be undervalued and regarded as something for granted
(Strategia Energetica Nazionale, 2012).

At present, interest in the search for alternative and renewable energy sources
has increased dramatically (Zhang et al.,, 2010). These can in fact
complement and partly replace fossil fuels, allowing both the diversification
of energy supply and the reduction of greenhouse gases emissions. In the
perspective of climate mitigation strategies, a possible and viable alternative
to fossil fuels is the use of bioenergy alternatives.

Bioenergy is a renewable and clean energy source derived from biomasses
(Zhang et al., 2010). Different kinds of waste materials (such as food
residuals, agricultural crops, animal and municipal solid wastes) have the
potential to be converted into energy and bio-products, which can be applied
for power generation, transportation, as well as the production of
biomaterials. For example, biomasses can be easily processed into higher-
value fuels, such as methanol (C;HsOH) and hydrogen (H,) (Zhang et al.,
2010).
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The modern industrial systems for the production of bioenergy include
thermo-chemical processes, such as pyrolysis and gasification (Bridgewater,
2001). These practices involve the heating of various types of biomass
(feedstock), under controlled conditions, to produce synthesis gas (or syngas)
and oil (or bio-oils), commonly used as fuel. Both products can be burned to
produce heat, power or a combination of the two. The third combustible
produced by pyrolysis is a carbon-rich solid residue referred to as biochar,
char or charcoal. This material is a highly porous fine grained substance,
really similar in appearance to the coal produced by natural burning.

First considered as an industrial waste, in recent years, the interest in this
material has grown enormously due to its ability to improve physical,
chemical, biological and mechanical properties of soils, when used as a soil
amendment (Glaser et al., 2002; Lehmann et al., 2003; Day et al., 2005;
Liang et al., 2006; Polmehier et al., 2009; Sohi et al., 2010; Uchimiya et al.,
2010; Yuan et al., 2011). Its application to soils (still banned in Italy) is
practiced to achieve two main objectives: increase soil fertility and contribute
to climate change mitigation through carbon sequestration in soils (Ogawa et
al., 2006; Laird, 2008; Matthews, 2008; Lehmann et al., 2009).

Recently, char has also been used (unmodified or further activated) for
remediation purposes due to its adsorption properties (Franz et al., 2000;
Machida et al., 2006; Uchimiya et al., 2011). Biochar can be applied in
wastewaters treatment for the removal of heavy metals or other chemicals
released from industrial activities (Liu and Zhang, 2009), but also directly on
soils to uptake organic and inorganic contaminants, thereby sequestering and
rendering them unavailable for plants (Beesley et al., 2010; Namgay et al.,
2010; Uchimiya et al., 2010; 2011; Fellet et al., 2011; Karami et al., 2011).
The properties and the effects of biochars widely vary since they are
produced by various processes (i.e., gasification, pyrolysis) and from any

kind of natural or synthetic organic material (de Jong et al., 2003; Shinogi et
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al., 2003; Yaman, 2004; Erlich et al., 2006; Mohan et al., 2011). Both the
chemical composition and the physical structure of biochar are influenced by
feedstock nature (Fushimi et al., 2003; Demirbas, 2004; Vassilev et al.,
2010), the technique used for its production (Antal and Gronli, 2003; Erlich
et al., 2006; Basu, 2010), and process conditions (e.g., charring temperature
and residence time) (Czimczik et al., 2002; Gundale and DeLuca, 2006;
Brown, 2009). Since these properties greatly influence biochar effects and its
interactions with the environment, we can infer that understanding char
chemical and physical properties is crucial in order to address it to correct
agronomical and environmental uses and allow meaningful pre-application

quality assessments.

1.1 Motivation and objectives of the study

Biochar production processes as well as its various applications provide
numerous benefits to both environment and economy (Lehmann et al., 2006;
Basu, 2010). However, understanding the physicochemical structure of this
valuable product has to be improved in order to be able to obtain the
aforementioned benefits and to avoid environmental costs.

In this study, chicken or poultry manure (PM) was chosen as feedstock for
biochar preparation. This biomass is traditionally used by farmers as an
effective organic fertilizer (Chan et al., 2008). Indeed, it is considered a
valuable source for readily available plant nutrients, such as N, P, K and
other micronutrients (Huang et al., 2011). Notwithstanding the advantages of
PM for increasing soil fertility, there are food safety and environmental
concerns about its application in agricultural sites in its unmodified form
(Wilkinson et al., 2003; Chan et al., 2008). In fact, the misuse of chicken
manure as fertilizer may result in serious environmental problems (Gay et al.,

2003), such as human and animal health risks, odors, and leaching of nitrates
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and other pollutants into groundwater (Fan et al., 2000). For this reason,
conversion of chicken manure to char has been proposed as an attractive
methodology to reduce PM volume and weight, and its stink (Shinogi and
Kanri, 2003; Popov et al., 2004). Some studies have already examined PM
biochar characteristics (Uchimiya et al., 2010). Further studies must be
performed to evaluate the possibility to use poultry manure chars either as
soil amendments or for remediation purposes in order to avoid environmental
damages. As already stressed, char characteristics and properties are greatly
affected by pyrolysis process and its parameters (mainly process temperature
and residence time). These factors are particularly important in determining
the nature of the final product and, consequently, its potential value in terms
of carbon sequestration, agronomic performance and/or environmental
remediation.

The project has two main objectives. Firstly, it aims to report about the
changes occurring in the chemical properties and in the physical structure of
biochars produced from poultry manure when it is obtained at different
pyrolysis temperatures and heating times, and how these changes can
influence its agronomic or remediation potential. This topic is discussed in
Chapters 3 and 4.

The second objective of the project is to investigate the potential of three
different kinds of biochars, produced from poultry manure, conifer and
poplar wood residues, as adsorbents for inorganic contaminants (i.e., heavy
metals) for wastewater treatment. In chapter 5, biochar adsorption qualities
are evaluated using kinetic (pseudo-first order, pseudo-second-order),
equilibrium and isotherms (Langmuir, Freundlich, Toth and Redlich-

Peterson) models, used to fit experimental data.
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CHAPTER 2 : LITERATURE REVIEW

2.1 Biomass

The term biomass refers to non-fossil organic biodegradable substances
which are obtained by plant and animal residues, directly or indirectly
produced by photosynthesis (Loppinet-Serani et al., 2008). Biomass can be
considered as a stored source of solar energy in the form of chemical energy
contained in the chemical bonds between adjacent oxygen, carbon, nitrogen
and hydrogen atoms (Zhang et al., 2010). When these bonds are broken, by
biological and/or thermo-chemical processes, this stored energy is released.
The use of biomass fuels provides substantial environmental benefits: unlike
fossil fuels, biomass is a renewable resource and its combustion generates
lower emissions of environmentally detrimental gases, such as carbon
dioxide (CO,), sulphur dioxide (SO,) and nitrogen oxides (N,Oy) with
respect to fossil fuels (Jenkins et al., 1998; McKendry, 2002a). Biomass
absorbs carbon dioxide during growth and emits it during combustion
(Demirbas, 2004a). Therefore, biomass contributes to the atmospheric carbon
dioxide recycling and does not increase the greenhouse effect since, during
its growth, it uptakes the same amount of atmospheric CO, which is released
during its combustion (C neutral). However, it should be noticed that in
comparison with solid fossil fuels, biomass contains less carbon, more
oxygen, larger amount of moisture and has a lower heating value (Jenkins et
al., 1998; Demirbas, 2004a; Zhang et al., 2010). Nevertheless, biomasses can
be effectively employed for energy production, used directly or after having
been processed in a solid (charcoal), liquid (ethanol, biodiesel, methanol,
vegetable oil or pyrolysis oil) or gaseous (CH4, CO, CO,, H,) fuel (Basu,
2010). The conversion of biomass materials has the precise objective to

transform a carbonaceous solid material (originally difficult to handle, bulky




and with a low energy concentration) into a fuel having physicochemical
characteristics which allow its economic storage and transferability through
pumping systems (Demirbas, 2004a).

The biomasses used for energy purposes are available in various forms, and
can be classified according to their origin: forestry and agro-forestry,
agriculture, zootechnical or industrial wastes (Singh et al., 2000; Zhang et al.,
2010) (Fig. 1).

The biomass resulting from forestry or agroforestry activities is made mainly
by wood-like materials. Conversely, biomass from agriculture is made by
residues from agricultural activities (e.g., cereal straw, vine shoots, branches
pruning) or energy crops (e.g., sunflower, rapeseed, linseed, soybean,
coconut palm). Both forestry and agricultural biomasses are generally
composed of cellulose, hemicellulose, lignin, lipids, proteins, simple sugars
and starches (Mohan et al., 2006). But, among these compounds, cellulose
((C¢H100Os)x), hemicellulose (e.g., xylan (CsHgO4)n), and lignin ([CoH;¢O3
(OCHj3)0.9.1.7]n) are the three main constituents (Tab. 1) (Demirbas and Balat,
2007). Biomass also contains inorganic constituents and a fraction of water

(Jenkins et al., 1998; Mohan et al., 2006).

Component Percent Dry Weight
Cellulose 40-60
Hemicellulose 10-30
Lignin 20-30
Physical and Energetic Characteristics
Humidity 25-60%
Bulk density 800-1120 kg m™
Net calorific value | 3600-3800 kcal kg

Table 1 — Main characteristics of woody biomass.
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Industry Agriculture Forestry Waste

Biomass
[ESOUCes Food, fibre & Energy & short Forest harvesting & Landfill gas. Other
wood process

rotation crops. supply chain. Forest biogas. MSW
residues Crop residues. & agroforest incineration & other
Animal wastes residues

thermal processes

Traditional biomass: fuelwood
charcoal & animal dung from
agricultural production

Matching biomass supply & demands for
bioenergy, biofuels and materials
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Centralized Liquid & gaseous Heating/electricity & Bio-refining.
electricity &/or biofuels for cooking fuels used biomaterials,
Bioenergy heat generation transport on site biochemicals, charcoal
utilization
Energy supply Transport Building/industry Industry

Figure 1 — Biomasses and their energetic utilization (Reprinted from Energy Conversion and Management, vol. 51, Zhang et al.,
Overview of recent advances in thermo-chemical conversion of biomass, 969-982, Copyright 2010, with permission from Elsevier).
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The zootechnical industry provides animal biomasses, mainly livestock
manures. These are composed by all the waste products and the wastewaters
coming from herds (e.g., feces, urine, litter and food wastes). The manures
have a highly variable composition depending on their origin and on the
different types of farming to which animals are subjected. According to their
specific characteristics, these wastes should undergo different treatment to be
used as energy sources. Finally, food processing wastes (e.g., whey, meat or
fish slaughter residues), sewage sludge, municipal solid waste (MSW) and
pulping by-products (e.g., black liquor) are produced by industrial activities.

From the statistical report published by the Italian GSE (Gestore dei Servizi
Energetici - Manager of Energy Services) in 2010, biomass and wastes
represented only 11% of the national energy production. Among these, the
main input came from wood materials (37%) and biogas (29%) whereas
wastes and biofuels contributed respectively to 21% and 13% of the total

biomass energetic production (Fig. 2).

Biomasses for Energy Production

® Wood materials ™ Wastes = Biogas ™ Biofuels

Figure 2 — Biomasses used for the Italian bioenergy production in 2010 (GSE data).




Unfortunately, in Italy, biomasses are still considered more as wastes than as
energy sources. Farmers, breeders and agro-food industries generally tend to
burn these by-products or to dispose them in the environment, thereby
creating serious environmental and economic damages. Instead, the use of
these materials to produce renewable energy could lead to several benefits.
From an environmental point of view, biomass conversion to energy would
reduce greenhouse gases emissions and, from an economic point of view, it
would cut the cost of agricultural waste disposing and increase the companies

income.

2.2 Biomass energy conversion technologies

The conversion of biomass to energy can be achieved through two different
pathways: thermochemical and biochemical/biological processes (Ni et al.,
2006; Basu, 2010) (Fig. 3).

The processes based on thermochemical conversion are settled on the
transformation of the original biomass through the action of heat (i.e.,
combustion) directly into thermal energy or other products (solid, liquid or
gas) that can be subsequently used for energy purposes. Conversely,
biochemical processes exploit chemical reactions produced by enzymes,
fungi or microorganisms that break down biomass particles into smaller
molecules producing energy (Basu, 2010).

The choice of the most appropriate conversion process depends on the
physical, chemical and energetic properties of the biomass. As an example,
lignin is a non-fermentable material which cannot be completely decomposed
via biological approaches. For this reason, lignin must be degraded via
thermochemical approaches (Jenkins et al., 1998; Williams et al., 2003). Also
ligno-cellulosic biomasses which show low moisture contents (i.e., less than
30%) and high C/N ratios (i.e., C/N ratios exceeding the value of 30) are

directed to thermochemical conversion. Conversely, if the C/N ratio is lower
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than 30, and moisture content is higher than 30% of the total biomass weight,
the biomass is addressed towards biochemical conversion.

Although biochemical processes have the advantage to require little external
energy (Basu, 2010), thermochemical ones have higher efficiency. Indeed,
the latter require a lower reaction time (few seconds to minutes vs. several
days to weeks) and produce a larger amount of cracked organic compounds
than biochemical pathways (Bridgewater, 2001).

In the next paragraphs, a brief description of biochemical processes and an
overview of the principles and applications of the main four thermochemical
biomass conversion approaches (combustion, pyrolysis, gasification and

liquefaction) (Fig. 3) will be provided.
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Biomass

Conversion
Biochemical route Thermochemical route
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Hydrolysis
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|
[ I
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Figure 3 — Thermochemical and biochemical pathways for the conversion of biomass to energy.
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2.2.1 Biochemical conversion

Biochemical conversion approaches involves three main processes: 1)
anaerobic or aerobic digestion, 2) fermentation, 3) enzymatic or acid
hydrolysis (Fig. 3).

Anaerobic digestion is the process by which microorganisms break down

biodegradable material in the absence of oxygen (National Non-Food Crops
Centre, 2011). Anaerobic bacteria do not need oxygen from the air because
they process the one included inside the biomass (Basu, 2010).

The main products of anaerobic digestion are biogas (made by 60% methane,
40% carbon dioxide and traces of other gases) and digestate (an inert and
sterile solid residue containing valuable plant nutrients and organic humus)
(National Non-Food Crops Centre, 2011). Biogas can be combusted to
generate heat, power or transport fuel while digestates can be applied to soils
as fertilizer or be marketed as a peat substitute (Dagnall, 1995). Digestate
fiber may also be used as feedstock for ethanol production (Yue et al., 2010)
or subjected to secondary processing in order to make low-grade building
products, such as fiberboard (Dagnall, 1995).

Aerobic digestion or composting also provides a biochemical breakdown of

biomass, but it takes place in the presence of oxygen. Aerobic bacteria carry
out chemical processes to convert the starting biomass into heat, carbon
dioxide, water and ammonium. The ammonium is further converted into
plant-nourishing nitrites and nitrates through nitrification (Trautmann and
Olynciw, 2000). The solid residue, called compost, is rich in nutrients and
can be used as soil conditioner, fertilizer and/or as a natural pesticide for soil.
Fermentation process involves two stages. In the first step, part of the
biomass is converted into fermentable sugars using acids or enzymes. Then,
the sugar is decomposed by yeasts to produce heat, ethanol, carbon dioxide
and other chemicals (Basu, 2010). The liquid fermentation product (i.e.,

ethanol) can be efficiently used as biofuel for transport (Farrell et al., 2006).

ey



Since lignin is not completely decomposed via fermentation, ligno-cellulosic

feedstock require an hydrolysis pretreatment (acid, enzymatic, or

hydrothermal) before fermentation (Fig. 3). Hydrolysis is needed to break
down cellulose and hemicellulose molecules into simple sugars which can
then be decomposed by yeast and bacteria. For this reason, fermentation is
preferably used for starch and sugar-based feedstock (e.g., corn and

sugarcane) while it is not efficient for cellulosic biomasses (Basu, 2010).

2.2.2 Thermochemical conversion

Combustion, pyrolysis, gasification and liquefaction are the four
thermochemical pathways for biomass thermochemical conversion.
Combustion determines the release of all the energy stored within the
biomass producing heat and gases with low heating value (Basu, 2010).
Conversely, pyrolysis, liquefaction, or gasification processes transform
biomass energy into solid (e.g., biochar), liquid (e.g., bio-oils), or gaseous
(e.g., syngas) fuels ready to various applications (Zhang et al., 2010).
Besides, the purpose of combustion is the merely conversion of chemical
energy into heat while gasification and pyrolysis also produce valuable
chemical by-products.

The main process conditions of the four different pathways are summarized
in Table 2. These processes differ for several parameters, such as the
maximum temperature reached, the maximum pressure applied, the use of

catalysts and the biomass pre-treatments.
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Temperature  Pressure .
Process °C) (MPa) Catalyst  Drying
Combustion |  700-1400 >0.1 Not Not
required  essential
. Not
Pyrolysis 380-530 0.1-0.5 required Necessary
. . Not
Gasification 700-1400 >0.1 . Necessary
essential
. . . Not
Liquefaction 250-330 5-20 Essential .
required

Table 2 — Comparison of the four major thermochemical conversion processes
(redrawn from Demirbas, 2009).

Combustion

Combustion represents the oldest and the most widely used process for
biomass conversion, responsible for over 97% of the world’s bio-energy
production (Zhang et al., 2010).

From a chemical point of view, combustion is an exothermic reaction
occurring in the presence of oxygen. Biomass is completely converted into
water (H,0), carbon dioxide (CO,) and heat (more than 90% of biomass
energy) (Basu, 2010). Generally, the chemical equation for stoichiometric
combustion of a generic hydrocarbon in oxygen is:

C.H, + 20, > xCO, +> H,0

where z =x + (Y4)y.

Combustion  process consists of three main stages: drying,
pyrolysis/reduction, and combustion of volatile gases and solid char
(Demirbas and Balat, 2007). More than 70% of the overall heat generation
comes from the combustion of volatiles gases (Zhang et al., 2010).
Combustion has the advantage to be a well understood, highly reliable and
low cost technology although it is going to be replaced by more advanced

and environmentally friendly technologies, such as pyrolysis and gasification.
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Pyrolysis
Pyrolysis is a thermal decomposition process taking place at elevated
temperatures, in absence or limited presence of oxygen. It aims to convert
biomass into solid (charcoal), liquid (tar or bio-oil), and gaseous (CHy4, CO,
CO,, H,, C,H4, C,Hg) products, which are then applied as sources for energy
production or basis for the synthesis of new chemicals (Yaman, 2004).
Pyrolysis is usually employed for the thermochemical conversion of
biomasses that are not suitable for biochemical conversion (e.g., low
moisture herbaceous and woody materials) (Demirbas and Balat, 2007).
A typical pyrolysis process can be divided into four main stages (Maschio et
al., 1992; Basu, 2010). The first stage is biomass drying which occurs at
around 100°C. At this temperature, free moisture and loosely bound water
molecules evaporate. The second step occurs between 100 and 300°C and is
referred to as pre-pyrolysis. It consists in a slight weight loss due to biomass
internal rearrangements (i.e., bond breakage, appearance of free radicals,
formation of carbonyl groups) which lead to a release of small amounts of
water (H,O) and low-molecular-weight gases (CO and CO;). The
intermediate stage is the main pyrolysis process during which solid
decomposition occurs, accompanied by a significant weight loss from the
initially fed biomass. It takes place between 200 and 600°C and it involves
the breakdown of large biomass particles into char, condensable and non-
condensable gases. The final stage involves the continuous char
devolatilization, caused by the further cleavage of C—H and C—-O bonds, and
the secondary cracking of volatiles into char and non-condensable gases.
The overall process can be represented by a generic reaction such as:

CyHnO,, (biomass) + heat = Zjiquia CxHyO, + Zgas CaHpOc + H,O + C (char)
Pyrolysis products can be divided into three main classes: solid (charcoal),
liquid (tars, heavier hydrocarbons and water) and gases (e.g., CH4, CO, CO»,

H,, C;H4, CyHg). The relative amounts of these products depend on several

()



factors, but they are mainly affected by the heating rate and the final
temperature reached by the biomass.

The solid product is named char. It is composed mainly by carbon (around
85%) but it also contains oxygen, hydrogen and inorganic components. The
liquid product, also indicated as tar or bio-oil, is a black tarry fluid containing
up to 20% of water. It consists of a complex mixture of oxygenated aromatic
and aliphatic compounds, i.e. phenols, carbohydrates, carboxylic acids,
aromatics, hydroxyaldehydes, hydroxyketones, their condensation products
and other derivatives (Piskorz et al., 1988; Mohan et al., 2006). Finally,
pyrolysis produces both condensable (vapor) and non-condensable gases
(primary gas). The vapors are made of heavier molecules and condense after
cooling, becoming part of the liquid yield of pyrolysis. Conversely, the non-
condensable mixture contains low-molecular-weight gases, such as carbon
dioxide, carbon monoxide, methane, ethane, and ethylene (Basu, 2010).
Pyrolysis process can be adapted in order to allow the production of charcoal,
pyrolytic oil or gas. Depending on its operating parameters, pyrolysis can be
subdivided into three different processes: 1) fast, 2) mild or conventional, and
3) slow (Bridgwater et al., 1999). These processes are usually carried out in
the absence of a medium whereas other two, hydropyrolysis and hydrous
pyrolysis, take place in H, and H,O, respectively (Basu, 2010).

Table 3 summarizes the reaction conditions and the product yields for various

pyrolysis processes by comparing each of them with the gasification process.
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. q Final
Residence Heating Liquid Char Gas
Mode Time Rate Tem?fg)at“re o) (%) (%)
Fast <2s very high 500 70-80  10-15 10-15
Conventional | 5-30 min low 600 40-50  20-30 30-40
Slow days very low 400 30 35 35
Hydro <10s high <500 30-50 10-20 30-40
Gasification | 5™ ©  ory hioh > 800 5 10 85
minutes

Table 3 — Reaction conditions and product yields for various pyrolysis processes, in
comparison with gasification.

Fast pyrolysis is a process providing high heating rates (hundreds °C s and
extremely short residence times (1-2s) (Tab. 3). The biomass is heated so
rapidly that it reaches the maximum temperature before its decomposition
(Piitiin, 2002). Fast pyrolysis aims to maximize the production of liquids or
bio-oils while it inhibits the formation of solid by-products (Maschio et al.,
1992; Bridgewater et al., 1999; Yanik et al., 2007). The liquid product comes
from the condensation of volatile organic matter generated by heating the
biomass. Bio-oil appears as a black viscous fluid, composed by 20-25% of
water, 20-25% of water insoluble lignin, 25-30% of organic acids, 5-12% of
non-polar hydrocarbons, 5-10% of anhydrosugars and 10-25% of other
oxygenated compounds (Piskorz et al., 1988; Mohan et al., 2006). It is a
potential liquid fuel that can be easily stored and transported. But, due to its
low calorific value (approximately 55% than that of normal diesel), it is
mainly used for the production of electrical energy rather than for the
transport industry. Bio-oil also contains high-valuable biochemical, relevant
for food and pharmaceutical industries.

To maximize liquid yield, several factors must be accounted for. These
include: a fine particle size (<Imm), a careful control of the temperature

(450-550°C), a high heating rate (>200°C s™'), a short hot vapor residence

time (~2s), and a rapid cooling of the vapors (Maschio et al., 1992;
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Bridgwater et al., 1999; Piitiin, 2002; Uzun et al., 2007; Yanik et al., 2007).
In addition to bio-oil production, at higher temperatures (700-1000°C), fast
pyrolysis also generate H, hydrogen gas (Marquevich et al., 1999; Czernik
and Bridgewater, 2004).

