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1 ABSTRACT

Biochar is defined as “a porous, carbonaceous material that is produced by pyrolysis of
biomass and is applied in such a way that the contained carbon remains stored as a long-
term C sink or replaces fossil carbon in industrial manufacturing. It is not made to be burnt

for energy generation”.

Biochar can be used for a variety of purposes, including:

1. Soil amendment: it can be added to soil to improve its ability to retain water(water
holding capacity), increase nutrient availability, and promote microbial activity. It can
also contribute to minimize the consequences of climate change by sequestering
carbon in soil.

2. Agriculture: it can be used in a wide range of agriculture and horticulture
applications, including row crops, orchards, vineyards, lawns, and gardens. It can
improve soil health, increase crop yields, and reduce the need for synthetic
fertilizers.

3. Water treatment: it may be used to remove contaminants and impurities from water,
making it suitable for wastewater and greywater treatment.

4. Air purification: it can also be used to remove pollutants from the air, making it
useful for air purification and carbon sequestration.

5. Animal feed: it can be added to animal feed to improve digestion and reduce the
amount of methane produced by the animals.

6. Fuel production: it can be used as a fuel source, either alone or in combination with
other fuels such as wood or coal.

7. Soil remediation: it can be used to improve soil in degraded and contaminated land,

which can make it useful for reforestation and land restoration projects.



Phosphorous recovery from wastewater using biochar is a promising approach to
addressing the problem of phosphorous depletion in soil. Phosphorous is a key nutrient for
plant growth, but when it is used in fertilizers, it can easily become lost due to runoff or
leaching. This can lead to a depletion of phosphorous in the soil, which can limit crop yields
and negatively impact the environment. Wastewater treatment plants are a major source of
phosphorous in the environment, as they discharge large quantities of phosphorous-rich
wastewater into rivers and lakes. This can contribute to the eutrophication of these bodies
of water, leading to algal blooms and other negative ecological impacts. Biochar can be
used to recover phosphorous from wastewater by sorbing it from the water and retaining it
in a solid form. Once the biochar has sorbed the phosphorous, it can be removed from the
wastewater and used as a fertilizer or soil amendment. This not only helps to reduce the
amount of phosphorous discharged into the environment, but also provides a valuable
resource for farmers and gardeners. In this study, two composites made of biomass and
dolomite or shells were produced for phosphate recovery from synthetic and real waters. In
both scenarios the composites sorbed more phosphate than the biochar with which they

were compared, up to 100% of phosphate sorption.

Another application of biochar is in soil remediation, the process of cleaning up
contaminated soil. Polycyclic aromatic hydrocarbons (PAHSs) are a group of chemicals that
can be found in contaminated soils, and are known to be carcinogenic and toxic to humans
and other living organisms. Biochar can be used to adsorb PAHs from soil, effectively
immobilizing them and preventing their leakage or bioaccumulation. Hetero-PAHs (or
heterocyclic PAHS) are a subclass of PAHs that have at least one atom of nitrogen, sulfur
or oxygen in the ring structure, and they can be more difficult to degrade than other PAHs.
However, they are less investigated than PAH and little is known about their destiny in the

environment, or if they may be sorbed onto biochar.
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The use of biochar for soil remediation has the potential to provide a cost-effective and
sustainable solution to the problem of contaminated soils. In this study, two biochar and an
activated carbon were used to immobilize PAHs and hetero-PAHSs in four different real soils,
with immobilization rate up to 100%. The two biochar performed equal to or better than

activated carbon, making them a viable alternative given their lower price.