Conventional or mild pyrolysis is characterized by moderate reaction

temperatures (<600°C) and low heating rate (~20°C s, with residence times
ranging from seconds to minutes (Tab. 3). This kind of pyrolysis produces a
slightly greater yield of liquids compared to solid or gaseous products.

Conversely, the main goal of slow pyrolysis or carbonization is the

production of a solid material indicated as charcoal or char. This is the oldest
form of pyrolysis and it has been used for thousands of years to produce
charcoal (Mohan et al., 2006; Yanik et al., 2007).

Slow pyrolysis is carried out with a long vapor residence time, low heating
rate and relatively low temperatures (Tab. 3). During the process, the biomass
is heated slowly to a relatively low temperature (~400°C) in the absence of
oxygen, and over a long period of time (in the ancient times even for several
days). The long residence time is necessary to allow the conversion of
condensable vapors into char and non-condensable gases. In contrast to fast
pyrolysis, slow pyrolysis does not necessarily require a fine feedstock
particle size (smaller than 1 mm). Indeed, also raw materials that are not
available as powders or fine particles can be used (Maschio et al., 1992). As
reported by Mok et al. (1992), a higher yield of charcoal can be obtained
from biomass feedstock containing large lignin and low hemicellulose
content.

The pyrolytic charcoal can be applied in a wide range of areas, from domestic
cooking and heating to metallurgical or chemical uses (Laird et al., 2011). It
can also be used as a raw material for the production of chemicals, activated

carbon, fireworks, absorbents, soil conditioners, and pharmaceuticals

(Karaosmanoglu and Tetik, 1999).
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While normal pyrolysis is conducted in the absence of a medium,

hydropyrolysis and hydrous pyrolysis are carried out in H, and H,O,

respectively.

During hydropyrolysis, the biomass is decomposed in a high-pressure

hydrogen atmosphere. The presence of H, allows the hydrogenation of free
radical fragments of volatiles in order to stabilize them in a gaseous form
before they repolymerize to form char (Probstein and Hicks, 2006). The
result is a high yield of volatiles and low-molecular-weight hydrocarbons
(Rocha et al., 1997).

Hydrous pyrolysis is a two stage process in which the biomass is decomposed

in high-temperature water. In the first step, the biomass is subjected to water
at 200-300°C, under high pressure to produce hydrocarbons. Then, in the
second step, these molecules are broken into lighter ones at 500°C (Appel et
al., 2003). Hydrous pyrolysis produces a valuable bio-oil, with low oxygen

content (higher calorific value).

Combining all the aforementioned factors, it may be generally concluded that
low temperature and low heating rates are necessary in order to maximize
char yield. Conversely, a combination of moderate temperature, short gas
residence time and high heating rate is essential if liquid (bio-oil) is the

desired product.
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Gasification

Gasification is a process that converts solid or liquid carbonaceous biomasses
into useful and convenient combustible gases (e.g., H,, CO, CO,, and CHy)
which can be burned to release energy or used for the production of value-
added chemicals. The process is carried out in the presence of partial oxygen
(Oy) or suitable oxidants supply (e.g., steam or CO,), at very high
temperatures (1200°C), and sometimes at high pressure (15-50 bar). The
presence of a gasifying medium (e.g., steam or oxygen) is required to
rearrange biomass molecular structure in order to convert the solid feedstock
into liquid and gaseous products (Basu, 2010).

A generic gasification process involves four main steps.

1) Pre-heating and drying (100-200°C). In this step, the biomass is dried to
remove the excessive moisture. This process is really important since water
evaporation requires a high amount of energy that is no more recoverable.
Only biomasses with 10-20% of moisture can be fed into the gasifier to
produce a fuel gas with high heating value (Basu, 2010).

2) Pyrolysis (~400°C). Pyrolysis can be considered as a step of gasification.
During this phase, biomass feedstock are decomposed into tar and volatile
hydrocarbon gases (both condensable and non-condensable) before the
beginning of the main gasification reactions. This step does not require
external agents.

3) Char gasification and 4) combustion (up to 1200°C). After pyrolysis,
liquids, gases and char undergo different reactions. Liquid and gaseous
products are subjected to rearrangement and secondary cracking to produce
combustible gases (i.e., CO, H;, CH4, H,O, CO;) which will be recovered
and stored for subsequent transformations/applications or immediately used
for energy production. Conversely, the solid part (char) undergoes several
gasification and combustion reactions resulting in combustible gases and

unconverted carbon residues.
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The combustion reactions involving volatile compounds and part of the char
can be described according the following reactions (Klass, 1998; Knoef,
2005):

1) C+ O, — CO; — 394 kJ/mol

2) 2H; + O, — 2H,0 — 242 kJ/mol

(1) and (2) are oxidation reactions occurring in the presence of oxygen. Since
these reactions are exothermic, enough heat is generated to dry the feedstock,
to break up its chemical bonds and to maintain a high temperature (necessary
to drive the following gasification reactions) (Zhang et al., 2010).

The last gasification step consists in the reduction of the combustion products
(i.e., CO,, H,O and some remaining non-combusted pyrolysis products) into
carbon monoxide, hydrogen and methane through the catalytic action of a
red-hot charcoal bed. The reactions occurring in the last step are described
below (Klass, 1998; Knoef, 2005; Higman and van der Burgt, 2008):

3) C +CO; <= 2CO + 172 kJ/mol (Boudouard reaction)

4) C + HyOgpeam < CO + H, + 131 kJ/mol

5) CO + H,O <= CO, + Hy, —41.2 kJ mol

6) C +2H, <= CH; — 74.8 kJ/mol

7)2C+ 0, — CO - 111 kJ/mol

Reactions (3-6) take place in both directions depending on the specific
temperature, pressure, and reactant concentrations in the system (Zhang et al.,
2010). Reactions (4) and (5) are the main gasification reactions, called water—
gas shift reactions. These have great importance due to their significant role
in hydrogen generation. Reaction (6) is indicated as methanation. It proceeds
slowly at low-temperatures and in the absence of any catalyst.

At the end of gasification, the resulting gas products contain moisture,
hydrogen, carbon monoxide, carbon dioxide, methane, aliphatic
hydrocarbons, benzene, and toluene, as well as small amounts of ammonia,

hydrochloric acid, and hydrogen sulfide (Maschio et al., 1992; McKendry,

(2 )



2002b; Basu, 2010). From this mixture, H, and CO must be separated to
produce a pure and valuable syngas.

When air or oxygen is employed, gasification may seem similar to
combustion, but actually it presents many advantages (Rezaiyan and
Cheremisinoff, 2005). The only purpose of combustion is the production of
heat obtained by using an excess of oxygen to break biomass chemical bonds
in order to release their energy. Moreover, combustion generates carbon
dioxide which is released in the atmosphere acting as a greenhouse gas, and
solid residues that have to be treated as hazardous wastes (Rezaiyan and
Cheremisinoff, 2005). Conversely, the objective of gasification is the
production of valuable gases that can be stored for various applications. Since
these gases are not released into the atmosphere, the overall process is
considered environmental friendly. Moreover, gasification requires 65% less
oxygen than combustion and produces gases with a high H/C ratio (high
calorific value). In this way, the energy of the original biomass is not released
merely as heat, but preserved in a gaseous form (syngas) which have a
versatile usage. Synthetic gas applications range from: steam or heat
generation, fuel gas for hydrogen production, substitute for natural gas
production (e.g., methane), fuel cell feed, and synthesis of chemical

compounds (e.g., methanol, ammonia) (Rezaiyan and Cheremisinoft, 2005).
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Liguefaction

Direct liquefaction is a low-temperature (250-330°C) and high pressure (5-20
MPa) thermochemical process during which biomass is broken down into
fragments of small molecules in water or other suitable solvents (Demirbas,
2000). These light fragments are unstable and reactive, thus they re-
polymerize into oily compounds with various ranges of molecular weights
(Demirbas, 2000; Zhong and Wei, 2004). Ligno-cellulosic materials are the
most widely used for bio-oil production through liquefaction (Zhong and
Wei, 2004). Since they are rich in hydroxyl groups, they can be converted
into intermediates for the production of biopolymers (e.g., epoxy resins and
polyurethane foams) (Maldas and Shirai, 1997; Liang et al., 2006).

Compared with pyrolysis, liquefaction technology is more challenging as it
requires more complex and expensive reactors and fuel feeding systems
(Demirbas, 2000). Liquefaction does not require feedstock pre-drying but it
needs solvents to prevent the condensation of oily molecules into undesirable
solid char products (Zhang et al., 2010). It also involves the use of catalysts
to reduce the reaction temperature required, enhance reaction kinetics, and

improve the yield of the desired liquid products (Maldas and Shirai, 1997).

By the three latter bio-energetic processes, any organic material, including
plant and municipal wastes, could be totally converted into char, bio-oil and
gas. Thus, the use of these 'green' techniques should be considered a viable
alternative to waste landfill or combustion as it may facilitate their disposal

converting them into clean energy.

2.3 Carbon terminology
Several solid products are created when carbon-rich biomass is heated to high
temperatures. The differences between these materials are subtle but present

and mainly related to their applications. The following list of terms is

(2]



intended to better define the various carbonaceous products (Lehmann and
Joseph, 2009).

Char: a carbonaceous solid material resulting from the thermal
decomposition of any organic material, of natural origin or synthetic. This
category includes, for example, forest fires residues and particulate matter
originating from the incomplete combustion of fossil hydrocarbons.

Biochar: the solid product of the thermal decomposition (pyrolysis or
gasification) of biomass. It is used mainly as fuel for urban heating and
cooking or as soil amendment in order to improve soil functions and to
reduce emissions from biomass that would otherwise naturally degrade to
greenhouse gases.

Charcoal: 1s produced from carbonaceous materials, heated at high
temperatures (above 500°C) and for long periods of time (over 10 hours).
Charcoal is characterized by high adsorption capacity thus it is not used as a
soil amendment. Its major application is in remediation processes, such as
water filtration and adsorption of gas, liquid and solid contaminants.

Black Carbon (BC): consists of different forms of refractory organic matter

obtained by the incomplete combustion of fossil fuels, biofuel, and biomass.
BC also includes carbonaceous residues from vegetation fires and both
anthropogenic or natural soot. Given the wide diversity of combustion
conditions to which BC may be subjected, this is represented by a continuum
of different materials. For example, BC contributes to the 30% of the total
carbon stored in soils (Schmidt and Noack, 2000), acting as a reservoir for
nutrients and enhancing soil fertility. But in specific conditions, black carbon
is considered the second major contributor to global climate change after
carbon dioxide emissions (Ramanathan and Carmichael, 2008). Indeed, when
suspended in the atmosphere, BC can strongly absorb the visible solar
radiation generating heat which warms the air, with important implications

for cloud formation and hydrological cycles. When it is deposited over snow
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and sea ice, it can decrease the surface albedo leading to temperature increase

and ice melting (Ramanathan and Carmichael, 2008).

2.4 Biochar and its applications

The next paragraphs will focus on biochar origins, characteristics, benefits
and applications stressing the importance of the factors (i.e., feedstock nature
and process conditions) influencing char chemical and physical properties.
The overall atmospheric and soils benefits determined by biochar use are

resumed in Figure 4.

2.4.1 Biochar origins - Terra Preta

The application of biochar to soils is not a new idea. The first observations
regarding the positive effects of carbon stored in soil come from ancient farm
management practices carried out between 500 and 8000 years ago
throughout the Brazilian Amazon. These practices produced a kind of soil
known as ‘Terra Preta de Indio’ or ‘Amazonian Dark Earths’ (Glaser et al.,
2002), characterized by high levels of fertility without any external input of
fertilizers. This is an unusual condition in this area since the surrounding
soils have low fertility as they are very acidic and highly weathered
(Lehmann et al., 2006; Lehmann and Joseph, 2009). Conversely, Terra Preta
soils have high levels of organic matter, carbon and nutrients such as
nitrogen, phosphorus, potassium and calcium (Novotny et al., 2009). These
positive characteristics have been attributed to the high char content. Since
the char consists of partially combusted biomass, Terra Preta soils also
present a characteristic dark color (Fig. 5) (Glaser et al., 2002).

These findings suggested that application of biochar to soils could enhance

its agronomic potential, thereby resulting economically viable and profitable.
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Figure 4 - Overall atmospheric and soil benefits determined by biochar use
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Figure 5 — Example of dark Terra Petra soils (on the left) compared to Ferralsol (on
the right). (Reprinted from Naturwissenschaften, vol. 88, Glaser et al., The ‘Terra
Preta’ phenomenon: A model for sustainable agriculture in the humid tropics, 37—
41, Copyright 2001, with kind permission from Springer Science and Business
Media).

2.4.2 Biochar atmospheric benefits

Generally, any form of organic matter integrated in soils will be quickly
degraded thereby producing carbon dioxide (CO,), well known as an harmful
greenhouse gas. According to [PCC data (2013), global carbon emissions
from land use and land use change account for 1.9+0.8Gt per year
representing about 20% of the total anthropogenic CO, emissions.

A way to reduce greenhouse gas emissions can be the transformation of
organic matter into a highly stable and less biodegradable form. Biochar has
a high stability and high resistance to chemical, physical and biological
decomposition (Schmidt and Noack, 2000; Novotny et al., 2009). This

stability derives from its chemical composition consisting of polycyclic
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aromatic rings conjugated to form highly crystalline structures (Mao et al.,
2012). As a consequence, biochar results highly recalcitrant and able to
persist in the environment longer than any other form of organic carbon
(Lehmann, 2007). For this reason, biochar is considered as an important
carbon sink, able to sequester large quantities of CO, when applied to soil
(Fig. 4) (Lehmann, 2007).

The production of biochar can, therefore, be accounted as a C-neutral route.
Indeed, the amount of carbon emitted during the process is equivalent to the
quantity removed from the atmosphere to produce the starting biomass
through photosynthesis (Fig. 6) (Mathews, 2008). Pyrolysis could even be
considered as a C-negative process since its gaseous products are not released
into the atmosphere but stored, refined and subsequently used for energy
purposes. Further, the resulting biochar can be incorporated into soils thereby
sequestering carbon in a stable and permanent sink (Fig. 6) (Mathews, 2008).
The prospects of carbon sequestration using biochar are quite promising. A
rough calculation by Amonette et al. (2007) shows that approximately 1.2Gt
of carbon (about 13% of the total annual anthropogenic CO, emissions) could
be removed each year from the atmosphere using biochar.

In addition to the reduction of CO,, several studies (Kraxner et al., 2003;
Rondon et al., 2005; Yanai et al., 2007) have also shown a decrease in natural
soil emissions of nitrogen oxides (N,Oy) and methane (CHj) (greenhouse
gases having a much higher global warming potential than CO5) after biochar
application (Fig. 4). For example, Rondon et al. (2005) found that CH4
emissions were completely suppressed and N,O emissions were reduced by
80% when biochar was applied to soil. Zhang et al. (2010) found that biochar
applied to rice paddy significantly increased rice yields and decreased N,O
emission, but it also increased total CH4 emissions. Conversely, Liu et al.
(2011) found a 50-90% reduction of CH4 emissions from paddy soils

amended with biochar, compared with those without biochar.

(2]



Resuming, biochar and bioenergy production could contribute to global
climate change mitigation by replacing the use of fossil fuels and, at the same

time, by sequestering carbon in stable reserves in the soil.
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Figure 6 — Carbon neutral and carbon negative processes (Reprinted by permission
from Macmillan Publishers Ltd: NATURE, vol. 447, Lehmann, J. A Handful of

Carbon. Copyright 2007).

2.4.3 Biochar soils benefits
During pyrolysis, most of the mineral nutrients that are present in biomass
are concentrated into the biochar fraction. Therefore, soil application of this

carbonaceous material could be a convenient mean of recycling those

nutrients to agricultural lands (Laird et al., 2011).
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Several studies have shown significant agronomic benefits, such as increased
crop production, in soils amended with biochar. The improvements in soil
fertility were related to an increase in: soil nutrient retention (Glaser et al.,
2002; Lehmann et al., 2003), soil water permeability and plant water
availability (Asai et al., 2009; Herath et al., 2013), soil cation exchange
capacity (Liang et al., 2006; Steiner et al., 2007), and the neutralization of
phytotoxic compounds (Steiner et al., 2007). Furthermore, char affects soil
microbial community and may have a positive impact on plant resistance to
disease due to its suppressive effect on soil pathogens (Matsubara et al.,
2002). All these effects are due to biochar elemental composition that can
directly modify soil chemical properties, and provide a chemically active
surface able to change nutrients dynamics, as well as to catalyze useful
reactions. Moreover, biochar porous structure and high surface area (Fig. 7)
contribute to modify soil physical characteristics with benefits for radical
growth, and favor the absorption and retention of nutrients and water making

them more available to plants.

Figure 7 — High porosity of biochar from poultry manure, retrieved at 600°C for 2 h.
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Effects on soil chemical characteristics

An important issue for a sustainable cultivation is to find the correct
equilibrium between the supply of sufficient nutrients for a healthy plant
growth (especially N and P), and the reduction of nutrient leaching. The loss
of nutrients from agricultural soils has several negative effects: depletion of
soil fertility, drop of crop yields, soil acidification, increase of the fertilizer
costs for farmers, reduction in the quality of surface and ground waters by
eutrophication (Laird et al., 2010a). The use of a soil amendment able to
retain nutrients could help to solve this problem.

Several works (Glaser at al., 2002; Lehmann et al., 2003; Laird et al., 2010a)
reported an increase in soils ability to retain plant available nutrients and a
decrease in the leaching of nutrients and agricultural chemicals when char
was used as soil amendment. For example, Laird et al. (2010a) found a
significant decrease in total amounts of P, Mg, Si and N leaching using
biochar, despite the simultaneous addition of swine manure. By contrast, total
amounts of leached K and Ca increased. Beck et al. (2011) observed that the
soils containing biochar had an increased retention of nitrate, total nitrogen,
phosphate, total phosphorus, and total organic carbon compared to the control
without biochar. These positive effects are mainly related to biochar high
surface area, high surface charge density, negative surface charge (Liang et
al., 2006), and to biochar capacity to stimulate soil microbial activity (Steiner
et al., 2008a; 2008b).

In more details, due to its high porosity as well as the presence on its surface
of both polar and non-polar functional groups, biochar can efficiently adsorb
organic molecules and nutrients (Liang et al., 2006). After its soil inclusion,
char surface undergoes oxidation leading to the formation of phenolic and
carboxylic functional groups which represent negative pH-dependent charges
(Cheng et al., 2008). This determines the increase of soil cation exchange

capacity (CEC) and enhances the retention of alkaline and alkali earth metal

(5]



cations (i.e., Mg, Ca, Na and K) necessary for plant growth, in an
exchangeable and thus plant-available form (Sombroek et al., 1993; Liang et
al., 2006; Cheng et al., 2008; Laird et al., 2010b).

A further effect of biochar is the increase of soil pH, caused by its alkaline
metals content (Glaser et al., 2002; Sohi et al., 2010). This characteristic is
particularly valuable in acidic soils since the increase of pH leads to an
increase in the solubility of important elements for plants, such as
phosphorous, calcium and potassium (Laird et al., 2011). By contrast, it could
be harmful on alkaline/calcareous soils since biochar application could
determine an excessive increase of soil pH (Mozaffari et al., 2002).

Finally, char application to soils allows the development of microbial
communities (i.e., mycorrhizal fungi) which are particularly important for
nutrient cycling (Ishii and Kadoya, 1994; Lambers et al., 2008) thereby
contributing to the mobilization of key elements for plants and crops.

The net chemical impact of amending soils with biochar can be resumed as:
1) increased nutrient use efficiency (more availability for plant), 2) reduction
in the amount of fertilizer needed to grow a crop and 3) improved water

quality reducing leaching and pollution.

Adsorption capacity

In addition to retain nutrient elements in a plant-available form, biochar also
has an affinity for both inorganic and organic compounds, and may sorb toxic
by-products from soils and wastewaters (Yu et al., 2006). Several studies
have been conducted to investigate how charcoal can effectively retain polar
compounds, e.g. polar organic pesticides (Sudhakar and Dikshit, 1999; Sheng
et al.,, 2005; Lian et al.,, 2011), and hydrophobic molecules, such as
polycyclic aromatic hydrocarbons (Kleineidam et al., 1999; Schmidt and
Noack, 2000; Chen and Chen, 2009; Chen and Yuan, 2011), lignin and tannin
(Mohan and Karthikeyan, 1997).
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The adsorptive capacity of biochar depends both on its physical (i.e., its
porous structure) and chemical (i.e., presence of specific surface functional
groups) properties. Chun et al. (2004) showed that the high surface area and
the presence of surface polar groups on wheat biochar were determinant in
the uptake of neutral organic contaminants, such as benzene and
nitrobenzene. Keech et al. (2005) related the ability of wood-biochar to
adsorb large molecules, such as phenolic compounds, to the presence on its
surface of a large number of macropores.

In addition to organic compounds, char can also effectively bind inorganic
molecules. Various studies demonstrated biochar capacity to absorb nitrate
(Mizuta et al., 2004), phosphate (Beaton et al., 1960) and metal ions (Beesley
et al., 2010; Namgay et al., 2010; Uchimiya et al., 2010; Fellet et al., 2011;
Karami et al., 2011). For example, Beesley and Marmiroli (2011) found that
biochar from hardwoods rapidly uptaked and reduced cadmium (Cd) and zinc
(Zn) mobility from a contaminated soil. Uchimiya et al. (2011) reported a
decrease in soils copper (Cu) content, using broiler litter biochar as
amendment. Mohan et al. (2011) used activated carbon (AC), oak bark and
oak wood char for chromium (Cr) remediation from contaminated surface
water. They obtained that oak chars removed the same amount of Cr(VI) than
AC, despite their much lower surface area (1-3m’g”’ vs 1000m’g™).
Therefore, the highest remediation potential of biochar depended on the
presence of a large amount of specific surface functional groups that serve as
adsorption sites for heavy metals. Indeed, a relatively high concentration of
surface acidic groups can allow the formation of chelates with metal ions,
and help the binding of positively charged ions (Laird et al., 2011).

In conclusion, biochar sorptive capacity can be effectively used to mitigate
diffuse pollution from agriculture, and to immobilize potentially toxic
organic and inorganic compounds, thereby reducing contamination from soils

or wastewaters.
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Effects on soil physical characteristics

Besides influencing soil chemical properties, char also affects soil physical
structure.

Biochar is a low density material that reduces soil bulk density (Laird et al.,
2010b), thereby increasing water infiltration, water holding capacity, root
penetration, and soil aeration (Glaser et al., 2002; Beck et al., 2011).
Numerous studies report positive effects of biochar application on soil
physical properties. Glaser et al. (2002) observed that water retention in
Terra Preta soils was 18% higher than in adjacent soils where the amount of
charcoal was lower or absent. Asai et al. (2009) applied biochars derived
from wood residues to rice cultivation. They found improvements on soil
water permeability, water holding capacity and plant water availability. More
recently, Herath et al. (2013) found that corn stover biochar application on
two different soils improved significantly the aggregate stability and the
porosity of both soils considered, ameliorating their hydraulic properties.

The enhancement of soil water retention properties depends on biochar
mineral and organic content (Sohi et al., 2010) as well as its porous nature
(predominantly um sized pores) that reflects the cellular structures of the
original feedstock.