Biochar can also help reduce the mobility of heavy metals in soil. Heavy metals, such as
lead, zinc, and arsenic, can leach into soil from industrial sources, agricultural runoff, or
other sources of pollution. These metals can be toxic to plants and animals, and can make
soil unsuitable for growing food or other crops. When biochar is added to contaminated soil,
it can help to remove heavy metals by binding to them and preventing them from leaching
into the environment. Additionally, biochar can provide a physical barrier that prevents heavy
metals from being taken up by plants and animals. It is important to mention that the
effectiveness of biochar in soil remediation varies depending on the type and concentration
of heavy metals in the solil, the type of biochar used, and the application rate. Therefore, it
is important to conduct a thorough investigation of the site-specific conditions and to conduct
proper testing before applying biochar in soil remediation projects. A composite based on
pyrolyzed biomass and dolomite was compared with an activated carbon to evaluate its
ability to immobilize heavy metals in contaminated soils. The composite performed generally
better than activated carbon, but the main difference was its ability to also immobilize

arsenic, whereas activated carbon had no effect on it.
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1 GENERAL INTRODUCTION

1.1 Horizon2020 Project Flex Jet

This work is part of the Horizon2020 project ‘FlexJet’: Sustainable Jet Fuel from Flexible
Waste Biomass'. The project's overall goal is to develop a system for producing aviation fuel
from waste vegetable oil and organic waste. Figure 1 schematically summarises the process
steps involved in the project. Waste vegetable oil and organic waste are collected and
valorised by using them as feedstock for the Thermo-Catalytic Reformer (TCR®). The TCR®
technology is employed in the project to handle i) previously dried organic solid waste and
i) vegetable oil waste that has first been trans-esterified. The three typical pyrolysis products
are biochar, syngas, and bio-oil. The charcoal is then gasified to produce energy and heat
to keep the system running. The syngas is exposed to pressure swing adsorption (PSA), a
process used to separate certain gases from a mixture (Sircar, 2002). Hydrogen and tail gas
are produced as a result of this. The bio-oil is combined with the hydrogen from the previous

step and subjected to a hydro-deoxygenation process.

TCR®is a recently developed technology that combines an initial intermediate pyrolysis
process (with maximum temperatures between 500°C and 600°C and a residence time of
about 5 min) and an additional catalytic cracking / reforming of products step. In this last
step, the solid products of the pyrolysis are fed into the reformer. It is the biochar itself,
heated to 700°C, that acts as the catalyst, and the gaseous products are passed through
the char bed. After that, the gaseous products are cooled and the condensable fraction
separated from the gaseous fraction. Finally, once cooled, the biochar is also collected. The
TCR® process produces a bio-oil with higher carbon content and lower oxygen content than

that produced by the traditional pyrolysis process.
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Figure 1 - Visual representation of the FlexJet process diagram.

For the project to be economically viable, each of the products coming out of the process
must be valorised to the maximum. The syngas and bio-oil produced already have a pre-
established value chain. However, biochar is currently only intended to be used for the
production of the heat and energy needed for the process. However, business case
simulations have shown that for the payback period of the project to be acceptable, the
biochar must be sold. In particular, should be approximately 300 €/tonne and the price
should never fall below 75 €/tonne. Biochar can be sold for a range of purposes depending
on its quality: a very good grade biochar, possibly enriched in nutrients, can be sold as a

soil conditioner and/or a slow-release fertiliser for up to 600 €/tonne. Lower quality biochar,
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such as that made from sewage sludge, can only be used as fuel, and the price decreases

to 75€/tonne in this scenario.

A further advantage of not using biochar for energy production is the fact that it is part of
"negative emission technologies" (NET) and is therefore able to store carbon. NETs are
those technologies whose production and operation emit less CO:z than they capture.
Biochar due to its carbon-based structure is a NET when used in agriculture or in a way that
does not destroy its structure. According to the IPCC, these technologies are crucial for
maintaining the Paris Agreement (Beck & Mahony, 2018). Furthermore, biochar used in
agriculture is a better NET than other proposals, such as soil carbon sequestration or the
use of biomass in construction (Jeswani et al., 2022). Not to mention that, when installed in
developing countries, plants that produce (also) biochar represent an economic as well as

an environmental advantage (Owsianiak et al., 2021).
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1.2 Biochar

Biochar is defined by IPCC, regulatory agencies, and normative standards (such as the
European Biochar Certificate) as “a porous, carbonaceous material that is produced by
pyrolysis of biomass and is applied in such a way that the contained carbon remains stored
as a long-term C sink or replaces fossil carbon in industrial manufacturing. It is not made to
be burnt for energy generation.” (EBC, 2022). This definition is the currently accepted one,
but the process of defining biochar has been a long one. To begin with, biochar is a relatively
new term, introduced in 2006, which at the time only defined carbonised organic matter that
was deliberately applied to soil with the intention of improving soil properties (Lehmann et
al., 2006b). This definition was consistent with biochar origin. In fact, the first reports of
biochar use come from ancient south America, Amazonian Region. Here it was known as
Terra Petra, and it was used as soil amendment because of its fertilising properties (Ahmad
et al., 2014; Lehmann, 2009). At the time it consisted mainly of charcoal, pottery, bones and

wastes and was rich in nitrogen, phosphorus and potassium (Shackley et al., 2016).

Today, biochar has a number of different applications. It can be used as sorbent (Ahmad et
al., 2014; W. Ahmed et al., 2021; Barber et al., 2018; Pal et al., 2021; Zhou et al., 2022),
building material (Asadi Zeidabadi et al., 2018; Legan et al., 2022; Liu et al., 2020; Maljaee
et al., 2021), animal feed additive (Goiri et al., 2021; Man et al., 2021; Schmidt et al., 2019),
fertilizer (Alling et al., 2014; Barber et al., 2018; Shackley et al., 2016), etc. The wide variety
of feedstocks that can be used for its preparation, and the different production methods that
are available, allow its characteristics to be improved and adapted according to the intended
use. Feedstock that have been tested for the preparation of biochar include residual
biomass, sewage sludge, animal manure and bones, and algae (Mukome et al., 2013;
Spokas & Reicosky, 2009). It can be produced by different processes, like pyrolysis,
gasification and Hydro-Thermal Carbonization (HTC). Moreover, the material resulting from
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these processes can further change by adjusting the operating parameters. It follows that
the term biochar denotes a versatile material that never has the same properties, that can
be produced from different feedstocks and with different methodologies, and that can have

the most diverse applications.

1.2.1 Pyrolysis

Pyrolysis is a thermal conversion process in which organic matter is exposed to medium-
high temperatures (ranging from 300°C to 1000°C) in an oxygen-poor environment for a
period of time ranging from a few seconds (flash pyrolysis) to minutes (intermediate
pyrolysis) to days (slow pyrolysis). Three products are obtained from this treatment: a solid
phase (biochar), a liquid phase consisting of a mixture of oil and water (bio-oil and water),
and a gaseous phase (syngas). The feedstock used and the operating parameters have a
great influence on the yield and product characteristics. Longer residence times at lower
temperatures favour a higher yield of solid products, while shorter times and higher

temperatures produce a majority of liquid products.

There are several different types of pyrolysis, each with its own set of advantages and

disadvantages:

e Slow Pyrolysis: This method involves heating the material at a relatively low
temperature over an extended period of time. Slow pyrolysis is often used to produce
biochar, which can be used as a soil amendment to improve soil health and fertility.

e Fast Pyrolysis: This method involves heating the material at a higher temperature
and for a shorter period of time. Fast pyrolysis is commonly used to produce bio-oil,
which can be used as a fuel or feedstock for the production of chemicals and other

products.

17



e Intermediate Pyrolysis: This type of pyrolysis is a middle ground between slow and

fast pyrolysis, it is characterized by its intermediate heating temperature and time.

The operating parameters of the different types of pyrolysis are summarised in Table 1.

Table 1 - Operating parameters of slow, intermediate and fast pyrolysis.