Despite the possible positive effects, the application of char to different soils
should be carefully investigated since it could also have detrimental effects.
For example, Sohi et al. (2010) suggested that biochar effects on water
retention will be particularly positive in sandy soils (due to their typical large
porosity), neutral in medium-textured soils, and potentially detrimental in

clay soils.
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Effects on soil microorganisms

Soil amendment with biomass-derived black carbon (biochar) determines
changes in soil microbial community and soil biogeochemistry (Pietikdinen
et al., 2000; Warnock et al., 2007). Several studies documented the
stimulation of indigenous arbuscular mycorrhizal fungi (AMF) by biochar
(Ishii and Kadoya, 1994; Matsubara et al., 2002; Rillig et al., 2010), and this
has been associated with enhanced plant growth (Rondon et al., 2007; Graber
et al., 2010).

According to literature (Pietikdinen et al., 2000; Warnock et al., 2007;
Lehmann et al., 2011), the main mechanisms that could explain how biochar
influences the abundance and/or the activity of soil biota and plant roots are:

1. Increase of nutrients (i.e., N. P and metal ions) amount and availability,

affecting both plants and microorganisms.

Biochar labile components have the potential to stimulate microbial activity
(Steiner et al., 2008b). Moreover, an increase in soil nutrient retention and
availability results in enhanced host plant performance and elevated tissue
nutrient concentrations which allow higher colonization rates of the host
plant roots by microorganism (Ishii and Kadoya, 1994).

2. Water retention.

It improves soil hydration and protects soil biota against desiccation.

3. Adsorption of inhibitory compounds.

Microbial abundance increases due to the sorption of compounds that would
otherwise inhibit microbial growth (Lehmann et al., 2011). For example,
Kasozi et al. (2010) found that high temperature corn stover biochar has a
high adsorption capacity for catechol, which is toxic to microorganisms
(Chen et al., 2009).

4. Biochar structure serves as a refuge from predators.

Most of the pores within biochar are large enough to accommodate soil

microorganisms (including bacteria and fungi), excluding their larger

(%)



predators (Warnock et al., 2007). Thus, char pore structure offers a physical
protection from soil predators and allows a better attachment to various
microorganisms. The latter makes them less susceptible to leaching in soil
and determines an increase in bacterial growth rates (Pietikdinen et al., 2000;
Ezawa et al., 2002).

As reviewed by Lehmann et al. (2011), the effects of biochar on soil biota are
highly variable and not always positive. Consequently, further evaluations
are needed to better understand the impacts that the application of different

kind of chars can produce on different soils.

Soil fertility and crop production

Biochar effects on soils physicochemical properties also influence soil
fertility and crop production. Currently, many studies demonstrating
significant agronomic benefits due to char application to soils have been
conducted (Sohi et al., 2010; Yuan et al., 2011). Early researches from 1980s
and 1990s showed marked favorable impacts of low charcoal additions (0.5 t
ha™') on various crop species, but growth inhibition at larger rates (Glaser et
al., 2001). Ishii and Kadoya (1994) applied char as a soil conditioner on
citrus cultivation reporting an increase in the fresh weights of roots, shoots
and the whole tree. Further works conducted on different crops and soil types
demonstrated that adding charcoal to soil increased significantly seed
germination, plant growth and crop yields (Glaser et al., 2002; Lehmann et
al., 2003; Kimetu et al., 2008; Steiner et al., 2008c; Major et al., 2010).

Biochar amendments result promising especially in combination with
fertilizers. For example, Yamato et al. (2006) found an enhancement of maize
and peanut yields in Indonesian soils where bark charcoal was applied

together with N. The same results were reported in Australian semi-arid soils

by Chan et al. (2007).
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However, some studies showed no significant effects of char applications on
crop yield and some other adverse dose-dependent effects (Kishimoto and
Sigiura, 1985; Mikan and Abrams, 1995; Blackwell et al., 2007; Rondon et
al., 2007; Rillig et al., 2010). Indeed, some chars have unfavorable properties
which cause long-term alterations in soil chemistry, and can inhibit
permanently woody plants growth (Mikan and Abrams, 1995). Rondon et al.
(2007) studied the effects of the addition of increasing amount of biochar on
Phaseolus vulgaris cultivation. They found that biomass production and plant
total N uptake decreased as biochar applications were increased. The same
results were reported for rice grain cultivation where char was applied
without additional N fertilization (Asai et al., 2009). Deenik et al. (2010)
reported an enhanced soybean plant growth for soils amended with a low
volatile matter (11%) biochar, but significantly lower plant growth for soils
amended with a high volatile matter (35%) biochar.

These findings suggest that the extent of biochar effects on crop productivity
is very variable due to the high variability of the potential biophysical
interactions and processes that occur when it is applied to soil. A better
knowledge of the relevant properties of a high variety of charred materials,
and how these properties influence field responses, is essential to identify the

best char to be applied to a particular kind of soil and for a specific crop.

2.5 Factors influencing biochar characteristics

2.5.1 Original feedstock

The starting biomass plays an important role in determining biochar
properties. Both the chemical composition and the physical structure of the
parental materials are precisely reflected on the final product (Fig. 8) (Zhao
et al., 2013).

Char can be produced from organic biomass of different nature. At present,

the feedstock used, at a commercial scale or in research facilities, include

(o)



wood chips and pellets (de Jong et al., 2003), tree bark (Mohan et al., 2011),
crop residues including straw, nut shells and rice husks (Shinogi and Kanri,
2003), organic wastes as: bagasse from the sugarcane industry (Erlich et al.,
2006), olive wastes (Yaman, 2004), broiler litter (Uchimiya et al., 2010),
dairy manure and sewage sludge (Shinogi et al., 2003). Indeed, the use of
agricultural or industrial discards for energy production results beneficial

compared to their disposal as wastes.

Figure 8 — Starting biomasses (on the upper part) compared with their derivative
biochar (on the lower part). Conifer residues (on the left) and chicken manure (on
the right).

A literature review on natural and lab-produced biochars showed that the
chemical composition of these products differed significantly, mainly due to
parental biomass (Krull et al., 2009).

Feedstock of distinct nature have a different composition in terms of
cellulose, hemicellulose, lignin and minerals (Mohan et al., 2006). These

differences are reflected in a dissimilar behavior during pyrolysis (Basu,
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2010). During the thermal treatment, the organic components are gradually
degraded. Hemicellulose is the first which undergoes degradation, in the
temperature range 200-260°C, followed by cellulose (240-350°C) and lignin
(280-500°C). Due to their different thermal behavior, the proportion of these
components in the starting biomass influences the degree of reactivity and
determines the ratios of volatile carbon (bio-oil and gas) and stabilized
carbon (char) in the pyrolysis products (Basu, 2010). For example, raw
materials with low content of lignin, minerals and nitrogen (e.g., herbaceous
biomass and agricultural byproducts) are used for bio-oil and fuel gas
production. Conversely, the feedstock chosen to obtain a higher yield in
terms of solid product are high in lignin content (e.g., forestry residues and
walnut shells) and manures (Demirbas, 2004b; Laird et al., 2011).

After pyrolysis, the original structure of the feedstock, its carbon skeleton,
porosity and mineral content are retained in the solid product (Figs. 8 and 9)
(Laird et al., 2011; Zhao et al., 2013). Indeed, char elemental content reflects
the element concentration in the starting feedstock (Lima and Marshall,
2005). According to Antal and Grénli (2003) and Zhao et al. (2013), chars
derived from wood materials have low ash content (often less than 3%) and
high C content. Conversely, chars derived from herbaceous biomass (i.e.,
switchgrass, digester fiber, peanut hulls), biosolids and manures have lower
carbon content, but greater N, P, K and S contents than woody feedstock
(Novak et al., 2009; Granatstein et al., 2009). Biochars produced from
biosolids and manures are typically high in ash content. For example,
chicken-litter chars can have a mineral content larger than 45 percent (Lima
and Marshall, 2005; Cimo et al., submitted).

Besides the elemental content, also the vascular structure of the original plant
material is retained in the pyrolysis solid product. For example, wood
material is made of fibers (i.e., vessels, fibers and parenchyma in

angiosperms and tracheid in gymnosperms) which walls have channels
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carrying gas and moisture (Keech et al., 2005). The size of these channels
determines char pore size (Fig. 9) (Warnock et al., 2007). For this reason,
chars derived from wood biomasses often have higher surface area than grass
ones (Kloss et al., 2012), and plant species having many large diameter cells
in their stem tissues can lead to biochars containing larger amounts of

macropores (Lehmann and Joseph, 2009).

det [mag O zoom | W

Figure 9 — Vascular structures of the original plant material (fir) reflected in its
pyrolysis product (500°C, 30 min).

As aforementioned, char physical structure (e.g., surface area and pore size

distribution) is typically related to its capacity to retain water, nutrient and
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pollutants from the surrounding environment. This property, in turn,
influences its effect when applied to soil.

To maximize its benefits, it is crucial to understand biochar physicochemical
variations originating from the parent material. Optimizing biochar for a
specific agronomical or environmental application requires a careful selection
of a determined feedstock in order to produce a char with the desired

characteristics.

2.5.2 Process temperature

Pyrolysis process greatly affects biochar characteristics and properties and,
consequently, its potential value in terms of agronomic performance or
carbon sequestration. Both the process and its parameters (mainly the final
temperature reached and the residence time) are particularly important in
determining the nature of the final product.

Two important parameters influenced by process temperature (PT) are
pyrolysis yield and char elemental content. As PT increases, the yield in
terms of solid product decreases (Lehmann, 2007; Zhao et al., 2013), whereas
the proportion of inorganic mineral substance increases (Al-Wabel et al.,
2013). During pyrolysis, the starting material loses organic matter in the form
of hydrogen, oxygen and nitrogen compounds, thereby resulting rich in
inorganic materials (Shinogi and Kanri, 2003; Demirbas, 2004b; Laird et al.,
2011). For example, in char produced from chicken manure, the ash content
increases from 40% to 60%, as temperature rises from 300°C to 600°C (Cimo
et al., submitted). Parallel to ash content, pH rises with PT (Lehmann, 2007;
Al-Wabel et al., 2013; Zhao et al., 2013).

Several studies (Antal and Grenli, 2003; Lehmann and Joseph, 2009) also
reported a consistent increase in char carbon content with increasing
temperature. Biochars produced at low PT (<350°C) have C content variable

from 15 to 60%. Between 400 and 500°C, the C content rises in the range 60-
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80% and above 500°C, it reaches values higher than 80%. But this statement
is valid mostly for wood-derived char. Indeed, carbon materials produced
from animal products (e.g., manure) showed the opposite trend (Alén et al.,
1996; Gaskin et al., 2008), probably due to their higher ash content.
According to Gaskin et al. (2008), char carbon concentration decreases with
increasing mineral content of the feedstock.

Furthermore, as reported in literature (Antal and Grénli, 2003; Lehmann and
Joseph, 2009; De Pasquale et al., 2012), as PT is raised up, the amount of
alkyl carbons contained in biochars decreases while that of the aromatic
moieties increases (Fig. 10). Briefly, in the range 250-450°C, charcoal
aromaticity increases with PT. Once PT reaches 500°C and above this
temperature, char results mainly composed by highly recalcitrant forms of
organic matter, i.e. poly-condensed aromatic carbon (Fig. 10). As a
consequence, chars produced at high temperatures (>500°C) are more stable,
and resist to microbial and abiotic degradation much longer than low-

temperature (300°C) ones (Uchimiya et al., 2011).
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Figure 10 — Changes in biochar chemical structure and aromaticity due to pyrolysis
temperature.

As PT increases, the loss of volatile compounds from the feedstock matrix

determines a decrease in the surface functional groups able to generate
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surface charge and provide ion exchange sites (Guo and Rockstraw, 2007).
Chun et al. (2004) reported a reduction in total acidity with PT, in chars
produced from wheat residues. Indeed, the chars produced at low
temperatures (300-400°C) had a more polar and organic nature (higher total
number of functional groups) than the ones produced above 500°C. Further
studies (Glaser et al., 2002; Song and Guo, 2012; Al-Wabel et al., 2013)
found a decrease in C=0 and C-H functional groups on char from different
biomasses, as PT rose from 300 to 700°C. This loss of polar functional
surface groups as PT increases, determines the reduction of biochar retention
ability. For example, Uchimiya et al. (2010; 2011) found a reduction in char
heavy metal retention capacity with increasing charring temperature.

Many researchers emphasize the strong influence of process temperature also
on char physical structure, such as total surface area (SA) and pore size
distribution (Raveendran and Ganesh, 1998; Li et al., 2008; Lehmann and
Joseph, 2009; Uchimiya et al., 2010). PT influences the amount of volatile
organic compounds (VOC) released from the starting feedstock (Daud et al.,
2001) resulting in porosity development. As PT increases, more VOC are
released, thereby forming pores.

The findings about pore development during pyrolysis are contrasting.
Several authors (Haga et al., 1991; Daud et al., 2001; Feng and Bhatia, 2003;
Uchimiya et al., 2010; Bunt et al., 2012; Song and Guo, 2012) reported a
progressive pore growth (increase in both pore volume and average pore size)
with increasing temperatures (up to 700°C) due to the release of volatile
compounds. Conversely, Chan et al. (1999), Sharma et al. (2001; 2004) and
Lu et al. (2013) found an increase in chars SA when PT was raised from
300°C to 500°C, followed by its decrease above 500°C. This decrement was
attributed to char structural ordering and micropore coalescence. Khalil
(1999) reported very low SAs for charcoals produced from a wide variety of
biomasses, pyrolyzed at temperatures around 500°C. Ronsse et al. (2013)
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explained these phenomena with a restructuration taking place in biochar due
to the presence of ash melting at high temperatures. Thus, in addition to PT,
char SA depends on other factors, such as the starting feedstock and its ash

content.

Summarizing, biochar physicochemical properties are mainly affected by
feedstock characteristics and pyrolysis temperature. In particular, certain
properties (e.g., biochar yield, pH, recalcitrance and volatile matter) are
predominantly controlled by production temperature, whereas others (e.g.,
biochar carbon content, CEC, mineral concentrations and ash content) are
mainly influenced by feedstock nature. By an appropriate combination of
feedstock and production temperature, it would be possible to affect biochar
properties in order to produce a ‘designed’ biochar for specific environmental
or agricultural applications. For example, biochars having high porosity may
be used as sorbents, those with high recalcitrance can be applied in carbon
fixation, those rich in available nutrients and minerals (or with high water
holding capacity) could be better used as amendments to improve soil

quality.

2.6 The Italian legislation on fertilizers

In Italy, the legislative Decree No.75 (29 April 2010) “Riordino e revisione
della disciplina in materia di fertilizzanti”(Gazzetta Ufficiale n. 121 del 26
maggio 2010 - Supplemento ordinario) defines the characteristics,
classification and trade of fertilizers.

In order to be used and/or commercialized, fertilizers must meet the
obligations under the directives of the Italian law and must be included in a
national register. For the inclusion of new products in the lists of allowed
fertilizers, they must meet several requirements. For example, they must be

carefully characterized in terms of physical, chemical and toxicological
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properties using official standard methods, their production process and its
operating parameters must be traceable and standardized, and the production
company must be registered in the ‘manufacturers of fertilizers’ register. In
addition, fertilizer effects on the environment and living organisms must be
known in order not to present risks, whether immediate or delayed, for one or
more environmental sections.

Since each biochar produced from a different starting biomass and under
different production processes has unique features and characteristics, it is
not possible to generically include all the biochars in the list of soil
improvers. Indeed, according to the Italian law, every single type of biochar
should be characterized, described, tested and approved for use.

To solve this problem at a worldwide level, the International Biochar
Initiative (IBI) organization is promoting a Biochar Certification Program,
whose primary goal is to create a standardized and recognized system to
certify biochar. To be certified, the materials must comply the IBI Biochar
Standards to ensure that chars intended for soil application meet minimal
physicochemical requirements and pass tests designed to identify the
presence of certain potential toxicants. The final purpose of the program is to
provide biochar manufacturers (or producers) the opportunity to certify their
products in order to allow their use or sale as fertilizer, at the same time

ensuring their safety.
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CHAPTER 3 : EFFECT OF HEATING TIME AND
TEMPERATURE ON THE CHEMICAL
CHARACTERISTICS OF BIOCHAR
FROM POULTRY MANURE

3.1 Introduction

Chicken or poultry manure (PM) consists of digested and transformed
materials containing the original litter material, feathers, and spilled feed that
accumulate on the floors of the buildings where the animals are grown
(Roach et al., 2009).

PM can be considered as a valuable source of readily available plant
nutrients, such as N, P, K and other micronutrients (Huang et al., 2011). For
this reason, PM is traditionally used by farmers as an effective organic
fertilizer (Chan et al., 2008). Many studies in both temperate and tropical
regions reported that large increases in soil organic matter content and
fertility can be achieved by adding chicken manures and wastes to soils
(Khaleel et al., 1981; Lal and Kang, 1982; Metzger and Yaron, 1987; Davies
and Payne, 1988; Sanchez et al., 1989; Haynes and Naidu, 1998). In
particular, the use of poultry manure also contributes to raise soil pH with
favourable effects on acidic soils (Perkins et al., 1964).

Notwithstanding the advantages of PM for increasing soil fertility, there are
food safety and environmental concerns about its application on agricultural
sites in its unmodified form (Wilkinson et al., 2003; Chan et al., 2007).
Indeed, the misuse of chicken manure as fertilizer may result in serious
environmental problems (Gay et al., 2003), e.g. human and animal health
risks, odours, and leaching of nitrates and other pollutants into groundwater
(Fan et al., 2000). For this reason, conversion of chicken manure to char has
been proposed as an attractive methodology to reduce PM volume and

weight, and its stink (Shinogi and Kanri, 2003; Popov et al., 2004).
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Char is a fine-grained and highly porous carbonaceous material, arising from
the pyrolitic decomposition of natural or synthetic organic materials (De
Pasquale et al., 2012). Due to its high carbon content and its high resistance
to biological and chemical decomposition, many authors consider char
applied to soils as a useful carbon sink for the atmospheric CO,
sequestration, thereby contributing to the mitigation of the global climate
changes (Schmidt and Noack, 2000; Gaunt and Lehmann, 2008; Matthews,
2008; Lehmann et al., 2009).

Application of char to soils is nowadays controversial and still matter of
debates. In fact, on the one hand, significant agronomic benefits due to char
application to soils have been reported (Sohi et al., 2010; Uchimiya et al.,
2010; Yuan et al., 2011). On the other hand, further studies reported
insignificant effects of biochar on crop yields, but also some adverse dose-
dependent peculiarities (Kishimoto and Sigiura, 1985; Mikan and Abrams,
1995; Rondon et al., 2007; Rillig et al., 2010). The variability of char effects
on soil properties may be due to the large variety of potential biophysical
interactions and processes that occur when it is applied to soils (De Pasquale
et al., 2012; Conte et al., 2013).

Char characteristics depend on the properties of the biomasses and the
techniques applied for its production (Krull et al., 2009; Sohi et al., 2010; De
Pasquale et al., 2012). Indeed, from the chemical point of view, all the
charred materials are recognized as poly-condensed aromatic systems where
the degree of poly-condensation may differ according to the technique used
for their production (Lehmann and Joseph, 2009). As an example, low-
temperature-produced charred systems still contain plant-growth stimulating
organic compounds. A low sorption capacity for cations has been observed
for high-temperature chars, which can be improved by using even higher
production temperatures (Gundale and DeLuca, 2006). In addition, the poly-

aromatic macro-molecular structure of charred biomasses is responsible for
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their chemical and microbial recalcitrance, which is also the cause of their
long mean residence time in soils (Knicker, 2011).

The physical characteristics of the charred material also depend on the nature
of the biomasses subjected to the thermal stress (Wiedner et al., 2013; Zhao
et al., 2013). Indeed, plant species with many large diameter cells in the stem
tissues can lead to biochars containing larger amounts of macropores
(Lehmann and Joseph, 2009). Macropores in biochar applied to soils may
enhance soil draining properties and the capacity to retain larger molecules,
such as phenolic compounds (Warnock et al., 2007).

Based on this, we can infer that understanding biochar chemical and physical
properties is crucial in order to address its agronomical and environmental
uses and allow meaningful pre-application quality assessments.

The aim of the present chapter is to report about the changes occurring in the
structure of poultry manure biochar when it is obtained at different
temperatures and heating times. For this reason, cross polarization magic
angle spinning (CPMAS) “C NMR spectroscopy and thermogravimetric
analysis (TGA) were used. Results will show that production temperature is
more important than heating time in determining the chemical characteristics
of PM biochar. Our findings appear to confirm recent data obtained on

different animal and vegetal biomasses (Wolf et al., 2013; Zhao et al., 2013).

3.2 Materials and Methods

3.2.1 Sample preparation

Poultry manure (PM) was collected from a Sicilian chicken farm, Conca
d’Uovo, Misilmeri, Palermo, Italy (38°3°4” N, 13°25°32” E). After
sampling, the material was air-dried to a maximum moisture content of 20%.
The manure was then charred in 300 mL Pyrex flasks at atmospheric pressure
by applying three temperatures: 350°C, 450°C, and 600°C. At the beginning,

residual air was still present in the system. Once reaction started, oxygen was
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consumed and pyrolysis proceeded under anoxic conditions. The
effectiveness of the pyrolysis was confirmed by the NMR analyses described
below. For each temperature, heating times of 30 min, 60 min, 90 min, and
120 min were employed. PM chars were allowed to cool down to room
temperature after pyrolysis. They were then finely ground in a ceramic
mortar and dried again at 105°C overnight. The dried materials were stored in
a desiccator until analyses.

3.2.2 Chemical analyses of PM chars

Elemental contents (C, H, N) for all the samples were achieved by using a
Vario MicroCUBE Elemental Analyser (Elementar, Hanau, Germany). All
the results are reported in Table 4. C, H and N values were not corrected for

the ash and moisture contents.

Samples Hea(t::ii)"me C(%) H(%) N(%) CH
Poultr

T (1y>M) 30+2 4+1 26203  7£2
30 3242 2.6£03  2.1+0.1 1242

PM char at 60 341 2.63+0.03 2.4+0.3 13.0+0.3
350°C 90 30£2 24402  2.1+02 1242
120 3142 1.9+02 2.3+03 1643
30 2742 13402 1.62+0.08 21+4
PM char at 60 3061 1.4+0.1 1.75£0.06 2142
450°C 90 290+1  1.5+0.1 1.88+0.02 19+2
120 241 0.9+02 1.5+02  27+7
30 2657  0.6£02  12+04 42425
PM char at 60 24£2  0.50£0.01 1.08+0.04 485
600°C 90 241  0.64£0.09 1.23+0.02 37+7
120 25£3  0.62£0.06 1.24+0.09 40+8

Table 4 - Elemental content of poultry manure (PM) and PM chars obtained at 350,
450 and 600°C for heating times of 30, 60, 90 and 120 min. The values were not
corrected for the ash content.
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3.2.3 Cross polarization magic angle spinning (CPMAS) BC NMR
spectroscopy

A 7.05 T Varian UNITY INOVA™ (Varian Inc., Palo Alto, CA, USA),
equipped with a Apex HX wide bore probe operating at a °C frequency of
75.4 MHz, was used to acquire the °C NMR spectra. The samples were
packed in 6 mm zirconium rotors with Teflon® bottom and top spacers and
Vespel® drive tips. The temperature was kept constant at 25.0+0.1°C. Magic
angle spinning was carried out at 8000+1 Hz. A 'H RF field strength of 50.3
kHZ and a ramp of 16 kHz to account for inhomogeneity of the Hartmann-
Hahn condition were applied (Berns and Conte, 2010). VNMRIJ software
(Version 1.1 RevisionD, Varian Inc., Palo Alto, CA, USA) was used to
acquire all the free induction decays (FID). Spectra elaboration was
conducted by Mestre-C software (Version 4.9.9.9, Mestrelab Research,
Santiago de Compostela, Spain). All the FIDs were transformed by applying
first a 2 k zero filling and then an exponential filter function with a line
broadening (LB) of 50 Hz. Fully automatic baseline correction using a

Bernstein algorithm was applied for baseline corrections.