T°C Egs;dence Products Yields [wt%] References
Biochar 25-35
(Kloss et al., 2012;
: Ronsse et al.,
Slow 350-700 Minutes o 4 20 - 50 2013; Van
days .
Zwieten et al.,
2010)
Syngas 20 - 50
Biochar 25-40
Intermediate 400-500 minutes Qil 35-50 (Hornung, 2013)
Syngas 20 - 30
Biochar 10- 25
Fast 2880 seconds Oil 60 - 75 (Bre;vc()a(;ge)t al.,
Syngas 10 - 30

1.2.2 Thermo-Catalytic reforming

The Thermo-Catalytic (TCR) reforming is a particular example of intermediate pyrolysis
coupled with a subsequent reforming system. The system consists of a pyrolysis chamber
where the feedstock is heated up to a maximum of 600°C. Subsequently, the pyrolysis
products are conveyed to the post reformer where, in the presence of biochar, the catalytic
reforming step takes place at a temperature of 700°C. The products are then cooled to room
temperature, separating syngas, a mix of oil and water that will undergo further separation,
and biochar (Marazza et al., 2019). It has been validated in the laboratory that TCR
technology produces a higher quality bio-oil and biochar than similar technologies, both
being low in oxygen and hydrogen content. Fig. 2 shows the schematisation of TCR

technology.
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Fig. 2 - TCR process overview.1l) The thermal decomposition process of the feedstock takes place in the
pyrolysis chamber; 2) The catalytic reformer is heated up to 700°C and biochar and gas phase are brought

into contact. The gaseous products are then separate from the syngas. (Image from Marazza et al., 2019)

1.2.3 Gasification

Gasification consists in the thermochemical conversion of a starting material into mostly
gaseous, but also solid products. Oxygen, air, steam, or a mix of these is required for the
process to take place (Shackley et al.,, 2016). The presence of O, albeit in under-
stoichiometric amounts, leads to a partial oxidation of the feedstock and thus to less biochar
production, in favour of more gas production. Biochar yield is usually 5-10% of the feedstock
initial mass (Brewer et al., 2009). The gasification process consists of four different phases:
i) drying, ii) pyrolysis, iii) combustion, and iv) gasification. The feedstock is initially dried at a
temperature of about 100°C, a temperature that allows moisture to be removed from the
material, but which is not sufficient for any thermo-chemical conversion to take place. This
is followed by the (ii) thermal degradation phase in which the feedstock is converted into
volatile compounds with low to high weight (Loha et al., 2014). Gasification can be
performed in three different ways, which vary depending on how the solids and gases come

into contact: fixed bed, fluidised bed and entrained flow (You et al., 2017).
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1.2.4 Hydrothermal Carbonisation

Hydrothermal carbonisation is a method of thermal conversion of biomass, with biochar (in
this case hydrochar) yields ranging from 40 to 70 per cent. It is a wet process, requiring a
temperature of 180-350°C. This methodology, known since 1913, is particularly
advantageous compared to dry methods, especially for those feedstocks with a high initial
moisture content. Given the production conditions (presence of water), the hydrochar
produced has a high O content, which makes it less stable when applied in soil than biochar

from other thermal conversion methods.

1.2.5 Biochar characteristics

Physical and chemical characteristics of biochar depend on process and production
parameters, and feedstock's initial properties. Biochar main physical characteristics, which
influence its ability to act as a sorbent material, are the specific surface area (SSA) and
porosity, while on the chemical side, the pH and functional groups present on the surface

are crucial.

Biochar SSA and porosity depend directly on the pyrolysis temperature at which it was
produced. Biomass consists of cellulose, hemicellulose, and lignin, and as the operating
temperature increases the volatile fractions degraded and/or escape, thus increasing SSA
and porosity (M. B. Ahmed et al., 2016; Weber & Quicker, 2018). SSA is measured via BET-
analysis, which measures the amount of nitrogen (N) at 77 K that is absorbed by the sample
at a given pressure. However, the determination of surface area using N can return an
underestimated measurement, as N diffuses into the micropore fraction with difficulty. As an
alternative to N, carbon dioxide (CO2) can be used, at a temperature of 273 °K, which has
a smaller diameter and can also be absorbed by the micropores (Sigmund et al., 2017). The
pore volume (PV) and the pore size distribution (PSD) should be added to the SSA in order

to provide a more accurate indication of the potential reactivity of biochar. According to pore
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diameter, biochar porosity is divided into micro- (pore diameter of 1000-0.05 ym), meso-
(0.05-0.002 ym), and macro- (0.05-0.0001 ym) porosity (Brewer et al., 2014). PSD is
particularly crucial for predicting some biochar properties because different biochar with
different amounts of micro-, meso-, and macro-pores will react differently (Weber & Quicker,

2018; Yakout et al., 2015).

Biochar pH increases with the increase of production temperature as well as SSA and PV.
pH values of 10-12 are obtained for temperatures above 500°C. pH is a fundamental
property by which biochar and hydrochar are differentiated. The latter tends to be more
acidic than the first. The pH of biochar is crucial if it is to be used as a soil conditioner (Weber

& Quicker, 2018).

Cation exchange (CEC) is the ability of a material (typically soil) to attract and retain cations
on its surface. In agronomy this property is used as an indicator of soil fertility. In biochar,
the CEC depends on the composition and structure of the surface, and the amount of
negative charges present on it (Weber & Quicker, 2018). Therefore, since the CEC depends
on both the surface area and the functional groups present, the biochar in which this is
higher will be those produced with slow pyrolysis, which have a higher SA than the feedstock
starting, but have more functional groups than those produced with intermediate and fast

pyrolysis (Zhao et al., 2013).
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1.2.6 Biochar activation and modifications
Acid _Rcmovc impurit.tcjs': -
- introduce the acidic functional groups |

Alkaline Increase surface area;
introduce the oxygen-containing functional groups

Oxidizing-agents o :
- - ' Introduce the oxygen-containing functional groups

8 Metal oxides Enhance adsorption capacity; enhance magnetism:
enhance catalytic performance

Carbon materials . -
. . ' Enhance surface area

Stem, gas Increase the surface area @ improve
the structures of biochar

Figure 3 — Summary of methods for biochar activation and modification. Image from Wang & Wang, 2019

There are several ways to modify or enhance the properties of biochar. Although pristine
biochar has many useful characteristics for different purposes, these are often not enough.
Over time, different types of modifications have been developed, both physical, chemical

and biological.

The physical and chemical properties of biochar can be modified through activation.
Activation involves treating the biochar physically or with chemicals to change its surface
properties and make it more porous, increasing its surface area and ability to adsorb
pollutants or nutrients. One common method of activating biochar is by treating it with an
alkali solution, such as sodium hydroxide or potassium hydroxide. This process increases
the pH of the biochar as well as SSA, and can also introduce hydroxyl groups onto the
surface of the biochar, making it more hydrophilic (water-loving) and increasing its ability to

adsorb pollutants such as heavy metals.

Another method of activating biochar is by treating it with an acid solution, such as sulfuric

acid or hydrochloric acid. This process decreases the pH of the biochar and can also

22



introduce carboxyl groups onto the surface of the biochar, making it more hydrophobic and

increasing its ability to adsorb pollutants such as organic compounds.

Metal salt or oxides modification can change completely biochar properties. It entails adding
metals or metal-containing materials before or after pyrolysis. SSA, magnetism,
phosphorous adsorption capacity, catalytic properties, and other properties can all be

improved (Xie et al., 2022).

Another alternative is thermal treatment, a type of physical activation. This method uses gas

(steam, COz2, ozone) to enhance biochar SSA and porosity (Cha et al., 2016).