3.2.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out using a Netzsch Simultaneous
Thermal Analyzer STA 449 F3 Jupiter (Netzsch-Gerdtebau GmbH, Selb,
Germany). Alumina crucibles were used as sample holder. Prior to analyses,
grounded PM chars were equilibrated in a chamber with controlled humidity
(relative humidity of 40%). For the thermoanalytical experiments, the
following conditions were applied: heating rate of 10°C'min"' from 30 to
1000°C, under dynamic air atmosphere, flow rate 50 ml-min ', sample mass
about 10 mg (weighted with an accuracy of +£0.001 mg). The measurements
were repeated three times for each sample. Data were analyzed using the

Netzsch Star software (NETZSCH Proteus software). The TG curves were
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derivated (DTG) in order to improve their resolution with respect to the
number of degradation steps and their onsets. The first derivative of the TG
trace represents the mass loss rate (expressed as %-min™") as a function of the
temperature. DTG curves are represented as a series of peaks, instead of an
“integrate” stepwise curve (TG), in which the areas under the peaks are
proportional to the total mass change of the sample (Wendlandt, 1986). In
this way, even subtle mass-changes, not evident in the TG curves, can be

highlighted by a DTG peak (Wendlandt, 1986).

3.3 Results and Discussion

3.3.1 CPMAS “C NMR investigations

Figure 11 shows the CPMAS >C NMR spectra of the poultry manure (PM)
and Figure 12 its char derivatives produced at 350, 450 and 600°C for
charring times of 30, 60, 90 and 120 min.

82 43

200 150 100 50 O

50 0
Chemical shift (ppm)

Figure 11 - CPMAS >C NMR spectrum of the poultry manure.
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The PM spectrum (Fig. 11) reveals a signal pattern which is due to the typical
plant material provided as food to chickens. In fact, signals in the region 0-50
ppm are traditionally attributed to alkyl systems. Here, a predominance of
methylene (-CH;-) chains (peaks at 24 and 31 ppm) due to lipids, cutin-like
structures and other aliphatic bio-molecules can be observed (Gomez et al.,
2007; Conte et al., 2010). The region comprised in the interval 50-60 ppm is
assigned to both nitrogenated and oxygenated alkyl systems. However, only a
signal at 56 ppm is visible. The latter is usually attributed to methoxyl groups
in lignin-like structures (Gomez et al., 2007; Conte et al., 2010). The NMR
signal pattern between 60 and 110 ppm is assigned to carbohydrates. Here,
cellulose carbons resonate at 65 ppm (C-6), 73 ppm (C-2, C-3, C-5), 82 ppm
(C-4 in amorphous cellulose, hemicellulose and cellulose oligomers) and 88
ppm (C-4 of cellulose on fibril surfaces) (Conte et al., 2010). The anomeric
carbon in cellulose appears at 105 ppm (Goémez et al., 2007; Conte et al.,
2010). The aromatic carbon spectral region is represented by the interval 110-
160 ppm. The PM spectrum in Figure 11 reveals aromatic signals at 130, 137
and 150 ppm. Due to the aforementioned signal at 56 ppm, aromatic signals
are most likely assigned to lignin-like systems (Wilson, 1987; Conte et al.,
2010). In particular, the signal at 130 ppm is generated by p-hydroxyphenol
derivatives, whereas those at 137 and 150, by syringil-like systems (Conte et

al., 2010). The last signal at 174 ppm is assigned to carboxyl groups.
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Figure 12 - CPMAS "C NMR spectra of the poultry manure chars produced at 350°C (A), 450°C (B) and 600°C (C) for the heating
times of 30, 60, 90 and 120 minutes. The position of spinning sidebands (SSBs) is marked with an asterisk (*). Note that the high-field
SSB is overlapped by the alkyl resonances in the chemical shift interval 0-50 ppm.




After pyrolysis at 350°C, the chemical composition of poultry manure
drastically changed (Fig. 12A). In fact, regardless of the muftle residence
time, only two sets of broad bands are observed in the alkyl (0-45 ppm) and
aromatic (110-160 ppm) regions. In particular, three main signals can be
recognized in the alkyl interval of the spectra, whereas the aromatic carbons
produce only one broad signal centered at 130 ppm (Fig. 12A). The three
main alkyl signals are placed at 14, 24 and 31 ppm. Whereas the latter two
can be attributed to methylene chains as reported above, the former signal (14
ppm) is generated by methyl groups terminating alkyl chains. The presence
of large amounts of alkyl carbons in the 350°C charred PM (Fig. 12A) shows
that the temperature of 350°C is not sufficient to completely pyrolize the
poultry manure. In particular, aliphatic chains and carbohydrates are
converted partly to polycyclic aromatic systems and partly to shorter alkyl
moieties. These can either be immobilized to bridge aromatic moieties or be
methyl-containing linear substituents on aromatic rings (Lehmann and
Joseph, 2009; De Pasquale et al., 2012).

At the longest residence time (120 min), the signal at 31 ppm, which stems
from —CH,— groups inside aliphatic chains, is noticeably reduced compared
to the signals at 24 and 14 ppm. This indicates that the aliphatic content
decreases with longer residence times, and also the chain length is reduced.
As reported in literature (e.g. Lehmann and Joseph, 2009), the amount of
alkyl carbons decreases while that of the aromatic moieties increases, as
charring temperature is raised up. This is confirmed by the spectra of the
poultry manure charred at 450 and 600°C (Figs. 12B and 12C, respectively).
The pyrolysis at 450°C at all muffle residence times produces charred
materials containing mainly aromatic carbons (broad band at 126 ppm in the
spectra of Fig. 12B). A strong reduction of the alkyl signal intensity is

observed as compared to the spectra in Figure 12A. The comparison between
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the spectra in Figure 12A and 12B shows also a loss of resolution of the alkyl
band in the spectrum of the biochar retrieved at 450°C. This finding can be
explained by the reduction of the number of methyl-rich linear substituents
and the formation of methyl-free alkyl bridges between aromatic rings.

The alkyl signal completely disappears after pyrolysis at 600°C (Fig. 12C),
thereby supporting previous results showing that aromatic carbons are the
main components in char systems when they are produced with temperatures
above 500°C (Zhao et al., 2013).

It is worth noting that the NMR spectra of the chars obtained at each
temperature were similar to each other regardless of the applied charring time
(i.e. comparison of the spectra in Figure 12 from top to bottom along
columns A, B and C). However, a shift of 4 ppm of the aromatic carbon
chemical shift value can be observed when the spectra in Figure 12 are
compared at the same charring time for the different temperatures. Indeed,
the aromatic carbons resonate at 130 ppm in the spectrum of the poultry
manure charred at 350°C, whereas they appear at 126 ppm in the spectra of
the PM chars obtained at 450 and 600°C. According to McBeath and
Smernik (2009), the higher the heating temperature applied for PM charring,
the lower is the chemical shift value for the resonance of the aromatic
carbons. This is due to the enhancement of the aromatic polycondensation
degree as charring temperature is raised up.

The elemental content reported in Table 4 further confirms the results from
CPMAS "C NMR experiments. On the one hand, no changes are observed in
the elemental compositions of the chars retrieved at the different heating
times when pyrolysis is done at the three temperatures of 350, 450 and
600°C. This indicates that heating temperature is more important than heating
time in affecting the chemical nature of PM chars, thereby confirming recent
results by Wolf et al. (2013) and Zhao et al. (2013) on different char

materials. On the other hand, the C/H ratio increases with increasing charring
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temperature (Tab. 4). The larger the C/H ratio, the higher the
polycondensation degree of organic systems. This supports the conclusion
that higher charring temperatures favor the formation of polycondensed

aromatic rings (McBeath and Smernik, 2009).

3.3.2 Thermogravimetric analysis

Figure 13 reports the thermogravimetic (TG) records (full lines) of the
poultry manure and its char products together with the first derivative curve
(DTG, dashed lines). The latter curve reflects the rate of the thermo-oxidative
degradation (Kucerik et al., 2004). The chemical similarity among chars as
evidenced by CPMAS "*C NMR spectroscopy (see above) is also reflected in
the TG/DTG curves reported in Figure 13. For this reason, only the TG/DTG
profiles of the chars obtained at the heating time of 120 min are reported in

Figure 13.
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Figure 13 - Thermograms (TG, full lines) and first derivatives of the thermograms (DTG, dotted curves) for the poultry manure (A) and
the PM chars obtained at 350°C (B), 450°C (C) and 600°C (D) for the heating time of 120 min.

Four different regions can be identified. Region I refers to water removal; region Il describes the mass loss due to thermal
transformation of carbohydrates and alkyl labile systems; region III is associated to the thermal transformation of aromatic moieties;
region [V is due to transformation of the inorganic components of poultry manure chars.
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TG investigations revealed that mass loss (ML) varied in the order:
MULeooec<MLyspoc<MLsspcc=MLpy  (Fig. 13). This was expected because
charring processes progressively reduce sample carbon, hydrogen and
nitrogen contents as heating temperature is increased (Alén et al., 1996;
Gaskin et al., 2008). Table 4 supports the latter findings. Indeed, carbon
amount varied from a mean value of ®30% in the PM and PM chars obtained
at 350°C, to an average of =28% in the 450°C PM chars and to an average of
~25% in the chars retrieved at 600°C. Reduction of H and N contents
followed the same trend. In fact, they were in the order
Hpm=Hpmssocc>Hpmasocc>Hpmsoocc and  Npm=Npmssoec>Npmasoc>Npwmsooec,
respectively.

Each TG/DTG curve has been operationally subdivided into four different
mass loss steps at four specific temperature intervals (Fig. 13) (Dell Abate et
al., 2000; Kucerik et al., 2004). The first interval, comprised in the
temperature range 40-210°C (region I in Fig. 13), is common for all the
samples. It consists in a progressive mass loss having the maximum rate
around 100°C. It refers to the loss of moisture adsorbed on poultry manure
and chars during the equilibration stage (RH 40%) prior to analysis (Kucerik
et al.,, 2004) (see Materials and Methods). Region II spans a temperature
interval from 210 to 420°C whereas region III includes the interval 420-
590°C (Fig. 13). Poultry manure evidenced the maximum rate of the
progressive mass loss at around 286°C in region II. Conversely, the chars
retrieved at 350°C and 450°C showed the maximum mass loss rate at around
384°C in the same region. Moreover, both poultry manure and PM chars
produced at 350 and 450°C revealed a maximum ML rate at around 460°C in
region III. Finally, the char sample retrieved at 600°C showed only one DTG
peak at around 414°C placed in between regions II and III (Fig. 13D). The
last thermal region IV, between 600 and 800°C (Fig. 13), with a DTG peak at

around 700°C in all the samples, is attributed to the degradation of mineral
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and biogenic salts (e.g., calcium and potassium carbonates), usually present
in poultry manure (Dell”Abate et al., 2000; Liodakis et al., 2005).

Poultry manure has already been described as a complex mixture of alkyl
moieties, sugars, aromatic systems and acidic functions (see discussion above
on CPMAS *C NMR spectroscopy). The TG/DTG curves reported in Figure
13A confirm those findings. Indeed, region II in biomass thermograms is
usually associated to the thermal-oxidative degradation of labile alkyl
systems, carbohydrates, and fatty acids (DellAbate et al., 2000; Lopez-Capel
et al., 2005). Conversely, region III is mainly assigned to mass loss of more
recalcitrant aromatic moieties (Dell”Abate et al., 2000; Lopez-Capel et al.,
2005) which come from original structures and, partially, from structures
which developed during the degradation and recombination of aliphatic
molecules (Kucerik et al., 2006). In particular, the highly oxygenated degree
of the organic PM systems produces the mass loss at the temperature of
286°C in region II (Fig. 13A). Conversely, the larger chemical stability of
aromatic systems is responsible for the thermal degradation at the
temperature of 460°C as evidenced in region III (Fig. 13A).

As a result of pyrolysis at 350 and 450°C, poultry manure turns into a char
mainly made by alkyl and aromatic domains. All the oxygenated functions
are lost (see the CPMAS >C NMR spectroscopy discussion above). Alkyl
systems are thermally more stable than the oxygen-rich moieties. For this
reason, region II in Figure 13B and 13C reveals a mass loss at a temperature
of 384°C, around 100°C higher than that observed in Figure 13A.

According to literature data (Kucerik et al., 2004; Lopez-Capel et al., 2005;
Melligan et al., 2012), linkages of recalcitrant aromatic moieties disrupt
between 430 and 600°C. This arises in region III, at 460°C, in poultry
manure (Fig. 13A), and the chars retrieved at 350°C (Fig. 13B) and 450°C
(Fig. 13C). Conversely, the aromatic systems of the chars obtained at 600°C
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degraded at 414°C (Fig. 13D), a temperature 46°C lower than that observed
in Figures 13A to 13C, and placed on the border of regions II and III.

In order to explain the thermo-oxidative instability of the aromatic domains
of the 600°C PM chars as compared to the thermo-oxidative stability of the
same domains in PM and PM chars at 350 and 450°C, differences in the
conformational arrangements of the different molecular domains have been
considered (Conte and Berns, 2008). Indeed, it is conceivable that the non-
aromatic domains in poultry manure and its 350 and 450°C chars are mainly
displaced on the surface of highly condensed or strongly associated poly-
aromatic systems (Conte and Berns, 2008). Due to this, the surficial non-
aromatic components are degraded first during the TG investigation. The
stable products obtained by this first degradation step (Kucerik et al., 2006;
Valkova et al., 2007) protect the inner aromatic constituents towards the
thermo-oxidative degradation, thereby decelerating the effective heat flow
and preventing the char particles from penetration of reactive atmosphere
(Sestak, 2004). Conversely, the poly-aromatic domain in the 600°C PM chars
is degraded at a lower temperature (414°C in Fig. 13D) than the other chars,

due to the absence of the protective effect of the non-aromatic components.

3.4 Conclusions

The present chapter reports CPMAS >C NMR characterization and thermal
investigation of poultry manure and its char derivatives obtained at 350, 450
and 600°C for charring times of 30, 60, 90 and 120 minutes. All the results
revealed that char chemical nature is affected more by production
temperature than by production time. Indeed, PM char composition at each
temperature remained more or less unchanged as heating time was gradually
switched from 30 to 120 min. In particular, PM chars obtained at 350 and
450°C contained both aromatic and alkyl domains whereas only aromatic

systems were present after charring at 600°C. Unexpectedly, the aromatic
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domains in the latter char revealed a lower thermal stability as compared to
the former two. In fact, whereas aromatics in 350 and 450°C PM chars
degraded at 460°C, those in the 600°C PM char were destroyed at 414°C.
This result was explained by hypothesizing that the alkyl domains in chars
produced at 350 and 450°C were mainly displaced on the surface of a rigid
aromatic core. For this reason, the thermal destruction of the original
aromatic core was retrieved only after the complete degradation of the
products developed from the original alkyl systems. Alkyl removal by
poultry manure charring at 600°C left unprotected the aromatic domain,
thereby allowing the thermal degradation of the aromatic systems at a lower
temperature than that measured for PM chars produced at the two lowest
temperatures (350 and 450°C).

Due to the relevance which conformation has on the sorption properties of
chars (e.g., kinetics and thermodynamics of char sorption or residence time of
adsorbed species), the understanding of the role of alkyl and aromatic

domains in these interactions is of great importance.

80

——
| —



References

Alén R, Kuoppala E, Oesch P (1996) Formation of the main degradation
compound groups from wood and its components during pyrolysis. J Anal
Appl Pyrolysis 36:137-148

Berns AE, Conte P (2010) Effect of RF Field Inhomogeneity and Sample
Restriction on Spectral Resolution of CP/MAS-"C NMR Spectra of
Natural Organic Matter. Open Magn Reson J 3:75-83

Chan KY, Van Zwieten L, Meszaros I, Downie A, Joseph S (2007) Assessing
the agronomic values of contrasting char materials on Australian
hardsetting soil. In: Proceedings of the Conference of the International
Agrichar Initiative, 30 April-2 May 2007, Terrigal, NSW, Australia

Chan KY, Van Zwieten L, Meszaros I, Downie A, Joseph S (2008) Using
poultry litter biochars as soil amendments. Aust J Soil Res 46:437-444

Conte P, Berns AE (2008) Dynamics of Cross Polarization in Solid State
Nuclear Magnetic Resonance Experiments of Amorphous and
Heterogeneous Natural Organic Substances. Anal Sci 24(9):1183-1188

Conte P, De Pasquale C, Novotny EH, Caponetto G, Laudicina VA, Ciofalo
M, Panno M, Palazzolo E, Badalucco L, Alonzo G (2010) CPMAS "“C
NMR characterization of leaves and litters from the reafforestated area of
Mustigarufi in Sicily (Italy). Open Magn Reson J 3:89-95

Conte P, Marsala V, De Pasquale C, Bubici S, Valagussa M, Pozzi A, Alonzo
G (2013) Nature of water-biochar interface interactions. GCB Bioenergy
5:116-121

Dell'Abate MT, Benedetti A, Sequi P (2000) Thermal methods of organic
matter maturation monitoring during a composting process. J Therm Anal
Calorim 61(2):389-396

De Pasquale C, Marsala V, Berns AE, Valagussa M, Pozzi A, Alonzo G,
Conte P (2012) Fast field cycling NMR relaxometry characterization of
biochars obtained from an industrial thermochemical process. J Soil
Sediment 2:1211-1221

Davies DB, Payne D (1988) Management of soil physical properties. In:
Wild A (ed) Russell’s Soil Conditions and Plant Growth, 11" edn.
Longman, Harlow, Essex

81

——
| —



Fan ZJ, Ai YW, Li JM, Li GW (2000) Discussion of controlling N loss from
volatilization in animal manure. J Sichuan Normal Univ (in Chinese)
23(5):548-550

Gay SW, Schmidt DR, Clanton CJ, Janni KA, Jacobson LD, Weisberg S
(2003) Odor, total reduced sulfur and ammonia emissions from animal
housing facilities and manure storage units in Minnesota. Appl Eng Agric
19(3):347-360

Gaskin JW, Steiner C, Harris K, Das KC, Bibens B (2008) Effect of low-
temperature pyrolysis conditions on biochar for agricultural use. T ASAE
51:2061-2069

Gaunt JL, Lehmann J (2008) Energy balance and emissions associated with
biochar sequestration and pyrolysis bioenergy production. Environ Sci
Technol 42:4152-4158

Goémez X, Diaz MC, Cooper M, Blanco D, Moran A, Snape CE (2007) Study
of biological stabilization processes of cattle and poultry manure by
thermogravimetric analysis and °C NMR. Chemosphere 68:1889-1897

Gundale MJ, De Luca TH (2006) Temperature and source material influence
ecological attributes of ponderosa pine and Douglas-fir charcoal. For Ecol
Manag 231:86-93

Haynes RJ, Naidu R (1998) Influence of lime, fertilizer and manure
applications on soil organic matter content and soil physical conditions: a
review. Nutr Cycl Agroecosys 51(2):123-137

Huang G, Wang X, Han L (2011) Rapid estimation of nutrients in chicken
manure during plant-field composting using physicochemical properties.
Bioresource Technol 102:1455-1461

Khaleel R, Reddy KP, Overcash MR (1981) Changes in soil physical
properties due to waste applications: a review. J Environ Quality 10:133—
141

Knicker H (2011) Pyrogenic organic matter in soil: its origin and occurrence,
its chemistry and survival in soil environments. Quat Int 243(2):251-263

82

——
| —



Krull ES, Baldock JA, Skjemstad JO, Smernik RJ (2009) Characteristics of
biochar: Organo-chemical properties. In: Lehmann J, Joseph S (eds)
Biochar for Environmental Management, Science and Technology.
Earthscan, London

Kucerik J, Kovar J, Pekar M (2004) Thermoanalytical investigations of
lignite humic acid fractions. J Therm Anal Calorim 76:55-65

Kucerik J, Kamenarova D, Valkova D, Pekar M, Kislinger J (2006) The role
of various compounds in humic acids stability studied by TG and DTA. J
Therm Anal Calorim 84(3):715-720

Kishimoto S, Sugiura G (1985) Charcoal as a soil conditioner. Int Achieve
Future 5:12-23

Lal R, Kang BT (1982) Management of organic matter in soils of the tropics
and subtropics. XII Cong Int Soc Soil Sci. New Delhi, India:152—-178

Lehmann J, Czimczik C, Laird D, Sohi S (2009) Stability of biochar in the
soil. In: Lehmann J, Joseph S (eds). Biochar for environmental
management: science and technology. Earthscan, London

Lehmann J, Joseph S (2009) Biochar for environmental management: an
introduction. In: Lehmann J, Joseph S (eds) Biochar for environmental
management: science and technology. Earthscan, London, 1-13

Liodakis S, Katsigiannis G, Kakali G (2005) Ash properties of some
dominant Greek forest species. Thermochim Acta 437:158-167

Lopez-Capel E, Sohi SP, Gaunt JL, Manning DAC (2005) Use of
Thermogravimetry—Differential Scanning Calorimetry to characterize
modelable soil organic matter fractions. Soil Sci Soc Am J 69:136—-140

Matthews JA (2008) Carbon negative biofuels. Energ Policy 36:940-945

McBeath AV, Smernik RJ (2009) Variation in the degree of aromatic
condensation of chars. Org Geochem 40:1161-1168

Melligan F, Dussan K, Auccaise R, Novotny EH, Leahy JJ, Hayes MHB,
Kwapinski W (2012) Characterization of the products from pyrolysis of

residues after acid hydrolysis of Miscanthus. Bioresource Technol
108:258-263

83

——
| —



Metzger L, Yaron B (1987) Influence of sludge organic matter on soil
physical properties. Adv Soil Sci 7:141-163

Mikan CJ, Abrams MD (1995) Altered forest composition and soil properties
of historic charcoal hearths in southeastern Pennsylvania. Can J Forest Res
25:687-696

Perkins HF, Parker MB, Walker ML (1964) Chicken manure - its production,
composition, and use as a fertilizer. Georgia Agr Exp St Bull

Popov V, Itoh H, Brebbia CA, Kungoles A (2004) Waste management and
the environment II. WIT Press, Boston

Rillig MC, Wagner M, Salem M, Antunes PM, George C, Ramke HG,
Titirictc MM, Antonietti M (2010) Material derived from hydrothermal
carbonization: Effects on plant growth and arbuscular mycorrhiza. Appl
Soil Ecol 45(3):238-242

Roach S, Isenhart L, McKenna L, Cunningham M (2009) Filthy Feed - The
Risky and Unregulated Practice of Feeding Poultry Litter to Cattle. FACT,
Food Animal Concerns Trust

Rondon MA, Lehmann J, Ramirez J, Hurtado M (2007) Biological nitrogen
fixation by common beans (Phaseolus vulgaris L.) increases with bio-char
additions. Biol Fert Soils 43:699-708

Sanchez PA, Palm CA, Szott LT, Cuevas E, Lal R (1989) Organic input
management in tropical agroecosystems. In: Coleman DC, Oades JM,
Uehara G (eds) Dynamics of Soil Organic Matter in Tropical Ecosystems.
University of Hawaii Press, Honolulu

Schmidt MWI, Noack AG (2000) Black carbon in soils and sediments:
Analysis, distribution, implications, and current challenges. Global
Biogeochem Cy 14(3):777-793

Sestak J (2004) Heat, thermal analysis and society. Nucleus HK Press,
Hradec Kralove, Czech Republic

Shinogi Y, Kanri Y (2003) Pyrolysis of plant, animal and human waste:
physical and chemical characterization of the pyrolytic products.
Bioresource Technol 90(3):241-247

84

——
| —



Sohi SP, Krull E, Lopez-Capel E, Bol R (2010) A review of biochar and its
use and function in soil. Adv Agron 105:47-82

Uchimiya M, Lima IM, Klasson KT, Chang S, Wartelle LH, Rodgers JE
(2010) Immobilization of Heavy Metal Ions (Cu", Cd", Ni", and Pb") by
Broiler Litter-Derived Biochars in Water and Soil. J Agr Food Chem
58:5538-5544

Valkova D, Kislinger J, Pekar M, Kucerik J (2007) The kinetics of thermo-
oxidative humic acids degradation studied by isoconversional methods. J
Therm Anal Calorim 89(3):957-964

Warnock DD, Lehmann J, Kuyper TW, Rilling MC (2007) Mycorrhizal
responses to biochar in soil—concepts and mechanisms. Plant Soil 300:9—
20

Wendlandt WWM (1986) Thermal Analysis. Wiley, New York

Wiedner K, Rumpel C, Steiner C, Pozzi A, Maas R, Glaser B (2013)
Chemical evaluation of chars produced by thermochemical conversion
(gasification, pyrolysis and hydrothermal carbonization) of agro-industrial

biomass on a commercial scale. Biomass and Bioenergy. DOI:
10.1016/j.biombioe.2013.08.026 (article in press)

Wilkinson KG, Harapas D, Tee E, Tomkins RB, Premier R (2003) Strategies
for the Safe Use of Poultry Litter in Food Crop Production. Horticulture
Australia Ltd, Sidney

Wilson MA (1987) N.M.R. techniques and applications in geochemistry and
soil chemistry. Pergamon Press London 1°*'ed.

Wolf M, Lehndorff E, Wiesemberg GLB, Stockhausen M, Schwark L,
Amelung W (2013) Towards reconstruction of past fire regimes from
geochemical analysis of charcoal. Org Geochem 55: 11-21

Yuan JH, Xu RK, Wang N, Li JY (2011) Amendment of Acid Soils with
Crop Residues and Biochars. Pedosphere 21(3):302-308

Zhao L, Cao X, MasSek O, Zimmerman A (2013) Heterogeneity of biochar
properties as a function of feedstock sources and production temperatures.
J Hazard Mater 256-257:1-9

85

——
| —



CHAPTER 4 : EFFECT OF PYROLYSIS CONDITIONS ON
THE SURFACE PROPERTIES OF CHARS FROM
POULTRY MANURE

4.1 Introduction

Climate change due to the excessive release of greenhouse gases (GHG) in
the atmosphere have become one of the most important challenges the
modern world is facing (Lehmann et al., 2006). In recent decades,
international efforts have been directed toward the search for alternative and
renewable energy sources in order to reduce the use of fossil fuels,
considered the main responsible for global warming (Zhang et al., 2010). In
this perspective, bioenergy seems a possible and viable strategy to
complement and partly replace fossil fuels.

Bioenergy is a renewable and clean energy source derived from several
biomasses (Zhang et al., 2010). Different kinds of waste biomasses (such as
food residuals, agricultural crops, animal and municipal solid wastes) have
the potential to be converted into energy and bio-products, which can be
applied for power generation, transportation, as well as the production of
biomaterials. The modern industrial systems for the production of bioenergy
include thermochemical processes such as pyrolysis and gasification
(Bridgewater, 2001). These practices involves the heating of various types of
biomass (feedstock), under controlled conditions, to produce synthesis gas
(or syngas) and oil (or bio-oils), commonly used as fuel or for the synthesis
of chemical compounds (e.g., methanol and ammonia) (Rezaiyan and
Cheremisinoff, 2005; Basu, 2010).

The third combustible produced by pyrolysis is a carbon-rich solid residue
referred to as biochar, char or charcoal. This material is a highly porous fine
grained substance, really similar in appearance to the coal produced by

natural burning. Instead of being considered as an industrial waste, this solid
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residue should be valorised as are the gaseous and liquid products. Indeed,
thanks to its porous structure and high surface area, the pyrolitic char may
have several applications. Used as amendment, biochar demonstrated to
improve soil physicochemical characteristics (i.e., increase in water and
nutrient retention, cation exchange capacity, pH, soil aeration), soil fertility
and crop production (Liang et al., 2006; Polmehier et al., 2009; Sohi et al.,
2010; Yuan et al.,, 2011; Herath et al., 2013). Furthermore, char porous
structures is compatible with adsorption purposes (Bernardo et al., 2012).
Several works (Sheng et al., 2005; Beesley et al., 2010; Uchimiya et al.,
2010; Chen and Yuan, 2011; Karami et al., 2011; Lian et al., 2011) proved
char capacity to remove both inorganic (e.g., nitrate, phosphate and metal
ions) and organic compounds (e.g., pesticides and polycyclic aromatic
hydrocarbons) from soils and wastewaters. Thus, biochar can be valorized as
pollutants adsorbent or even as precursors for manufacturing activated
carbons (Dias et al., 2007; Cao and Harris, 2010).

Char adsorptive capacity is closely related to its specific surface area and
pore structure (Noll et al., 1992; Keech et al.,, 2005). In turn, these
characteristics are influenced by the structure of the original feedstock
(Warnock et al., 2007; Kloss et al., 2012), and the process conditions (mainly
charring temperature and residence time). In particular, many researchers
emphasize the strong influence of pyrolysis temperature on char physical
structure (Raveendran and Ganesh, 1998; Li et al.,, 2008; Lehmann and
Joseph, 2009; Uchimiya et al., 2010). Indeed, charring temperature affects
the amount of volatiles released from the material and its final porous
structure (Daud et al., 2001), resulting in large variations in biochar sorptive
potential (Keiluweit et al., 2010). Thus, the knowledge of the char pore
structure and how it changes as a function of pyrolysis temperature is of
fundamental importance because of its marked influence on char adsorption

behaviour (Chen et al., 2008).
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The aim of the present study was to investigate about the changes occurring
in the physical structure of biochar produced from poultry manure when it is
obtained at different pyrolysis temperatures and heating times and how these
structural changes can influence its agronomic or remediation potential.
Poultry manure (PM) was chosen as feedstock for biochar preparation since
its misuse as organic fertilizer can produce serious environmental problems
(Gay et al., 2003). This biomass is generally considered a valuable source for
readily available plant nutrients (Huang et al., 2011) but its application to
agricultural sites in its unmodified form may result in human and animal
health risks, odors, and leaching of nitrates and other pollutants into
groundwater (Fan et al., 2000). For these reasons, conversion of chicken
manure to char has been proposed as an attractive methodology to reduce PM
volume and weight, and its stink (Shinogi and Kanri, 2003; Popov et al.,
2004).

Some studies have already examined PM biochar characteristics (Uchimiya
et al., 2010). Further studies must be performed to evaluate the changes
occurring in PM physical characteristics during pyrolysis process.

Poultry manure char surface morphology and its structural transformations
were investigated by scanning electron microscopy (SEM) while fast field
cycling (FFC) NMR relaxometry was used to retrieve informations on char
pore size distribution and the nature of the interactions between water and
char porous surface. In particular, it was possible to evaluate how different
pyrolysis conditions affected water distribution in poultry manure biochar

samples.
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4.2 Materials and Methods

4.2.1 Biomass and biochars preparation

Biochar was produced using poultry manure (PM) as feedstock material. PM
consists of digested and transformed materials also containing the original
litter material, feathers, and spilled feed that accumulate on the floors of the
buildings where the animals are grown (Roach et al., 2009).

PM was collected from a Sicilian chicken farm, Conca d’Uovo, Misilmeri,
Palermo, Italy (38°3°4”” N, 13°25°32”" E). After sampling, the material was
air dried to a maximum moisture content of 20.0%. Poultry litter samples
were charred in 300 mL Pyrex flasks at atmospheric pressure by applying
three temperatures: 350°C, 450°C, and 600°C. At the beginning, residual air
was still present in the system. Once reaction started, oxygen was consumed
and pyrolysis proceeded under anoxic conditions. For each temperature,
samples were pyrolyzed at the following residence times: 30 and 120 min.
Biochars were allowed to cool to room temperature, finely ground in a
ceramic mortar and dried again in the oven, at 105°C, overnight. The dried

materials obtained were then stored in a desiccator for subsequent use.

4.2.2 Surface area measurements

Specific Surface Areas (SAs) of the PM biochar samples were determined by
gas adsorption using the Micromeritics Flowsorb 2309 apparatus (Dunstable,
UK). Adsorption of N, was performed at -196°C. Before SA measurements,
each sample was degassed at 300°C for 30 min. Samples SAs were
determined by the dynamic Brunauer—-Emmett-Teller (BET) method. All the
measurements were done in triplicate. The surface BET areas of the
examined chars are reported in Table 5. The analysis was not performed on
PM original biomass since the pre-treatment at 300°C could be considered as

a pyrolysis itself and the results would not have been real and reliable.
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4.2.3 Sessile drop contact angle

To test the wettability of char surfaces, the contact angle (CA) was measured
by computer analysis of digital pictures of droplets. This measurement
requests to prepare flat surface samples of the investigated solids. A thin
layer of each char sample was fixed to one side of a glass microscope slide
using double sided adhesive tape (Bachmann et al., 2000). Five to six drops
of distilled water (10ul) were placed on the surface. It was assumed that it
needs five seconds to set the next drop (Diehl and Schaumann, 2007), so
pictures were made in steps of five seconds respectively after setting of the
last drop. In this way it is possible to get pictures of replicated droplets of the
same age of 25 to 30 seconds by evaluation of only the first droplet on first
picture, second droplet on second picture and so on. The digital camera
(Canon A300) was controlled by Remote Capture DC programme. The
pictures can be magnified and trimmed with the Zoom Browser EX and the
contact angle between solid and liquid can be measured by SCA-20. The
sessile drop contact angle (®ss) was calculated from the tangent to the three-
phase soil/water/air contact point associated with the ellipse that best fitted
the drop shape (Diehl and Schaumann, 2007). Evaluation of replicates and
transformation of measured contact angles request calculation in Excel.
Zisman- and also OWRK-plot were made for all tested biochars. No
temperature correction for the surface tension of the liquids has been done as
temperature was close to 20°C (22°C room temperature) and there is not
known how the correction factor is distributed on polar and dispersive
component.

Contact angle (CA) values for all PM biochars examined resulted in the range
120°+3, showing no statistically significant differences between the samples.
Generally, the solid surface is considered hydrophilic if the water contact
angle is smaller than 90° (Forch et al., 2009). Conversely, if the water contact

angle is larger than 90°, the solid surface is considered hydrophobic. Highly
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hydrophobic surfaces made of low surface energy materials may have water
contact angles as high as ~120° (Forch et al., 2009). Thus, biochar samples

can be considered solids that present greatly hydrophobic surfaces.

4.2.4 Scanning Electron Microscopy (SEM)

Morphological structures of char were investigated by scanning electron
microscopy (SEM, FEI Quanta 250, Hillsboro, OR, U.S.A.) fitted with the
ETD detector, at 10kV, dwell 30us. SEM photomicrographs were obtained
for char particles dispersed evenly on conductive carbon tape, mounted on an
aluminium sample stub. SEM describes char surface morphology by visual
magnification of the surface, up to 100.000 times, under which details of char
surface, such as pores, can be acquired. In this study, the micrographs were

obtained at magnifications of 250X, 1000X, 1500X, 2000X and 2500X.

4.2.5 "H-NMR (Proton Nuclear Magnetic Resonance) Relaxometry

For NMR measurements, samples were prepared by addition of known
amounts of water to weighed quantities of oven-dried ground biochar
followed by gentle stirring. In details, 2g dry mass of the samples were filled
in glass vessels, 4mL of demineralised deionized water were added, and the
mixture was carefully mixed. After wetting of all surfaces, i.e. the peat
surfaces turned dark and no dry areas were observed (Jaeger et al., 2010), the
vessels were sealed with a plastic lid. The NMR experiment was performed
after 24 hours to assure the complete wetting of the samples.

All '"H NMR measurements were performed at a magnetic field strength of
0.176 T, i.e. at a proton Larmor frequency of 7.5 MHz (Minispec 7.5, Bruker,
Germany). The temperature during the measurements was kept constant
(25°C). The transversal relaxation time (T;) distributions of water in biochar
samples were determined using a CPMG (Carr—Purcell-Meiboom—Gill)

pulse sequence (Meiboom and Gill, 1958). The following conditions were
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employed: Number of Scans 32, Recycle Delay 12s, 71dB, T Echo time

0.1ms, Echoes 25000 to 48000, Pulse attendance 14, Bandwidth broad
IMHz. The FIDs were acquired with the Bruker Minispec software and
elaborated with OriginPro 7.5 SR6 (Version 7.5885, OriginLab Corporation,
Northampton, MA, USA).

Data elaboration

The relaxation time distributions consist of a number of time constants with
associated amplitudes representing an exponential decay curve, the FID (Free
Induction Decay) signal. These distributions could be described by a third or
fourth order process using exponential functions. Fittings with up to four
exponential functions were tested to describe how the T, values and/or the
relatives amplitude A(t) change depending on different pyrolysis
temperatures and residence times. The best results (lower x* and larger R?)
were determined using a four exponentials fitting:
y= yo+ A+ A + A+ AN

where t; is the T, value corresponding to a different kind of interaction
(weaker or stronger) between water and the surface of the porous medium
investigated, and A; is the amplitude of the T, components. In other words,
the amplitude A; is a measure of the amount of water relaxing with each
relaxation time Ty;.

The choice of this equation was due to the large sample heterogeneity
resulting in a multi-exponential behaviour of the decay/recovery curves
(Morozova-Roche et al., 1999). If confined in porous media, relaxation is
controlled by solid-fluid interactions at the surfaces of the pore space. Water
molecules diffuse and eventually reach a pore wall surface where there is a
finite probability that their spins are relaxed due to interactions with fixed
spins, paramagnetic ions or paramagnetic crystal defects (Bayer et al., 2010).
Due to the dependency of the relaxation times on the water binding and

distribution, NMR relaxometry can be used to describe the water
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environment. In detail, the biochar T, distributions were operationally
divided into the following T, range: I: 20-50ms; II: 70-180ms; III: 250-
700ms, IV: 1000-2200ms. To describe how the T, values change, they were
plotted as a function of pyrolysis temperatures and residence times. Results

are shown in Figure 15.

4.2.6 Fast field cycling (FFC) NMR Relaxometry

For FFC NMR relaxometry investigations, 1g of dried biochar was weighted
in NMR tubes, and 3g of demineralised deionized water were added followed
by gentle stirring according to the procedure reported in Dunn et al. (2002).
'H nuclear magnetic resonance dispersion profiles (i.e. relaxation rates R; or
T, vs. proton Larmor frequencies) were acquired on a Stelar Smartracer
Fast-Field-Cycling Relaxometer (Stelar s.r.l., Mede, PV—Italy) at a constant
temperature of 25°C.

The proton spins were polarized at a polarization field (Bpor) corresponding
to a proton Larmor frequency (m;) of 8MHz for a period of polarization
(TpoL) corresponding to about five times the T; estimated at this frequency.
After each Bpor application, the magnetic field intensity (indicated as Bgyx)
was systematically changed in the proton Larmor frequency w; comprised in
the range 0.01-10.0MHz. The period 1, during which Bryx was applied, has
been varied on 16 logarithmic spaced time sets, each of them adjusted at
every relaxation field in order to optimize the sampling of the decay/recovery
curves.

Free induction decays (FID) were recorded following a single 'H 90° pulse
applied at an acquisition field (Bacq) corresponding to the proton Larmor
frequency of 7.20MHz. A time domain of 100us sampled with 512 points
was applied. Field-switching time was 3ms, while spectrometer dead time
was 15ps. For all the experiments, a recycle delay of 6s was used. A non-

polarized FFC sequence was applied when the relaxation magnetic fields
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were in the range of the proton Larmor frequencies comprised between 10.0
and 3.6MHz whereas a polarized FFC sequence was applied in the proton
Larmor frequencies Brrx range of 3.0-0.01MHz (Kimmich and Anoardo,
2004).

FFC NMR data elaboration

R, values were achieved by interpolating the 'H magnetization
decay/recovery curves at each Bgix value (i.e. 'H signal intensity versus 1)
with the stretched exponential function (also known as Kohlrausch-Williams-
Watts function) reported in equation [1] after exportation of the experimental
data to OriginPro 7.5 SR6 (Version 7.5885, OriginLab Corporation,
Northampton, MA, USA). This equation provided the best fitting with the
largest coefficients of determination (R? > 0.998). The choice of this function
was due to the large sample heterogeneity resulting in a multi-exponential
behavior of the decay/recovery curves (Morozova-Roche et al., 1999). This
approach has the advantage that it is able to handle a wide range of behaviors
within a single model. For this reason, assumptions about the number of
exponentials to be used in modeling NMRD data are not necessary.
1(z)=1,exp[(~7/T)f (1]

In equation [1], I(t) is the 'H signal intensity at each fixed Bgix, I is the 'H
signal intensity at the thermal equilibrium, T, is the average proton spin
lattice relaxation time and k is a heterogeneity parameter related to the
stretching of the decay process. This function can be considered as a
superposition of exponential contributions and thus describes the likely
physical picture of some distribution in T;.
The NMRD profiles reporting the calculated R; values (T;") vs Larmor
angular frequency (wr) were then exported to OriginPro 7.5 SR6 and fitted
with a Power Law function of the type (Murray et al., 2008):

Ri(v) = IUTi(v)=a*v®+c [2]
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In equation [2], R, is the longitudinal relaxation rate, a is a measure of the
strength of coupling of the proton spins to the solid lattice, b is the exponent
or power, and the parameter c is a field-independent offset.

The nuclear magnetic resonance dispersion (NMRD) profiles (i.e. R;=T;"
values vs o) for the water saturated PM and the relative biochars are shown
in Figure 17. Table 7 reports the NMRD parameters obtained by fitting the
NMRD profiles with the equation [2].

Relaxation data at the lowest proton Larmor frequency (10kHz) were also
evaluated by UPEN algorithm (Alma Mater Studiorum — Universita di
Bologna, Italy) (Borgia et al., 1998; 2000) to obtain the T, distributions at
this magnetic field and, therefore, information on pore distribution and water
interaction. The resulting T; distributions were then exported to OriginPro
7.5 and fitted with a Gaussian function to obtain the deconvolution curves

(R*> 0.99) (Fig. 16). Results are reported in Table 6.

4.3 Results and Discussion

4.3.1 Surface area measurements

Many researchers emphasize the strong influence of process temperature on
the char chemical properties and its physical structure, e.g. total surface area
and pore size distribution (Raveendran and Ganesh, 1998; Li et al., 2008;
Lehmann and Joseph, 2009; Uchimiya et al., 2010). In particular, charring
temperature can be related to the amount of energy required to break the
chemical bonds of the raw material used as feedstock. In other words, a
higher process temperature determines the allocation of a greater amount of
energy able to degrade a larger number of chemical bonds. More bonds are
broken, more volatile molecules are released giving rise to a porous material.
Thus, process temperature influences the amount of volatiles released from

the material (Daud et al, 2001) and, as a consequence, it affects char surface
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area, especially the development of porosity. According to Raveendran and
Ganesh (1998) and Yang et al. (2008), porosity progress is related to
moisture evaporation, volatile release and the rate of their evolution. During
pyrolysis, biochar loses organic molecules in the form of volatile compounds.
This massive volatilization of organic species contributes to the development
of biochar pore structure, i.e. causing the opening of original closed pores,
the formation of new pores, and an increase in pore size of existing and
newly formed pores (Bunt et al., 2012). According to Fu et al. (2012), the
evolution of pores can be divided into two stages. During the first stage, the
pore volume increases due to organic matter volatilization. Moreover, a large
number of new pores are created and part of original blocked pores are
opened. In the second stage, as organic matter volatilisation continues, new
pores are still continuously created, existing pores are enlarged, and the
coalescence of smaller pores to form larger pores results in larger pore
volume. Following the model described from Simons (1979) and Sorensen et
al. (2000), as pyrolysis proceeds and a larger amount of volatile matter is
released, the larger pores will grow and incorporate the closed or smaller
pores into an open pore structure. This mechanism is responsible for a
relative depletion of the small pores and enhanced growth of the large pores,
and leads to a reduction of the total surface area.

The findings about pore development on char surface during pyrolysis are
contrasting. Several authors (Haga et al., 1991; Daud et al., 2001; Feng and
Bhatia, 2003; Bunt et al., 2012; Song and Guo, 2012) reported a progressive
pore growth (increase in both pore volume and average pore size) with
increasing temperatures (up to 700°C) due to the release of volatile
compounds. On the contrary, Chan et al. (1999), Sharma et al. (2001; 2004)
and Lu et al. (2013) found an increase in the surface area of char produced at
increasing charring temperatures in the range 300-500°C, followed by a

decrease of the SA above 500°C produced by chars structural ordering and
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micropore coalescence. Khalil (1999) reported very low surface areas for
charcoals (from a wide variety of biomass feedstocks) pyrolyzed at
temperatures near 550°C.

Poultry manure biochars present a similar behaviour. BET results (Tab. 5)
show an increase in the surface area (SA) of biochar samples (30min
residence time) from 9+0.5 to 17+0.8m? g'1 as temperature rises from 350 up
to 450°C. Then, above 450°C, the SA decreases again to 12+1m”g™.

The same trend is shown for the samples retrieved at 120°C.

Sample Name| PM | PM PM PM | PM | PM
35030 | 350120 | 45030 | 450120 | 60030 | 600120
SA (m°g") [9+05[11+04[17+08[17+0.9[12+1|13+0.9

Table 5. BET surface area values of the examined PM biochars.

According to De Pasquale et al. (2012), SA values can be inversely related to
pore sizes: as surface area increases, the pore size becomes smaller. BET data
follow the models described above. During pyrolysis, the organic matter
volatilization determines the creation of new small pores and the opening of
original blocked pores leading to an increase of the char total surface area. As
charring temperature rises (up to 600°C), volatilisation continues, the pores
grow and enlarge, and some small pores combine to form bigger ones
resulting in the reduction of the total surface area. Ronsse et al. (2013)
explained this phenomena assuming a restructuration taking place in the
biochar accompanied by the presence of ash melting at high temperatures. As
a result, high temperature chars contain high amount of ash (i.e., poultry
manure) and could have a low SA value due to the fusion of molten ash
filling up pores on char surface.

Resuming, the biochar surface area values grow as follow:

PM35030<PM350120<PMs0030=PMe00120<PMa5030=PMas0120.
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Charring temperature affects biochar pore structure determining first an
increase and then a decrease of the surface area. On the contrary, charring
residence time has an influence in surface area development only at the
lowest temperature examined (350°C).