Biochar can also be modified biologically through a process called inoculation. Inoculation
involves introducing microorganisms, such as bacteria or fungi, onto the surface of the
biochar. These microorganisms can colonize the biochar and change its properties, such as
increasing its nutrient-holding capacity or its ability to break down pollutants (Bao et al.,

2022).
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1.3 Thesis overview

The main goal of my PhD project was to identify alternative methods to heat and power

production for using biochar. The three options identified were:

e nutrient recovery and simultaneous purification of agro-industrial wastewater;
e remediation of real soils contaminated with organic contaminants;

e remediation of real soils contaminated with inorganic contaminants.

The first chapter explores the possibility of recovering phosphorus first from synthetic water
and later from real wastewater, using different types of carbon materials. The materials used
are two biochar produced from different raw materials and technologies, and two composites
produced from vine pruning clippings and dolomite or shells. The four materials were used
to recover phosphorus first from synthetic waters prepared in the laboratory having three
different concentrations of PO4%, with three different contact times. Then two different
wastewaters supplied by the Caviro winery were used. Finally, the tests were repeated while
maintaining pH< 7, so as to exclude the precipitation process due to pH and individually

evaluate the ability of carbonaceous materials to sorb PO4%.

In the second and third chapters, the possibility of using biochar to immobilize organic and
inorganic contaminants, respectively, in residually contaminated soils is evaluated. Four
soils contaminated with organic contaminants and X contaminated with inorganic
contaminants were used in batch and column tests. The soils were amended with different
percentages of carbonaceous materials to find the best biochar:soil ratio to achieve the

greatest immobilization with the least use of carbon.
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2 REMOVAL AND RECOVERY OF PHOSPHORUS FROM AQUEOUS

SOLUTIONS THROUGH A DOLOMITE ENRICHED BIOCHAR

The activities described in Chapter 2 were carried out at the new laboratories 'Fraunhofer
Innovation Platform on Waste Valorisation and Future Energy Supply at University of
Bologna' (FIP-WE@UNIBO). The main product resulting from these activities is the

composite, patent pending Ns.rif.358821T/MB/BF.
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2.1 Introduction

Phosphorous is an essential, though limited, element necessary to support global food
production. Man’s impact on phosphorous cycle has lasted for more than 150, since the
correlation between phosphorous quantity and field yield was noted (Filippelli, 2002). Unlike
nitrogen, phosphorous availability in soil mostly depends on the erosion of underlying rock
or the decomposition of organic material (e.g. bones). Thus, phosphorous is supplemented
with annual fertiliser additions. Without phosphorous addition, soil fertility would be reduced
by 9/10, resulting in insufficient food production. As a result, rising agricultural demand for
phosphorous encouraged its mining for fertilizer production. Initially, fertilisers use was
unregulated and that led to major problems such as resource depletion and eutrophication

of watercourses (Mogollon et al., 2018).

Phosphorus was placed on the EU's Critical Raw Materials List in 2014, because the scarcity
of its sources and their uneven location pose a risk factor for future availability (de Boer et
al., 2019; European Commission, 2014). Every year, 22 x 1012 g of phosphorus are mined,
and in 2005, EU countries imported a total of 2392 x 10° g of phosphorous, of which about
half (1217 x 10° g) was lost as waste (Reijnders, 2014). This loss (>50%) represent a serious
issue, especially since the imported phosphorous is virgin (van Dijk et al., 2016). A change
in phosphorous management is needed, as for now is characterized by overuse, low
recovery rates, and substantial losses, especially to superficial water (Smith & Schindler,
2009). The rapid exhaustion of phosphorous resources, which are expected to be depleted
by the end of 2050, necessitates the development of technologies that allow for its recovery
and recycling. A source rich in phosphorus may be industrial streams currently handled as
waste. At the moment, only the phosphorous found in animal manure is retrieved to a great
extent (Bolton et al., 2019). In addition, there are indirect issues caused by inadequate
phosphorous usage, such as eutrophication, which prevents water bodies from performing

41



their primary ecological functions and, as a result, prevents the economy and society from

developing sustainably (Smith & Schindler, 2009).