Figure 14 shows the surface morphology and the pore development on PM
biochar surface. From the SEM micrographs, it can be seen the opening of
the pores and their increase in size as temperature rise (from top to bottom)
but also as residence time is increased from 30 to 120 min (from left to right).
The SA values observed for PM chars are higher than the ones reported by
Song and Guo (2012) (around 4m2g'1) but lower than the ones found by
Uchimiya et al. (2010) (40—95m2g']), even if in the same order of magnitude.
These differences are probably due to different ways of biochar producing or
sample processing. Even other authors (Sneath et al., 2013; Tatarkova et al.,
2013; Xu and Zhao, 2013) found low SAs for biochars produced from
different feedstock. Indeed, to obtain biochar products with high SA is
necessary an additional activation by chemical (Koutcheiko et al., 2007),
physical (Azargohar and Dalai, 2006; Uchimiya et al., 2010) or mechanical

(Peterson et al., 2012) means.
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Figure 14 - SEM micrographs showing the surface morphology and the macro-pore
development on a) PM3s030, b)PM3s0120, €) PMasoso, d)PMasor20, €)PMeoozo, HIPMeooi20
(scale bar=50 pm).
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4.3.2 Nature of the interactions between water and biochar porous
surface

As discussed in Material and Methods, T, distributions of water in PM chars
are better described by a four exponentials fitting. As a consequence, the
resulting T, values can be divided into four T, ranges. Every T, range
corresponds to a different water state or rather water interacting with char
with different strengths: from loosely bound water (large T>) to tightly bound
water (shorter T,). Each range could also be related to water filling pores
with different size (Bayer et al., 2010). The faster the motions are (e.g. water
in large-sized pores), the lower is the dipolar interaction efficiency, thereby
favouring longer T, values. Conversely, slower molecular dynamics (as for
water constrained in small-sized pores) can be associated with shorter
relaxation times due to stronger nuclear dipolar interactions (Bakhmutov,
2004).

In our study, the shortest T, values (<50ms) were associated to water
molecules strongly interacting with biochar surface or diffusing in smallest-
sized pores, whereas the water which is free or trapped in the largest-sized
pores is represented by the highest values of T, (>1000ms). In detail, the PM
biochar T, distributions were operationally divided into the following T,
range: Th,: 20-50ms; Top: 70-180ms; To.: 250-700ms, Togq: 1000-2200ms. The
shortest relaxation time (T,,) was related to micropores or tightly surface
bound water, T, to mesopores or medium-strength bound water, T, to
macropores or loosely bound water and T4 to macropores or free water.
Actually, the T, boundary conditions vary between different publications.
Our limits are different from the ones fixed by Bayer et al. (2010) who
differentiate three range of T»:

- short relaxation times (T, : below 60 ms) = micropores

- medium relaxation times (T, : 60-300 ms) = mesopores

- longer relaxation times (T, : > 300 ms) = macropores
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Conversely, our subdivision range is similar to the distinction made by Jaeger
et al. (2010) since they discerned four T, ranges (I: 0.1-3ms, II: 3-30ms, III:
30-300ms, IV: >300ms).

Figure 15 shows the T, values of saturated PM chars plotted as a function of
pyrolysis temperature. The results show an increase in all relaxation times
with pyrolysis temperature. The same trend, albeit with minor differences, is
found as charring time rises from 30 to 120 minutes.

The increase of T, with increasing pyrolysis temperatures is representative of
an increase in the mobility of the involved water molecules (Wynne-Jones
and Blanshard, 1986; Jaeger et al., 2010). It means that biochars produced at
higher temperatures have weaker interactions with water than char obtained

at lower temperatures.
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Figure 15 - Transversal relaxation time (T,) values of saturated PM chars plotted as
a function of pyrolysis temperature.

There are several possible explanation to this phenomena.
1) The shift of relaxation times towards higher values could indicate water

movement into bigger pores or the presence of water into macropores. It
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suggests that chars treated at higher temperatures contain larger dimension
pores. This is partially confirmed by BET SA data, since PMgy has a lower
SA than PMys, previously explained by the increase in the pores size with
charring temperature.

2) Another reason could be the reduction in the amount of char surface polar
functional groups able to interact with water. Indeed, the interactions between
solids and liquids are influenced by the density and the type of sites able to
interact with water protons at the available surfaces of organic and mineral
materials (Diehl et al., 2010). Thus, change in sample wettability could
depend on the variable number of proton-accepting surface sites.

It is well know that as pyrolysis temperature rises, produced biochars exhibit
a decrease of labile compounds (e.g., aliphatics), resulting composed of sole
aromatic moieties (Antal and Grénli, 2003; Lehmann and Joseph, 2009; De
Pasquale et al., 2012). For example, Song and Guo (2012) reported a
reduction in acidic groups on poultry manure char surface (i.e., phenolic,
lactone and carboxylic group) as temperature rises from 300°C to 600°C.
Thus, with increasing charring temperature, biochar loses polar functional
surface groups able to interact with water protons. Consequently, there could
be a reduction of its affinity for water.

3) An additional explanation is that pore walls or char surfaces become
increasingly hydrophobic (due to their reduced organic matter content) with
increasing temperature or residence time. However, this last hypothesis was
not confirmed by contact angle data, since CA results are comparable
between char produced at different temperatures, showing no significant
differences.

All results considered, the first explanation seems to be the most reliable and
convincing. Indeed, in the previous chapter, chemical composition of PM
char was found to be influenced by pyrolysis temperature regardless of the

applied charring time. Conversely, in this study, proton trasversal relaxation
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times were found to be significantly affected also by muffle residence time
(T, increases after 120min treatment). Thus, these differences cannot be
explained only by a different chemical composition of the samples but also
by a different physical structure. Therefore, the loss of strong interaction
between water and biochar surface with charring temperature most likely

depends on an increase in the samples pores size.

4.3.3 Biochar pore distribution

Proton longitudinal relaxation times (T;) in liquid systems within porous
media are affected by the collisions between the liquid-state molecules and
the walls of the porous boundaries (Callaghan and Coy, 1994). Space
restrictions (e.g., water in small-sized pores) do not allow fast molecular
motions determining short relaxation times. If water strongly interacts with
the porous surface or with polar functional groups on the solid surface, the
proton dipolar interaction efficiency is enhanced and consequently the T,
value is short. Conversely, an increase in water mobility (i.e., presence of
large pores) weakens the dipolar interaction producing the shift of T, values
towards higher values (Callaghan and Coy, 1994; Pohlmeier et al., 2009).
According to this, longitudinal relaxation times (T;) distributions at a fixed
proton Larmor frequency (i.e., 10kHz in the present study) can be used to
extrapolate pore distribution of porous media.

Figure 16 reports the distributions of the longitudinal relaxation times (T),
also referred to as relaxograms, at the proton Larmor frequency of 10kHz as

obtained by applying the UPEN algorithm (see Materials and Methods).
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Figure 16 - Spin-lattice longitudinal relaxation time (T;) distributions of the water
saturated PM and the relative biochars obtained at the proton Larmor frequency of
10 kHz. The ordinate is the percent of the total extrapolated signal per Neper (factor
of ) of relaxation time.

104

—
| —



The relaxograms of PM and relative chars show a complex distribution due to
the complexity and heterogeneity of biochar samples. The PM3so and PMggo
samples produce a very broad and multimodal T, distribution which is
referred to a high porosity heterogeneity (Pohlmeier et al., 2009). As shown
in Figure 16, the PM;s030 relaxogram develops in the range 2-800ms and
displays three main T; peaks at 9, 65 and 246ms. The PM3sg129 sample has
the widest T, distribution (covering the range 2-2200ms) and displays four
main T; peak at 21, 121, 418 and 848ms respectively. The PMgpo30 and
PMgoo120 relaxograms are wide and span the T decades from 2 to 1000m:s.
The four components for PMgy are centered at 13, 55, 144 and 320ms for
PMgo030 and 10, 50, 172 and 456ms for PMgpo120. On the contrary, PM and
PMyso exhibit sharper bands in the range 1-600ms, centered at 5, 27 and
132ms for PM; 22, 82 and 166ms for PMuysoso, and 26, 97 and 198ms for
PMuysp120. Thus, these samples have a more homogenous pore size
distribution. The relative peak areas, reported as % of the total area, are

reported in Table 6.

PM PM PM PM PM PM PM
35030 350120 45030 450120 60030 600120
T, T, T, T, T, T, T,
Peak ?;e;l Peak ‘?(;e;‘ Peak ?;e;x Peak ?;e;l Peak ?;e;l Peak ‘?(;e;‘ Peak ?,;e;
ms) | ms) | @ms) M ims) | @ms) | (@ms) | (ms 7

5 20 9 12 21 21 22 25 26 26 13 10 10 9
27 75 | 65 63 | 121 43 82 51 97 50 55 44 50 36
132 4 | 246 25 | 418 21 | 166 25 | 198 23 | 144 26 | 172 42
/ / / / 848 14 / / / / 320 19 | 456 13

Table 6 - Values of the parameters obtained from the deconvolution of the T,
distributions (10kHz) of the water saturated biochars.

As said before, relaxation time values are associated to water mobility within
the biochar porous surface. In the relaxograms, T, values appear continuously
distributed representing the wide heterogeneity of the biochar porous system

which contains different sized pores (micro, meso and macropores). The left
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part of the graph (shorter T, values: 0-50ms) is produced by water restricted
in small-sized pores while the right zone of the relaxogram (higher T, values:
>300ms) is shaped by water moving into large pores (macropores). The
intermediate T, values (50-300ms) are generated by medium-size pores.

Due to their broad T, distributions, the H,O-char complex can be considered
multifarious systems which present different kinds of water, from the slow
moving bound water (short longitudinal relaxation time) to the fast-moving
bulk water (long T,). The different components in the relaxograms are
produced by different kinds of water trapped in different dimensions pores.
For example, PM has a sharp relaxogram centered at short T, values. This
indicates that the starting biomass is mainly composed by micropores and
contains small cavities and hydrophilic moieties able to interact with water.
PMyso samples also produce a sharp relaxogram but centered at longer T,
values, indicative of a higher presence of medium dimension pores. Medium-
sized pores are also representative of PMsso39 sample (T peaks<250ms).

On the contrary, PM3s0120 and PMggo have very broad T; distributions, with
peaks centered at the longest longitudinal relaxation time values. This
indicates that these samples present a high porosity heterogeneity and a large
amount of large-sized pores (Pohlmeier et al., 2009).

This finding is confirmed by SA data: even though PMj3so and PMg have a
high porosity heterogeneity, they show the lowest values of SA. Therefore,
PM350 and PMg surfaces consist mainly of macropores. On the contrary, the
higher SA in PMys is associated to a higher porosity homogeneity and to the
presence of medium dimension pores.

In summary, biochar porosity homogeneity grows with pyrolysis temperature
from 350 to 450°C. Conversely, as temperature rises to 600°C, pore
heterogeneity as well as the number of macropores increase.

Furthermore, the longitudinal relaxation times (T; peaks) of the protons

belonging to each different water component become longer as charring
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residence time rises from 30 to 120 min. This confirms T, findings and points
out the presence of larger dimension pores in biochar samples produced at
increasing residence times, and the influence of charring time in determining

the physical structure of biochars from poultry manure.

4.3.4 Nuclear magnetic resonance dispersion (NMRD) profiles

The NMRD profiles (i.e. R1=T1'1 values vs ®p) for the water saturated PM
and the relative chars are shown in Figure 17. From these graphs, it can be
seen that the longitudinal relaxation rates vary in the order:
Riemy>Riemsso30>Riemssorzoy (Fig. 17a), Riemy>Riemaso30>Riemasorzo) (Fig.
17b), and Riemy> Riemeo30>Riemsooizo) (Fig. 17¢), in the whole range of the
proton Larmor frequencies (0.01-10MHz) investigated in the present study.
These results confirm T, findings since the decrease in the relaxation rate
(R;) can be compared to the increase in relaxation times (T,) with charring
residence time. Indeed, as relaxation times (T,), the longitudinal relaxation
rates (R;) measured for the water saturated samples can be related to the
dipolar interactions between water and sample surface. According to the
discussion above, the fastest R, is produced by a higher dipolar interaction
efficiency or higher interaction between water and char surface.
Consequently, the strength of interaction between water and analyzed
samples varies in the order: PM>PMjpnin>PMi2omin for each temperature

considered.
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Figure 17 - NMRD profiles of the PM and its relative chars fitted with the Eq.2.
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As the residence time increases, biochar ability to interact with water
decreases. The NMRD profiles belonging to PM3s030 and PM3s0120 have the
major differences, while PMysp and PMgy profiles show only slight
differences, although significant, among the two different charring times.
This trend was also found for BET SA data and in T, relaxograms confirming
that charring time has a major influence on char physical characteristics at the
lowest temperature examined (350°C).

Resuming, water-char interaction depends on biochar physical properties as
well as its chemical composition. At low charring temperatures (350°C),
residence time is the parameter that mostly affects PM chars physical
properties. Vice versa, above 450°C, charring time has a minor effect in char
structuring, and pyrolysis temperature become the main factor in determining
biochar qualitative composition and physical organization.

The qualitative evaluation of the NMRD profiles in Figure 17 is confirmed
by their quantitative assessment through application of equations [2] (see
Materials and Methods). Table 7 reports the values of three parameters of the
power function (a, b and c) for the water saturated poultry manure sample
and its relative chars. In particular, the parameter a is a measure of the
strength of coupling of the proton spins to the solid lattice (Murray et al.,
2008). When the a value is low, the char-water interaction strength is weaker.
On the other hand, dipolar interactions become stronger as a value increases.

Table 7 shows that apy™>apmbiocharss aPM35030>aPM350120, APM45030=aPM450120,

APM60030—aAPM600120 conﬁrming above discussions.

PM PM PM PM PM PM

Sample Name | = PM | 3504, | 350120 | 45030 | 450120 | 60030 | 600120

a 14+1.7 3+0.5 1+0.5 3+0.5 4+0.9 2+0.3 2+0.4
b 0.3£0.02 | 0.2+0.03 | 0.2+0.08 | 0.2+0.03 | 0.1£0.02 | 0.2+0.03 | 0.2+0.02
C 9+1.6 7+0.5 4+0.5 6+0.5 4+0.8 7+0.3 6+0.4

Table 7 - Values of the Power Law parameters of the examined samples.
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4.4 Conclusions

The present chapter reports about the fast field cycling-NMR relaxometry
investigation on the physical features of biochar samples produced at
different pyrolysis conditions and how these characteristics affect biochar
interaction with water. In the previous chapter, chemical analysis such as
clemental and metal content, CPMAS "“C NMR spectrometry and
thermogravimetry (TGA) revealed that char chemical nature was affected
more by production temperature than by production time. Indeed, PM char
composition at each temperature examined remained more or less unchanged
as heating time was switched from 30 to 120 min. Conversely, in the present
study, differences in char physical properties were found to be produced both
by pyrolysis temperature and residence time. In particular, charring time has
a major effect at the lowest temperature used (350°C). Vice versa, above
450°C, the pyrolysis temperature has a major influence in char structuring.
Furthermore, NMR results suggest a reduction of biochar affinity for water as
pyrolysis temperature or charring time increases. This reduction could be
explained by: 1) the loss of acidic functional groups on poultry manure char
surface (e.g., phenolic, lactone and carboxylic group) able to interact with
water protons, 2) the increase in char hydrophobicity (due to their reduced
organic matter content) or 3) the increase in biochar pores size with charring
temperature or muffle residence time. All the results considered, the last
explanation resulted to be the most reliable and convincing since the loss of
strong interaction between water and biochar surface most likely depends on
an increase in the pores size.

The combination of lH-Tl and T, NMR relaxometry provided more
information on the nature of the surface of porous media with respect to the
analytical techniques used previously. The combination of several techniques
provided good basis for the comprehension of complex systems making it

essential for the complete characterization of the char as a porous medium.
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CHAPTER 5 : EVALUATION OF INORGANIC
CONTAMINANT REMOVAL FROM AQUEOUS
SOLUTIONS USING BIOCHAR FROM CHICKEN
MANURE, CONIFER AND POPLAR WOOD AS
ADSORBENT

5.1 Introduction

Over the last decades, agricultural and industrial activities development and
increasing human pressure on the natural environment resulted in its
significant deterioration, and led to serious alterations in the elements flow
between lithosphere, hydrosphere, atmosphere and biosphere (Schmidt et al.,
2004). Natural environment contamination, in particular that caused by heavy
metals, is one of the major problems humanity is actually facing. Both water
and land bodies receive every day contributes of exogenous heavy metals
(e.g, Cu, Fe, Mn, Zn) from atmospheric depositions, agricultural sources
(application of fertilizer and pesticides) (Gaur et al., 2005) and industrial
effluents from a wide range of industries (e.g., mining, electroplating,
tanneries, microelectronics, pharmaceutical, chemical, metallurgical)
(Tchobanoglous and Burton, 1991; Volesky and Holan, 1995).

The presence of heavy metal ions in water poses a serious threat to human
beings as well as ecosystems (Machida et al., 2006). Indeed, due to their lack
of degradation, high persistence and accumulation capacity (Randall et al.,
1974; Garg et al., 2007), heavy metals can easily reach high concentration
levels. Over long term, this will result in severe adverse effects, i.e. soil
fertility reduction, agricultural products quality deterioration, surface and
ground water contamination (Taiz and Zeiger, 2002).

To remediate polluted sites and to reduce exposure risk to humans and
ecosystems, an effective and affordable technological solution should be
found. Several physicochemical and biological methods for inorganic

contaminant removal from aqueous effluents have already been studied.
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These include ion exchangers, chemical oxidation/reduction, chemical
precipitation, phytoremediation, reverse osmosis, ultra filtration, electro
dialysis, efc. (Salt et al., 1995; Gardea-Torresdey et al., 2002; Hartley and
Lepp, 2008; Kumpiene et al., 2008). But conventional treatment technologies
are not economical, and further generate a huge quantity of toxic chemical
sludge (Sud et al., 2008).

According to literature (Franz et al., 2000; Machida et al., 2006; Cao et al.,
2009; Uchimiya et al., 2011), carbonaceous materials could be used as major
adsorbents for both organic and inorganic compounds thanks to the presence,
on their surface, of specific adsorption sites, such as acidic functional groups
(i.e., carboxylic and lactonic groups), basic nitrogen groups (e.g., pyridine)
and phosphate. In particular, the adsorption of heavy metals by these
materials can be efficiently achieved thanks to their porous structure as well
as the presence of surface mineral and metal oxides (Machida et al., 2005;
Uchimiya et al., 2010). For all these reasons, activated carbons have been
lately applied for domestic and industrial waste water remediation. But the
activation process and their use is not cost effective.

The use of biochar (biologically derived charcoal) could be a potential
alternative to the existing conventional technologies for metal ions removal
and/or recovery from aqueous solutions. Since char is generally obtained at
lower temperature and without further activation processing, it requires less
energy and cost to produce than activated carbon generation (Shinogi and
Kanri, 2003; Lehmann, 2007). In addition, water remediation using
carbonaceous materials is a passive treatment and it does not require
specialized equipment or extensive labor as compared to other remediation
methods.

Resuming, the use of biochar produced from biomaterials (e.g., agricultural
wastes or industrial byproducts) has several advantages: low cost, high

efficiency and minimization of chemical or biological sludge. Moreover,
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turning abundant waste products (e.g., crop residues, animal manure) into
materials that can absorb contaminants can have environmental implications
for improving waste management and protecting the environment.

In recent years, several studies confirmed the potential of using biochar for
heavy metals remediation of soils (Namgay et al., 2010; Uchimiya et al.,
2010; 2011) and soil pore water (Beesley et al., 2010; Fellet et al., 2011;
Karami et al., 2011). Biochar adsorption capacity resulted significantly
affected by its physicochemical characteristics (e.g., surface area, pore
distribution and surface functional groups content). These properties, in turn,
vary widely depending on the biomass source, pyrolysis conditions, post- and
pre-treatments (Krull et al., 2009; Sohi et al., 2010; Uchimiya et al., 2010;
Lee et al., 2013) determining a high variability in char adsorptive potential.
Therefore, the investigation on the sorption mechanisms of different kind of
biochars is of paramount importance in order to address these materials to
specific environmental applications.

The main objective of the present study was to determine the efficacy of
three different kinds of biochars in removing inorganic contaminants from
aqueous solutions.

A char produced by pyrolysis of chicken manure (CM) at 500°C and two
char made by the gasification (1200°C) of conifer wood (CW) and poplar
wood (PW) residues were first characterized by elemental analyses, BET
surface area analyses, CPMAS "C NMR spectroscopy and Fast Field
Cycling NMR Relaxometry. Then, their remediation application in the
sorption of heavy metals (Cu, Ni and Pb) from aqueous solutions was also

evaluated.
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5.2 Materials and Methods

5.2.1 Biomass and biochars preparation

Biochars were obtained from three different feedstock: chicken manure,
conifer wood chips and poplar wood chips.

Chicken manure (CM) samples were collected from a Sicilian chicken farm,
Conca d’Uovo, Misilmeri, Palermo, Italy (38°3°4°> N, 13°25°32”” E). After
sampling, the material was air-dried to a maximum moisture content of 20%.
Conifer wood chips (CW) were the result of mountain forestry management
in North Italian Apennines (Valle Staffora, 44°45'15"N, 9°13'49"E). The tree
species making the biomass feedstock were: Larch (Larix decidua), Scots
pine (Pinus sylvestris L.), Black pine (Pinus nigra A.), Silver fir (Abies alba
M.) and Spruce (Picea excelsa L.).

Poplar (Populus spp. L.) wood chips (PW) were obtained from dedicated
short rotation forestry in the Po Valley (Gadesco Pieve Delmona, 45°10'13"
N, 10°06'01" E). The age of the forest at the cutting down was five years.
Conifer and poplar biochar were provided by an Italian company: Advanced
Gasification Technology (AGT). The chars were obtained from an industrial
gasification process. During this process, carbonaceous feedstock are
partially oxidized by heating at temperatures as high as 1200°C to obtain
syngas. The reduction process generates a fine-grained charcoal dust, known
as biochar, considered as a gasification waste product.

The manure was charred in 300 mL Pyrex flasks at atmospheric pressure, and
at a constant temperature (500°C), for 120 minutes. At the beginning,
residual air was still present in the system. Once reaction started, oxygen was
consumed and pyrolysis proceeded under anoxic conditions. After pyrolysis,
CM char was allowed to cool down to room temperature.

All the biochars were grinded to powder in a ceramic mortar and dried in the
oven, at 105°C, overnight. The dried materials were then stored in a

desiccator for subsequent use.
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5.2.2 Biochars physicochemical analyses

PW and CW chars were already characterized by De Pasquale et al. (2012)
(Tab. 8). To compare their characteristics to CM biochar, the same analyses
were performed. Elemental content (C and N) was achieved by using a Vario
MicroCUBE Elemental Analyser (Elementar, Hanau, Germany). C and N
values were corrected for the ash content, obtained by loss on ignition at a
burning temperature of 600°C in an electric muffle furnace (Tab. 8). Metals
content (i.e., Na, K, Ca, Fe, Cu, Mn), pH and surface area measurements are
also reported in Table 8. For further details concerning the methods used,
refer to De Pasquale et al. (2012). P content, expressed as P,Os, was
determined for all the chars using the method developed by Olsen et al.
(1954).

5.2.3 CPMAS “"C NMR Spectroscopy

A 7.05 T Varian UNITY INOVA™ (Varian Inc., Palo Alto, CA, USA),
equipped with a Apex HX wide bore probe operating at a °C frequency of
75.4MHz, was used to acquire the BC NMR spectra. The samples were
packed in 6 mm zirconium rotors with Teflon® bottom and top spacers and
Vespel” drive tips. The temperature was kept constant at 25.0+0.1°C. Magic
angle spinning was carried out at 8000+ 1Hz. A 'H RF field strength of
50.3kHZ and a ramp of 16kHz to account for inhomogeneity of the
Hartmann-Hahn condition were applied. VNMRIJ software (Version 1.1
RevisionD, Varian Inc., Palo Alto, CA, USA) was used to acquire all the free
induction decays (FID). Spectra elaboration was conducted by Mestre-C
software (Version 4.9.9.9, Mestrelab Research, Santiago de Compostela,
Spain). All the FIDs were transformed by applying first a 2k zero filling and
then an exponential filter function with a line broadening (LB) of 5S0Hz. Fully

automatic baseline correction using a Bernstein algorithm was applied for
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baseline corrections. CPMAS “C NMR spectra of the chicken manure,

conifer and poplar wood biochars are showed in Figure 18.

5.2.4 FFC NMR Relaxometry and data elaboration

For fast field cycling (FFC) NMR relaxometry investigations, 1g of dried
biochar was weighted in NMR tubes and 3g of demineralized deionized
water were added followed by gentle stirring, according to the procedure
reported in Dunn et al. (2002). The theory describing FFC NMR relaxometry
can be found in Anoardo et al. (2001), Kimmich and Anoardo (2004) and
Ferrante and Sykora (2005). The theory about the pulse sequence applied in
the present study has been described in De Pasquale et al. (2012). 1H nuclear
magnetic resonance dispersion profiles (i.e. relaxation rates R, or T, vs.
proton Larmor frequencies) were acquired on a Stelar Spinmaster FFC2000
Relaxometer (Stelar s.r.l.; Mede, PV, Italy) at a temperature of 25°C. For a
detailed description of fast field cycling NMR relaxometry experiments and
the successive data elaboration, the reader is referred to the methods
described in Conte et al. (2013).

Relaxation data at the frequency of 10kHz were also evaluated by using the
UPEN algorithm (Alma Mater Studiorum, Universita di Bologna, Italy)
(Borgia et al., 1998; 2000). The aim is to obtain T; distributions at this
magnetic field and therefore information on pore distributions and water
interactions. The choice of UPEN analyses at 10kHz was due to the larger
NMR sensitivity at this frequency as compared to the other proton Larmor
frequencies (Kimmich and Anoardo, 2004). The resulting T, distributions
were then exported to Origin Pro 7.5 and fitted with a Gaussian function to
obtain the deconvolution curves (R*>0.99) (Fig. 19). Results are reported in

Table 9.
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5.2.5 Metals adsorption studies

Distilled, deionized water (DDW) (resistivity of 18.2 MQ-cm at 25°C) used
throughout the experiments was produced by a Milli-Q Advantage A10
Ultrapure Water Purification System (Millipore Corporation, Massachusetts,
USA). Stock solutions of Cu, Ni and Pb were prepared by dissolving CuSOy,
NiSOs or Pb(NO;), in DDW. Working standards were prepared by
progressive dilution of stock solutions using DDW. Solution pH was adjusted
to the desired value (pH=5) by adding HCI or NaOH 0.1M. The pH
measurements were made using a pHmeter (Mettler-Toledo). Literature
studies revealed that optimized value for biosorption of copper and lead is
found around pH 5 (Chen et al., 2003; Sud et al., 2008) while nickel removal
increases with solution pH until reaching a maximum at pH 8 (Lu and Liu,

2000).

Adsorption kinetics studies

Kinetics experiments were carried out in a series of stoppered vials. A
weighed amount (0.5g) of adsorbent was introduced into the vial (30ml) with
SmL of 0.4M aqueous solutions of the metal for different contact times (0.5,
1, 2, 3, 4, 24, 48 hours). The samples were subjected to magnetic stirring
(Stir=2) at room temperature (20°C+1) to attain the equilibrium.

Afterwards sample solutions were centrifuged at 3000 rpm for 10 minutes
and then filtered by Whatman Filter Paper n.42. Filtered solution were
diluted to final volume into a volumetric flask while solid phases were dried
in the oven, at 105°C, overnight and then stored in a desiccator for further
analysis. All the experiments were done in triplicate. Blank solutions were
treated similarly (without adsorbent) and the recorded concentration by the

end of each operation was taken as the initial one.
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Adsorption kinetics models

Adsorption kinetics studies are important to understand sorption systems and
mechanisms, i.e. chemical reactions rate and the factors affecting it. The
measurement of sorption rate constants is important to evaluate the basic
qualities of a good sorbent, such as its efficacy and/or the time required to
remove the adsorbate compound (Abdullah et al., 2009; Uras, 2011).

Conventionally, metals absorption kinetics on porous materials are described
by two mechanisms: pseudo-first-order or pseudo-second-order (Sharma and
Forster, 1993; Ho and McKay, 2000; Ho et al., 2001). In order to analyze the
sorption processes of different metals onto biochar as adsorbent, these two
kinetic models were proposed. The pseudo-first-order equation can be written

as:

2L ki@ q)
where k; (min ') is the adsorption rate constant for pseudo-first-order model,
qe (mg g") is the adsorption capacity at equilibrium, and g, (mg g) is the
amount of adsorbate absorbed at time t (min).

The pseudo-second-order model can be presented in the following form:

_ 2
2 K2 (de—q)

where k; is the rate constant of pseudo-second-order model.

Adsorption experimental desion

Batch adsorption experiments were carried out in a series of stoppered vials.
A weighed amount (0.5g) of adsorbent was introduced into the vial (30ml)
with 5ml aqueous solutions of copper, nickel or lead at various
concentrations (25, 50, 75, 100, 200, 300, 400, 500, 600, 700 mM). Then, the

samples were subjected to magnetic stirring at room temperature (20°C=£1)
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for a selected constant time (24h, coming from kinetic studies) to attain the
equilibrium.

Samples solutions were centrifuged and filtered. The filtered solutions were
diluted to final volume into a volumetric flask while solid phases were dried
in the oven, at 105°C, overnight and then stored in a desiccator for further
analysis. All sorption experiments were performed in triplicate.

The effects of contact time (0.5 to 48h), metal concentration (25-700mM)
and different initial biomass (chicken manure, conifer and poplar residues)
were investigated. Blank solutions were treated similarly (without adsorbent)
and the recorded concentration by the end of each operation was taken as the

initial one.

Sorption isotherm models

Batch adsorption studies were carried out to obtain metal equilibrium
isotherms. Sorption isotherms represent the relationship between the amount
of solute remaining in the solution at equilibrium and the amount adsorbed by
a unit weight of solid sorbent (Park et al., 2006). Isotherm parameters express
sorbent surface properties and affinity, at a fixed temperature and pH (Ho et
al., 2011).

The most widely applied isotherms for data modeling are Langmuir and
Freundlich, developed on thermodynamic equilibrium (Langmuir, 1918;
Proctor and Toro-Vazquez, 1966). Other empirical adsorption models are
Redlich—Peterson (1959) and Toth isotherms (Suen, 1996).

In this study, a theoretical model (Langmuir isotherm) and three empirical
models (Freundlich, Redlich—Peterson and Toth isotherms) were utilized to
describe the adsorption equilibrium of copper, nickel and lead on the three
different biochars.

Langmuir function is the simplest theoretical model indicating a monolayer

adsorption onto a surface with a finite number of identical sites. It is based on
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the following basic assumptions: (i) molecules are adsorbed at a fixed
number of well-defined localized sites, (ii) each site can hold only one
molecule of adsorbate, (iii) all sites are energetically equivalent and (iv) there
is no interaction between molecules adsorbed on neighboring sites.

The Langmuir sorption isotherm is described by the equation:

X _ QmkrCe

m  (1+k.Cp)’

on linearization becomes:
C. C, 1

= —+
(%) Qm kaL

X . e
where - (or ge) 1s the amount of absorbed substance at equilibrium as a

function of absorbent mass (expressed in mg g'), and C. represents the
equilibrium concentration of the adsorbate in the liquid phase (mg ml™). On,
and k. are Langmuir constants, respectively related to sorption capacity and

sorption energy, and calculated from the intercept and slope of the linear plot,

with % versus C. (Yadav et al., 2011).

m

Freundlich isotherm is an empirical equation applicable to non-ideal sorption
on heterogeneous surface, as well as multilayer sorption. The heterogeneity
arises from the presence of different functional groups on adsorbent surface
and from various adsorbent-adsorbate interactions (Hameed and El-Khaiary,

2008). It is described by the equation:

and it can be written in the linear form as given below.

l X—l k+1l C
097, = t0gir T 2108 e
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ke and n are Freundlich constants, respectively related to sorption capacity

and intensity. These constants can be calculated from the slope and intercept
of the linear plot, with log % versus log C. (Panet al., 2009).

Redlich-Peterson equation derives from a combination of Freundlich and
Langmuir models. It approximates Freundlich model at high concentration,
and Langmuir equation at low concentration. Redlich-Peterson equation is:

_ ACe
e = Ti Beer>

in the linear form:

Ce 1 B
—=Z+-CF.
qe A A

Even Toth model comes from an arrangement of the Freundlich and
Langmuir models (Suen, 1996) and it is described by the equation:
A Ce
Je = W.
Both in Redlich-Peterson and Toth equation, A, B and p/d are empirical

parameters which should be determined from experimental data.

5.2.6 Atomic absorption spectroscopy (AAS)

After reaching equilibrium, the concentrations of residue metal ions in
solution (not adsorbed by biochar) and the amount of cations adsorbed by
biochar surface was determined using a Shimadzu AA-6300 with flame
atomization (Milan, Italy). Prior to analysis, trace metal grade concentrated
nitric and perchloric acids were used together with 30% hydrogen peroxide
for the digestion of the biochar samples or filtered solutions. A CEM Mars 5
Microwave Accelerated Reaction System (Bergamo, Italy) was used for the
digestion, following the procedure described in Tranchina et al. (2008). All

reactants were purchased from Sigma (Milan, Italy).
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5.2.7 Statistical analyses

Adsorption data were exported to Origin Pro 7.5 and fitted with the
aforementioned kinetics or isotherm models. Regression correlation
coefficient (R?) and Chi-Square (x°) statistics were used to determine which

equation provided the best data fitting.

5.3 Results and Discussion

5.3.1 Adsorbents characterization

Biochar chemical composition and physical structure are influenced by
feedstock nature (Fushimi et al., 2003; Demirbas, 2004; Vassilev et al.,
2010), the technique used for its production (Antal and Grénli, 2003; Erlich
et al., 2006; Basu, 2010), as well as the process conditions (e.g. charring
temperature and residence time) (Czimczik et al., 2002; Gundale and
DeLuca, 2006; Brown, 2009).

A literature review on natural and lab-produced biochars showed that the
chemical composition of charred products differed significantly (Krull et al.,
2009), and feedstock was a primary factor governing this property. Indeed,
biomasses of distinct nature have a different composition in terms of
cellulose, hemi-cellulose and lignin, as reflected in their dissimilar behavior
during pyrolysis (Basu, 2010). Actually, the proportions of these biopolymers
determine the ratios of volatile carbon (in bio-oil and gas) and stabilized
carbon (biochar) in the resulting pyrolysis products (Basu, 2010). According
to Antal and Grénli (2003), char derived from wood materials have low ash
content (often < 3%) and high C content. Conversely, biochars produced
from biosolids and manures are typically high in ash content. For example,
chicken-litter biochars can have ash content greater than 45% (Lima and
Marshall, 2005).

The physicochemical characteristics of biochars produced from chicken

manure, poplar wood and conifer wood residues are listed in Table 8.
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Sample pH Ash C N P,0s Na K Ca Fe Cu Mn SA
Name | (inH,0) (gkg’) (kg")’ @ke)* (gkg') (gkeg’) (gkg") (gkg) (gkg")  (gkgh (gkgh) (m’gh

Chicken

Manure 10.4+0.1 610+15 670+20  34+1 14.2+0.6  9.4+0.6 74+2 21448 2.2+0.2  0.10+£0.01 0.5+0.03 14+1

Poplar
wood 9.6£0.1 220+£20 680+50  14+1  1.33+0.08 0.15+0.1 1.8+1 34£2  0.57+0.03 0.30£0.01 0.035+0.002 98+6

Conifer
wood

*, obtained by accounting for the ash content

10.3£0.1  80+£7  760+70 3.9£0.2 0.31+0.05 0.18+0.2 0.87+0.04 9.8+0.5 1.8£0.1  0.25+£0.02 0.032+0.001 66+5

Table 8 - Biochars physicochemical characteristics.
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Our findings support the previous statements since CM char has an ash
content three times higher than PW char, even if their carbon content is not
statistically different. Metals concentration is also greater in CM char
(especially for Na, K, Ca and Mn), reflecting the highest level of ash in this
sample. Conversely, CW char has the lowest ash percentage (8.0+0.7%) and
the highest carbon content (76+7%). This result agrees with Gaskin et al.
(2008) who found that biochars carbon concentrations decrease with
increasing feedstock mineral content.

Regarding nitrogen and phosphate contents, both are higher in CM than in
PW and CW chars (Tab. 8). In particular, they vary in the order:
Nev™>Npw>New and Pey>Ppw>Pew.

The occurrence on its surface of minerals, nitrogen and phosphate
compounds could confer to biochar positive properties, e.g. enhancing its
adsorption capacity. Indeed, N-groups can increase carbon surface polarity
and its specific interactions with polar species via electrostatic forces or
hydrogen bonding (Stohr et al., 1991). According to literature (Montes-
Moran et al., 2004; Cho et al., 2005; Machida et al., 2006), mineral impurities
(e.g., ash and metal oxides) and basic nitrogen groups (e.g., pyridine) can
serve as adsorption sites for heavy metal cations on carbonaceous materials.
Even phosphate has an important role in metal uptake. Indeed, it can induce
the formation of insoluble Pb-phosphate precipitate (Cao and Harris, 2010).
In addition, alkaline earth metal cations present on char surface, such as Na"
and Ca"", could be replaced by heavy metals involving a cation exchange

adsorption mechanism (Chen et al., 2007).

131

—
| —



5.3.2 Biochar CPMAS “C NMR spectra

The CPMAS C NMR spectra of the examined biochars are reported in
Figure 18. The three spectra show only one broad signal spanning from 100
to 160ppm, and centered at 126ppm. According to McBeath and Smernik
(2009) and Knicker (2011), the region between 110 and 160ppm is usually
assigned to aromatic systems. In particular, the signal at 126ppm is produced
by the diamagnetic currents produced by delocalized n-electrons in extended
aromatic structures or graphite-like micro-crystallites (McBeath and Smernik,
2009; Krull et al., 2009; Knicker, 2011).

Biochars produced from chicken manure, conifer and poplar wood residues
results composed mainly by aromatic moieties, even though they have been

produced under different conditions.

126
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Figure 18 - CPMAS C NMR spectra of chicken manure, conifer and poplar wood
biochars.
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According to literature (Freitas et al., 1999; Czimczik et al., 2002; Ascough
et al., 2008; McBeath and Smernik, 2009), char aromaticity increases as
pyrolysis temperature rises in the range 250-450°C. Once the pyrolysis
temperature reaches 500°C, and above this temperature, most of the carbon is
aromatic. Our data confirm this statement since the thermal treatment of
chicken manure at the temperature of 500°C was sufficient to convert the
original biomass in an aromatic char. Figure 18 shows that all the biochars

examined are completely charred.

5.3.3 Biochars pore distributions

Proton longitudinal relaxation time (T,;) values reflect the strength of the
interactions between protons (contained in the liquid system) and the
molecules or the pores present on sample surface (Callaghan and Coy, 1994).
When relaxation time is short, molecular motions are slow and the interaction
between water and the sample surface is higher. In this case, water movement
is affected by space restrictions, e.g. water can be enclosed into small-sized
pores or it can bind surface functional groups. Conversely, an increase in
water mobility (i.e. large pores or presence of bulk water) weakens the
dipolar interaction between liquid system and porous media, producing the
shift of T, towards higher values (Callaghan and Coy, 1994; Pohlmeier et al.,
2009). According to this, T; distributions at a fixed proton Larmor frequency
(i.e. 10kHz in the present study) can be used to extrapolate the pore
distribution and the chemical interactions of water within biochar as a porous
medium. Figure 19 reports biochars T, distributions (or relaxograms) at the
proton Larmor frequency of 10kHz, and their deconvolution curves (see
Materials and Methods). These distributions enlightened the presence of
different kind of interactions between water and the three different char

surfaces, attributable to a dissimilar pore size distribution.
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Surface interactions of water into a porous media depend both on chemical
and physical constraints. Water does not only enter pores, but also interacts
with the organic and inorganic molecules present in the pore system. The left
part of the graph (shorter T; values) is produced by water strongly interacting
with biochar surface (e.g., restricted in small-sized pores) whereas the right
zone of the relaxogram (higher T values) is made by water moving into large
pores (macropores). The intermediate T; values are generated by medium-
sized pores.

Both CW and CM chars produce a very broad and multimodal T, distribution
(Figs. 18a and 18c), referred to a high porosity heterogeneity (Pohlmeier et
al., 2009). Conversely, PW char produces a sharp and symmetric relaxogram
(Fig. 18b), indication of a homogenous pore size distribution (De Pasquale et
al., 2012). Conifer and chicken manure biochar samples present a wider pore
distribution compared to poplar chars.

In details, CW relaxogram is composed by four main peaks centered at 6, 79,
160 and 505ms (Fig. 18c). Whereas three peaks are observed in both CM and
PW T, distribution, centered respectively at 15, 69 and 180ms (Fig. 18a) and
16, 79 and 423ms (Fig. 18b). The relative peak areas, reported as % of the

total area, are reported in Table 9.

Chicken manure Poplar wood Conifer wood
T Peak Area T, Peak Area T; Peak Area
(ms) (%) (ms) (%) (ms) (%)
Micropore 15 14 16 6 6 7
Mesopore 69 39 79 91 79 17
180 46 / / 160 37
Macropore / / 423 3 505 39

Table 9 - Values of the parameters obtained from the deconvolution of the T,
distributions (10kHz) of the water saturated biochars.
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The maxima centered at the shortest T, value (6ms for CW, 15ms for CM and
16ms for PW) are produced by water highly bound, immobilized on char
surface. These values can be associated to water trapped in very small-sized
pores, but also to strong chemical interactions between water and polar
functional groups on char surfaces. Table 9 shows that only a minor
percentage of water in all the samples (7% for CW, 14% for CM and 6% for
PW) belongs to this component.

The maxima centered at intermediate T; values (69 for CM, 79ms for both
CW and PW) are related to water diffusing in medium-sized pores. This is
the major water component in PW char (representing 91% of the total water
in the sample) whereas it reduces to 39% in CM and only 17% in CW
samples. The third peak (also related to medium sized pores) is the most
represented in CM (46%), and it is also present in CW distribution (37%).
Finally, the last peak is representative of CW sample (39%), indicating the
presence of water weakly interacting with sample surface, e.g. confined in
large-sized pores. This peak is also present on PW char relaxogram, but its
area represents only 3% of the total.

Resuming, the results show that PW char surface has the strongest interaction
with water due to the prevalence of small-sized pores whereas large pore
sizes appear to be representative of CW char (Fig. 18d). CM biochar has
intermediate characteristics since its surface contains pores of various
dimensions.

The aforementioned findings are partially supported by BET measurements
(Tab. 8). Indeed, SA values can be related to pore sizes in porous media
(Schure et al., 1985; De Pasquale et al., 2012). In particular, the smaller the
pore sizes, the larger is the surface area of the porous medium. Conversely, as
the size of the pores increases, SA reduction is achieved.

PW sample is mainly composed by small-sized pores and consequently it has

the highest SA (98+6 ng'l). On the other hand, CM char has the lowest SA
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(14+1m’°g") therefore its surface should be composed mainly by large-sized
pores (high T; values). Conversely, NMR data show that CM relaxogram
covers the T decades associated to small- and medium-sized pores or to high
efficient interactions with the liquid system. As said before, surface
interactions of water into a porous media do not depend only on physical
constraints but also on chemical interactions. Therefore, it is conceivable to
correlate the high efficiency of water binding CM char surface to chemical
interactions rather than to its porous structure. Conversely, in PW and CW

char, surface-water interactions are more dependent on physical restrictions.

5.3.4 Water-biochar surface interactions

Nuclear magnetic resonance dispersion (NMRD) profiles (i.e. R1=T," values
vs o) for water saturated biochars are shown in Figure 20. From these
graphs, it can be seen that the longitudinal relaxation rates vary in the order:
Riewy>Riecmy>Ricw) in the range 0.01-0.8MHz of the proton Larmor
frequencies while in the range 0.8-40MHz, R cmy >Ripew)>Ricw).

Relaxation rate is the inverse of relaxation time and it represents an average
value which describes the overall speed of relaxation. As longitudinal
relaxation times (T;), relaxation rates (R;) measured in water saturated
samples can be related to dipolar interactions between water and sample
surface. According to the discussion in the previous chapter, the fastest R; is
associated with a higher dipolar interaction efficiency or higher interaction
between water and char surface. Consequently, in the range 0.01-0.8MHz, the
strength of interaction between water and analyzed samples varies in the
order: PW>CM>CW. Effectively, PW char has smaller-sized pores than CM
and CW chars. As a consequence, water constrained in its pores undergoes
faster relaxation rates. Conversely, CW sample has the highest pore size to
which corresponds a loosely bound water (very low R; for all the proton

Larmor frequencies examined).
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Figure 20 - NMRD profiles of the examined biochars fitted with the Halle equation.

CM char has an intermediate behavior. In the range 0.8-40MHz, its profile is
comparable to PW one, thus water relaxes with the same rate in the two
samples. Conversely, in the range 0.01-0.8MHz (associated to a slow motion
regime), Ripw)y>Ricm) indicating that water relaxes faster and it is more
strongly bound in PW char than in CM char. This can be explained by the

presence of smaller size pore in PW char compared to CM sample.

5.3.5 Metals adsorption kinetics

Figure 21 shows the kinetics of copper, nickel and lead sorption onto conifer,
poplar and chicken manure biochar surfaces. The equilibrium between metal
in the solution and on char surface was reached after 24 hours, thus, the

successive isotherm studies were performed in this timeframe.

138

—
| —



Cu ads (mg/g)

Pb ads (mg/g)

B Poplar ®  Poplar

® Chicken Manure B Chicken Manure
A Conifer ®  Conifer
40 - 45
®
35 40
35 o
304
30
25 h
%D 25 <
207 w » 2 20
15 ks
i 15
07 104 - -
5 5 ﬁ
0 a
04 AAA A A 04
0 10 20 30 40 50 0 10 20 30 40 50
t (hour
t (hour) a Poplar (hour)
® Chicken Manure
180 A Conifer
160 e
140
120
100 Figure 21- Kinetics of copper, nickel and lead
801 sorption onto conifer, poplar and chicken manure
60 biochar surfaces.
40
20 4
O h T T A T T A T
0 10 20 30 40 50
t (hour)

139

—
| —



The shape of the curves representing metal uptake versus time (Fig. 21)
suggests that a two-step mechanism occurs. The first portion of the curves
indicates that most of the total amount of metals adsorbed was removed in
the initial rapid uptake phase, after which equilibrium was slowly achieved.
After 4 hours, the fractions of total amounts of nickel, copper and lead
adsorbed were respectively 89, 70 and 58% on PW; 55, 84, 69% on CM and
69, 100, 100% on CW biochars.

The fast initial adsorption rate is due to the high metal concentration gradient
at the beginning of adsorption, which represents a high driving force for
metal transfer from the solution to adsorbent surface (Aksu and Tezer, 2005).
Then, the number of available adsorbing sites on adsorbent surface decreases
determining a reduction in the adsorption rate.