Over the past decade, many technologies have been developed and applied to recover
phosphorous from waste streams. These technologies include i) enhanced biological
phosphorus removal, where certain types of bacteria accumulate high levels of
phosphorous; ii) precipitation of phosphorous through the addition of cations (aluminium,
calcium, cadmium, iron) in the effluent (Morse et al., 1998; Yuan et al., 2012). These
techniques, however, had the objective of cleaning up the effluent so that it could be
disposed of, whereas now the objective is to recover the phosphorous in a way that makes
it easily reusable (Rittmann et al., 2011). More recently, the use of sorbent materials, e.g.
biochar, that could sorb dissolved phosphorous has caught the attention of researchers
(Yang et al., 2020). These compounds have the benefit of being able to be used directly as

slow-release fertilizers after being employed to remove phosphorus from wastewater.

In this study, we developed two biochar from waste biomass enriched in dolomite (BCD) or
shells (BCS). These materials were utilized to recover phosphorus from synthetic water
generated in the lab, then from real wastewater. As industrial wastewater must have a pH
that is not overly alkaline at the end of treatment, tests with pH values more than 8 were
repeated while maintaining pH below 8. These materials' performance was compared to that
of two other pristine biochar, one supplied by Romagna Carbone and one produced from

the same bhiomass as the two enriched biochar.
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2.2 Materials and methods

2.2.1 Materials

Four different materials (“carbons”) were used for the sorption of PO43 from both synthetic
water and real waste water. The first biochar (BC) was produced from vine pruning (Vitis
Vinifera) and used without any further treatment. The second one (BCRC) was provided by
Romagna Carbone, an Italian company specialised in char production. It was used without
any further treatment as a commercial comparison for BC. The two composites (BCD and
BCS) were produced from vine pruning (Vitis Vinifera) mixed with carbonaceous material,
respectively natural dolomite and Pecten jacobaeus Linnaeusshells. Both dolomite and
shells had been previously ground. Grounded biomass was sieved via a 180 um sieve. A
mixture of biomass and carbonaceous material was placed in porcelain boat, mixed and
then pyrolyzed at 850 °C for 2 h under N2z flow in a muffle furnace. The same production

methodology was applied for BC, without the addition of dolomite or shells.

Table 2 - Summary of the preparation conditions of the applied carbons. All carbons were produced via

pyrolysis.

Carbon Treatment Feedstock Temperature
BCRC Biochar None Mixed woods 400-500 °C
BC Biochar None Vine wood 850 °C
BCD Composite  CaO/MgO enriched  Vine wood + dolomite 850 °C
BCS Composite  CaO/MgO enriched Vine wood + shells 850 °C

The four carbons were initially tested on three synthetic waters that differed in their starting
PO4% content. Subsequently, tests were carried out on real wastewater. Phosphate working
solutions were prepared by dissolving KH2PO4 salt in deionized water and stirring until
completely dissolved. The obtained solutions had a PO4* concentration of 10, 100 and 1000
mg/l. Real wastewater samples were provided by Caviro, one of the biggest winery

cooperative in Italy. The wastewaters (WW-C and WW-F) were collected from two different
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points of their water purification system. After being filtered with paper filter (FILTER-LAB®
to remove the suspended solids, they were preserved in glass flasks closed with parafilm at
a temperature of 4 °C. The initial PO4%* concentration was 10,6 mg/I for WW-C and 14,2 mg/I

for WW-F.

2.2.2 Carbons preparation and characterization

The composites were produced mixing 6.0 g of biomass powder with 4.0 g of pulverized
dolomite (BCD) or shells (BCS). The mixtures were then transferred to a ceramic crucible
and placed inside a muffle (Carbolite Gero) for the pyrolysis process. The process lasted 2
hours, reaching a maximum temperature of 850°C, and the muffle was blown with N to
create a low oxygen content environment. The obtained composites were kept in glass

container before use, to prevent reaction with atmospheric COo..