In order to explain pseudo-first-order kinetics, adsorption rate constants (k)
and sorption capacities (q.) were calculated for each adsorbent and metal. It
was not possible to calculate pseudo-second-order rate constants since the
pseudo-second-order equation did not fit experimental data. Summary of the

results is reported in Table 10.

Metal | Biochar K Q. (mg/g) R’
PW 05+0.1 9.1+£06 (097
Ni CM 0.14+0.01 449+0.8 10.99
CW 0.32+0.07 25+£02 (094
PW 0.33+0.06 19+1 0.97
Cu CM 05+0.1 387+1.8 [0.96
CW 12+6 028 £0.01 |0.75
PW 0.18 £0.05 38.7+2.3 10.96
Pb CM [0.274+£0.002| 165.6+0.2 |0.99
CW 047+0.15 [0.262 £0.008|0.89

Table 10 — Pseudo-first-order constants determined from adsorption kinetics of
copper, nickel and lead sorption by conifer, poplar and chicken manure biochars.
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The calculated correlation coefficients (R*) for metal sorption by CM and
PW char are consistent and closer to unity for pseudo-first-order kinetic
model. Thus, the adsorption kinetics of all the metals on PW and CM
biochars are favorably approximated by this model. Conversely, the
calculated R* for metal sorption on CW char surface was lower, especially
for copper and lead. Actually, the sorption of each metal onto conifer char
surface (blue line) was almost negligible (Fig. 21). This behavior can be
explained by CW chemical characteristics. Indeed, from the relaxometric
analysis, conifer char resulted to be quite hydrophobic (Fig. 20). Indeed, it
has weak interaction with water due to its surface composition (mainly
macropores) (Fig. 19¢) and the deficiency of functional groups able to bind
ions. Because of its lack of adsorption, CW biochar was not investigated for
more sorption experiments. Conversely, CM char (red line) was the most
effective in removing metal ions from water (maximum Q. for each metal),

followed by PW char (black line).

5.3.6 Qualitative metals adsorption

The experimental equilibrium results were fitted by Freundlich, Langmuir,
Redlich-Peterson and Toth isotherm models (Figs. 22 and 23). From isotherm
data, a two-step mechanism can be hypothesized. During the first step, at
lower metal concentrations, the adsorption follows an exponential behavior.
The metal ions rapidly occupy the available binding sites on the adsorbent
surface. Then, as the concentration of metal increases, the adsorption sites
become saturated and the isotherm curve reaches the asymptote.

The rate of the first step and the overall adsorbent sorption efficiency depend
upon its capacity (number of available sites), its specificity (due to its
physicochemical nature) and the affinity between metal ion and char surface

(Sud et al., 2008).
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Figure 22 - Freundlich (solid line), Langmuir (dash line), Redlich-Peterson (short
dash dot line), and Toth (dot line) isotherm models applied on nickel (a), copper (b),
and lead (c) adsorption data on chicken manure char.
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The isotherm parameters for copper, nickel and lead adsorption on poplar and

chicken manure biochar surface are reported on Table 11.

Chicken Manure Poplar
Cu Ni Pb Cu Ni Pb
R*| 079 096 0.64 [092 0.96 0.73
v | 1014 50 24132 92 0.6 664
Freundlich
k 141 85 436 66 14 130
n 7 10 8 8 8 10
R*| 093 0.8 0.71 | 095 0.58 0.65
v 342 239 19004 | 55 5.4 842
Langmuir
a | 18794 6416 8267 | 3765 107 2320
b 106 63 13 43 55 12
R | 093 095 0.69 [ 098 0.95 0.62
1 332 58 20775| 26 0.7 1798
Toth 174 5813 674 93 575 225
1.1%¥10* 0.1 0.1 | 0.07 016 0.12
d 2 002 07 | 049 004 025
R2| 092 077 0.69 | 098 0.89 0.62
v 392 283 20385 | 24 1.5 1797
Redlich-
Peterson | A | 17608 8121 13014 | 8312 8404 8100
B 98 84 23 108 582 57
p 1 1 0.9 09 08 09

Table 11 - Isotherm constants for copper, nickel and lead adsorption on poplar and
chicken manure biochar surfaces.

Copper adsorption data on both CM and PW char surfaces are better fitted by
Toth isotherm (higher R* and lower y°) (Tab. 11), whereas the parameter set
for the Langmuir isotherm provides the second closest fit over all the error

methods. For d=1, Toth isotherm reduces to Langmuir equation. Conversely,
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more this parameter is lower than unity, more heterogeneous is the system,
approximating Freundlich model. When the lateral interactions between the
adsorbed molecules are greater than the adsorptive potential, d is greater than
unity (Toth, 2002).

For the adsorption on PW and CM char, d assumes respectively the values
0.49 and 2 (Tab. 11). Therefore, copper adsorption on PW surface
approximates Langmuir model which predicts a monolayer adsorption onto a
surface with a finite number of identical sites. However, the Cu-PW
adsorption isotherm also partially follows Freundlich model indicating that
Cu adsorption on PW surface is more heterogeneous. Since PW char has a
high affinity for water, it can be hypothesized that water adsorption on PW
active sites could interfere with cations adsorption. Some hydrophilic centers
located in PW porous structure could increase its affinity for water leading to
a water clustering that can block some micropores. This mechanism was
already studied by Terzyk (2003) who refers to it as “solvent effect”.

Vice versa, on CM char, the interactions between adsorbed ions prevail over
the surface adsorptive potential (d=2). This deviation from pure Langmuir
behavior can be explained by considering that a copper ion bound to CM char
surface can in turn interact with other copper ions through a mechanism
mediated by inner sphere water molecules. In other words, the Cu(Il)
absorbed on CM surface interacts with water molecules. These, in turn, are
able to interact with other Cu(Il) ions present in the solution, leading to the
formation of alternating layers Cu(Il)-H,O-Cu(Il) on CM char surface. This
mechanism can also explain the highest adsorption potential of CM char
compared to PW char (Acy>Apw) (Tab. 11). Indeed, the parameter A in Toth
equation represents the maximum amount of absorbable solute.

Data in Table 11 show that Freundlich model well describes Ni(II) adsorption
on both adsorbents, indicating a non-ideal sorption of this metal on char

heterogeneous surface, as well as a multilayer sorption mechanism. This
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heterogeneity may arise from the presence of different functional groups on
adsorbent surface and/or from various adsorbent-adsorbate interactions
(Hameed and El-Khaiary, 2008). The value of the Freundlich parameter n,
falling in the range 1-10, indicates favorable adsorption (Treybal, 1981),
whereas higher is the K value, higher is char adsorption capacity.

For CM and PW adsorbent, the value of n was found to be respectively 10
and 8, and the k values were 85 and 14 (Tab. 11). Thus, both adsorbents have
a good adsorption capacity, but CM has the highest adsorption potential
compared to PW char.

For lead equilibrium data, Langmuir isotherm produced the best fit for CM,
and Freundlich model provided the closest fit for PW char. But, considering
the magnitude of both R* and y values, none of the equations applied appears
to produce a reasonable model for lead sorption in all the systems. Further

studies are needed to find a best fit equation.

5.3.7 Quantitative metals adsorption

Figure 24 shows the maximum amount of metal adsorbed on char surfaces
after 24 hours. Both CM and PW biochars were effective in adsorbing heavy
metals from the aqueous solutions.

Char sorption capacity strongly depended on metal ion type, showing the
following trend for greater removal from solution: Ni<Cu<Pb (Fig. 24). The
same sorption capacity order has already been reported on different
adsorbent, i.e. modified coconut coir (Baes et al., 1996), peat (Ho et al.,
2001) and broiler litter-derived biochars (Uchimiya et al., 2010). Conversely,
Abollino et al. (2003) reported the opposite trend (Pb<Cu<Ni) on Na-

montmorillonite.
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Figure 24 - Maximum amount of metal adsorbed (expressed as mg g™') on char
surface after 24 hours.

The adsorption order can be explained by the different ionic radius of the
metal ions (LeGeros and Legeros, 1984; Abollino et al., 2003), by their
hydrated radius, hydration energy and electronegativity, as reported by other
studies (Seco et al., 1997; Mobasherpour et al., 2011). Indeed, lead has a
higher electronegativity compared to copper and nickel, which favors
electrostatic and inner sphere surface complexation reactions.

In addition, char surfaces contain hard Lewis bases, such as N or P groups,
with an available pair of electrons, either unshared or in a m-orbital, which
interact preferentially with hard acid ions. Pb>", as well as Cu®’, is a
borderline hard Lewis acid whereas Ni*" is a soft Lewis acid (Mobasherpour
et al., 2011). Unlike soft acid atoms, hard acid atoms do not contain unshared
pairs of electrons in their valence shells nevertheless they have an available
orbital (Alfarra et al., 2004). Hard Lewis bases (e.g., nitrogen and phosphate
groups on char surfaces) tend to donate their available pair of electrons to
hard Lewis acids (i.e., lead atoms) to form a Lewis adduct. This can explain

the highest affinity of char surface for lead.
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Comparing the two different biochars, CM had a higher adsorption potential
for every metal considered (Fig. 24). Indeed, it uptaked five times more
nickel (102 vs. 22mg g™), the double of copper (181 vs. 94mg g') and three
times more lead (633 vs. 203mg g™') than PW char.

CM char also adsorbed more nickel than other adsorbent, such as activated
carbon (Rao et al., 2002), cone biomass of Thuja orientalis (Malkoc, 2006)
and nano hydroxyapatite (Mobasherpour et al., 2011). Even for lead and
copper ions, the CM adsorption potential proved to be higher than those
observed for natural Moroccan stevensite (Benhammou et al., 2005), grafted
silica (Chiron et al., 2003), apricot stones activated carbon (Kobya et al.,
2005), sugarcane bagasse (Inyanga et al., 2011), dairy manure char and its
activated carbon (Cao et al., 2009; Cao and Harris, 2010). Only nano
hydroxyapatite seems to uptake more lead (up to 1000 mg g™)
(Mobasherpour et al., 2011).

Adsorption capacity depends on several surface characteristics, such as
surface functional groups, surface charge, hydrophilicity, and porosity
(Mobasherpour et al., 2011). In our study, the porosity seems not to be the
primary determinant of adsorption capacity, since SApyw>SAcwm (Tab. 8). The
higher affinity of all the metals for CM (compared to PW) can be rather
explained by the presence on CM char surface of a higher amount of specific
functional groups, such as basic nitrogen groups, phosphate and mineral
impurities (Tab. 8), able to bind cations.

With specific regard to lead, our results support those obtained by Cao et al.
(2009) who found that dairy-manure biochars had a greater capacity for Pb
sorption, compared to a commercially available wood-derived activated
carbon. Indeed, despite its lower surface area, manure char retained up to 6
times more lead than the activated carbon. One of the mechanisms suggested
by the authors was that manure biochar reduced Pb mobility by the

precipitation of insoluble Pb-phosphates. In fact, P tends to react with metals
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to form insoluble metal phosphate minerals (e.g., pyromorphite Pbs(PO4);Cl,
Ksp approximately 10™°) (Cao et al., 2002). It is possible to hypothesize the

same mechanism for CM char, as a result of its high P content.

5.4 Conclusions

The present paper reports the CPMAS BC NMR characterization and FFC
NMR Relaxometry investigation of chicken manure, poplar and conifer wood
biochars and an evaluation of their remediation application in heavy metals
sorption (Cu, Ni and Pb) from aqueous solutions.

Notwithstanding the different nature of the biomasses and the process
parameters used for biochar production, CPMAS *C NMR spectroscopy
revealed a substantial structural similarity among the examined chars. Indeed,
all the biochar examined resulted composed mainly by aromatic moieties.
However, their physicochemical characterization revealed the presence of
dissimilar properties in different chars. For example, a higher amount of
nitrogen, phosphate and minerals, but a lower surface area, were found in
manure- compared to wood-chars. These differences determined the
occurrence of different char surface-water interactions, as encountered by
applying FFC NMR relaxometry on water-saturated chars. The higher
efficiency of water binding poplar char surface was explained by its porous
structure, rich in small-sized pores. On the contrary, large pore sizes appeared
to be representative of conifer char.

Chicken manure char-water interactions depended more on its chemical
composition rather than on physical restrictions. In fact, the presence of
specific surface groups (i.e., nitrogen compounds, phosphate and minerals)
confer to chicken manure biochar positive properties, for example enhancing
its water retention capacity.

Adsorption studies revealed that biochar metal sorption from aqueous

solutions occurs through a two-step mechanism involving an initial rapid

[149}



uptake phase followed by the achievement of equilibrium after 24 hours.
Biochar sorption capacity strongly depended on the metal ion type, showing
the following trend for greater removal from solution: Ni<Cu<Pb. This order
was explained by the higher electronegativity of lead compared to copper and
nickel ions, that favors electrostatic and inner sphere surface complexation
reactions.

The sorption of each metal by conifer char was negligible. This behavior was
explained by its surface physicochemical characteristics, i.e. hydrophobicity,
prevalence of macropores and lack of functional groups able to bind ions.
Conversely, despite its lower surface area, chicken manure biochar was the
most effective in removing metal ions from water since it uptaked five times
more nickel (102 vs. 22 mg g), the double of copper (181 vs. 94 mg g™') and
three times more lead (633 vs. 203 mg g™') than poplar char. Chicken manure
highest remediation potential depends on the presence of a higher amount of
specific surface functional groups, such as basic nitrogen groups (e.g.,
pyridine), phosphate and minerals (such metal oxides) that serve as
adsorption sites for heavy metal cations.

Copper adsorption data on both chicken manure and poplar char surface were
better fitted by Toth isotherm. The evaluation of Toth parameters revealed
that copper adsorption on poplar surface is heterogeneous.

PW char has a high affinity for water, thus water adsorption on active sites
could effectively block some micropores and interfere with cations
adsorption (solvent effect). Besides on chicken manure char, the interactions
between adsorbed ions prevail over the surface adsorptive potential. This
leads to the formation of alternating layers Cu(Il)-H,O-Cu(Il) on char
surface, explaining the highest adsorption potential of chicken manure char
compared to poplar one.

Freundlich model well describes Ni(II) adsorption for both adsorbents

indicating a non-ideal sorption of this metal on an heterogeneous surface as
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well as a multilayer sorption. Contrariwise, considering the magnitude of
both R* and y* values, none of the equations applied appears to produce a
reasonable model for sorption of lead in all the systems. Since metals
absorption by biochars involves both physical and chemical mechanisms,
further studies should be addressed to explain it.

Resuming, different chars have different physicochemical characteristics so
they should be addressed to different uses. For example, conifer char should
not be used for remediation since it is not effective in removing inorganic
metals from aqueous solutions. Conversely, chicken manure-derived biochar
has the potential to be an effective heavy metal adsorbent for application in
environmental remediation, probably due to the presence of specific
functional groups on its surface able to interact with cations. Finally, thanks
to its great microporous structure, poplar char could effectively enhance soil
water and nutrients retention. Thus, its application to soils may lead to
important agronomic benefits.

Overall, turning abundant agricultural waste products (e.g., crop residues,
animal manure) into materials that can absorb contaminants or enhance soil
properties can have important environmental implications for improving

waste management and protecting the environment.
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CHAPTER 6 : GENERAL CONCLUSIONS

Biochar production processes as well as its various applications can provide
numerous benefits to both environment and economy. However, biochar
characteristics and properties are greatly affected by the original feedstock,
the pyrolysis process and its parameters (mainly process temperature and
residence time). These factors are particularly important in determining the
nature of the final product and, consequently, its potential value in terms of
carbon sequestration, agronomic performance and/or environmental
remediation.

The understanding of the physicochemical properties of this valuable
product, and how these vary depending on pyrolysis conditions, is of
paramount importance in order to address biochars of different nature to
more focused and aware uses. Only in this way, it would be possible to obtain
the aforementioned benefits and to avoid environmental damages.

The aim of this work was twofold.

The first part focused on the changes occurring in the chemical properties and
in the physical structure of biochar produced from poultry manure when it is
obtained at different pyrolysis temperatures and heating times, and how these
changes can influence char agronomic or remediation potential.

CPMAS "C NMR characterization and thermal investigation of poultry
manure and its char derivatives obtained at 350, 450 and 600°C for charring
times of 30, 60, 90 and 120 minutes were performed.

All the results revealed that char chemical nature is affected more by
production temperature than by production time. Indeed, poultry manure char
composition at each temperature remained more or less unchanged as heating

time was gradually switched from 30 to 120 min.
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The chars obtained at 350 and 450°C contained both aromatic and alkyl
domains whereas only aromatic systems were present after charring at 600°C.
Unexpectedly, the aromatic domains in the latter char revealed a lower
thermal stability as compared to the former two. In fact, whereas aromatics in
350 and 450°C PM chars degraded at 460°C, those in the 600°C PM char
were destroyed at a lower temperature (414°C). This result was explained by
hypothesizing that the alkyl domains in chars produced at 350 and 450°C
were mainly displaced on the surface of a rigid aromatic core. For this
reason, the thermal destruction of the original aromatic core was retrieved
only after the complete degradation of the products developed from the
original alkyl systems. Alkyl removal by poultry manure charring at 600°C
left unprotected the aromatic domain, thereby allowing the thermal
degradation of the aromatic systems at a lower temperature than that
measured for PM chars produced at the two lowest temperatures (350 and
450°C).

Fast field cycling-NMR relaxometry investigation was performed to examine
the physical features of biochar samples produced at different pyrolysis
conditions and how these characteristics affect biochar interaction with water.
As aforementioned, chemical analysis such as elemental and metal content,
CPMAS "*C NMR spectrometry and thermogravimetry (TGA) revealed that
char chemical nature is affected more by production temperature than by
production time. Conversely, the differences in char physical properties were
found to be produced both by pyrolysis temperature and residence time. In
particular, residence time has a major effect at the lowest charring
temperature used (350°C). Vice versa, above 450°C, the pyrolysis
temperature has a major influence in char structuring.

NMR results suggest a reduction of biochar affinity for water as pyrolysis
temperature or charring time increases. This reduction was explained by: 1)

the loss of acidic functional groups on poultry manure char surface (e.g.,
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phenolic, lactone and carboxylic group) able to interact with water protons,
2) the increase in char hydrophobicity (due to their reduced organic matter
content) and 3) the increase in biochar pores size with charring temperature
or muffle residence time.

All the results considered, the last explanation resulted to be the most reliable
and convincing since the loss of strong interaction between water and biochar
surface most likely depends on an increase in the pores size with pyrolysis
temperature.

The combination of 'H-T, and T, NMR relaxometry provided more
informations on the nature of the surface of porous media with respect to the
analytical techniques used previously. The combination of several techniques
provided good basis for the comprehension of complex systems making it

essential for the complete characterization of the char as a porous medium.

The second part of the study investigated the potential of three different kinds
of biochars, produced from poultry manure (pyrolyzed at 500°C for 120min),
conifer and poplar wood residues (gasified up to 1200°C), as adsorbents for
inorganic contaminants for wastewater treatment.

Each char was first characterized by CPMAS "“C NMR and FFC NMR
Relaxometry and then applied in heavy metals remediation (Cu, Ni and Pb)
from aqueous solutions.

Notwithstanding the different nature of the biomasses and the process
parameters used for biochar production, CPMAS *C NMR spectroscopy
revealed a substantial structural similarity among the chars. Indeed, all the
biochar examined resulted composed mainly by aromatic moieties. However,
their physicochemical characterization revealed some differences: a higher
amount of nitrogen, phosphate and minerals, but a lower surface area, in

manure- than in wood-chars.
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The differences in the physical structure and chemical composition of the
examined biochars determined the occurrence of different char surface-water
interactions, as encountered by applying FFC NMR relaxometry on water-
saturated chars. In particular, poplar char surface interacted with water with
high efficiency due to its porous structure, rich in small-sized pores.
Conversely, large pore sizes appeared to be representative of conifer char and
determined the presence of weak interactions with water.

Chicken manure char-water interactions were determined more by char
chemical composition rather than physical restrictions. In fact, the presence
of specific surface groups (i.e., nitrogen compounds, phosphate and minerals)
confer to chicken manure biochar positive properties, for example enhancing
its water retention capacity.

Adsorption studies results showed that biochar metal sorption from aqueous
solutions occurs through a two-step mechanism involving an initial rapid
uptake phase followed by the achievement of equilibrium after 24 hours.
Biochar sorption capacity strongly depended on the metal ion type, showing
the following trend for greater removal from solution: Ni<Cu<Pb. This order
was explained by the higher electronegativity of lead compared to copper and
nickel ions, that favors electrostatic and inner sphere surface complexation
reactions.

The sorption of each metal by conifer char was negligible due to its surface
physicochemical characteristics, i.e. hydrophobicity, prevalence of
macropores and lack of functional groups able to bind ions. Conversely,
despite its lower surface area, chicken manure biochar was the most effective
in removing metal ions from water since it uptaked five times more nickel
(102 vs. 22 mg g™), the double of copper (181 vs. 94 mg g™') and three times
more lead (633 vs. 203 mg ') than poplar char.

Chicken manure highest remediation potential was related to the presence of

a higher amount of specific surface functional groups, such as basic nitrogen
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groups (e.g., pyridine), phosphate and minerals (such as ash and metal
oxides) that serve as adsorption sites for heavy metal cations.

Copper adsorption data on both chicken manure and poplar char surface were
better fitted by Toth isotherm. The evaluation of Toth parameters revealed
that copper adsorption on poplar surface is heterogeneous. Since poplar char
has a high affinity for water, water adsorption on active sites could
effectively block some micropores and interfere with cations adsorption
(solvent effect). Besides on chicken manure char, the interactions between
adsorbed ions prevail over the surface adsorptive potential. This leads to the
formation of alternating layers Cu(Il)-H,O-Cu(Il) on char surface, explaining
the highest adsorption potential of chicken manure char compared to poplar
one.

Freundlich model well describes Ni(Il) uptake for both adsorbents indicating
a non-ideal sorption of this metal on heterogeneous surfaces as well as a
multilayer sorption. Contrariwise, considering the magnitude of both R* and
¥* values, none of the equations applied appears to produce a reasonable
model for sorption of lead in all the systems.

Since metals absorption by biochars involves both physical and chemical
mechanisms, further studies should be addressed to explain it.

Resuming, different chars have different physicochemical characteristics so
they should be addressed to different uses. For example, conifer char should
not be used for remediation since it is not effective in removing inorganic
metals from aqueous solutions. Conversely, chicken manure-derived biochar
has the potential to be an effective heavy metal adsorbent for application in
environmental remediation, probably due to the presence of specific
functional groups on its surface able to interact with cations. Finally, thanks
to its great microporous structure, poplar char could effectively enhance soil
water and nutrients retention. Thus, its application to soils may lead to

important agronomic benefits.
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All the results obtained in this work appear promising and should be followed
in a near future by further studies on the effect of pyrolysis conditions on the
physicochemical properties of biochar from various feedstock. The
understanding of these effects will allow the selection of the appropriate
combination of original biomass and process temperature in order to produce
a ‘designed’ biochar for specific environmental/agricultural applications.
Moreover, further investigations on adsorption equilibrium, kinetics and
thermodynamics are required to optimize biochar remediation potential, and
desorption studies are needed in order to avoid negative environmental
effects.

Overall, turning abundant agricultural waste products (e.g., crop residues,
animal manure) into materials that can absorb contaminants or enhance soil
properties can have environmental implications for improving waste

management and protecting the environment.
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