Three aliquots of each material were placed in aluminium crucibles and placed inside a
furnace at 40°C for 7 days, weighing them on days 2, 3 and 7. Further analyses were
performed once the weight had stabilised,. A known quantity of sample is placed in an oven
at 105°C for 24 hours. With eq. 1 the total moisture is calculated, and with eq. 2 the total

solids (TS).

udried sample (g)—dried sample 105 °C

% total moisture (105 °C) = .100 Eq. 1

undried sample (g)

total solids (TS) = 100 — total moisture (%) Eq. 2

The samples are then placed in the muffle furnace at 550 °C for 5 h stability and a heating
ramp of 10 °C/min in an oxidising environment. When finished, the samples are extracted,
placed in a desiccator and when cold, weighed. Then volatile solids and ashes are

calculated using eq. 3 and 4
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sample 105 °C (g)—sample 550

°C(9)
sample 105 °C (g) -100 Ea. 3

Volatile solids (VS) =

ashes % (550 °C) = 100 — volatile solids (%) Eq. 4

pH and electrical conductivity (EC) were determined by mixing 5 g charcoal in 50 ml
deionised water for 1 hour at 250 rpm. pH and EC were measured (Delta OHM HD2156.2).
Elemental composition (C, H, N, S) of carbons was determined via Elemental analyser
(Elementar Vario MACRO Cube), using a 1:1 mix of sample and Tungsten(VI) oxide powder
as combustion additive, resulting in a final weight of about 100 mg. Specific surface area
(SSA) was measured using a Micromeritics TriStar Il Plus with both N2 and CO2 adsorption
(samples were pre-treated at 300°C for 3h, with inert gas flow to remove and contaminants).
Carbon samples before and after batch tests were also analysed with ICP, scanning electron
microscopy (SEM), and X-ray diffraction (XRD). SEM images were acquired using a Leica
Cambridge Stereoscan 360 scanning electron microscope. The samples were gold coated
(2 nm) before their observation. XRD patterns were collected using a PANanalytical X’Pert
Pro diffractometer equipped with a multiarray X'Celerator detector using Cu Ka radiation
generated at 40 kV and 40 mA (A = 1.54056 A). Diffraction patterns were collected in the 20

range between 20 and 60° with a step size (A20) of 0.02° and a counting time of 100 s.

2.2.3 Batch sorption tests

Sorption tests were performed in batch adding 0.1 g of material to 100 ml of synthetic water
or wastewater. Four replicates of each sample were done. Three different sets of
experiments were carried out, varying for the duration of stirring. The contact times (CT)
used in this study were 15, 30 and 60 minutes. Afterwards, the samples were filtered with
paper filter (FILTER-LAB®) to separate the solid materials from the solution. Then, the liquid

samples were further filtered at 0.45 um (Test Scientific, cellulose acetate, filter syringe
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filter). Phosphate concentration was determined by a Metrohm 883 Basic IC Plus lonic

Chromatography.

Sorption percentage (S, %) were calculated as shown in Eq. 5:

5=( —%)*100 Eq. 5

i
Where ce is the concentration at equilibrium, and ci is the initial concentration.

e pH control

Calcinate Ca and Mg-rich materials are known to be strong alkalizer. From the perspective
of a wastewater treatment plant, the problem of the increase in pH due to the composite
itself arises. For this reason, all experiments with a dynamic pH >9 were repeated by

bubbling COzinto the solution. That was done circulating CO2 within the solution.

2.3 Results and discussion

Carbon characterisation results are summarised in Table 3. The four materials differ mainly
in their volatile solids (SV), ash, LOI, and C [%] content. These differences can all be
attributed to the presence of Mg and Ca in the BCD and BCS samples. These oxides
increase the ash fraction, decreasing the VS fraction, and affect the amount of biochar, and
hence C, present in the sample by the same weight. There is also a slight increase in pH for

the two composites compared to biochar.
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Table 3 - Carbons characterisation

BC BCRC BCD BCS
pH 11.4 10.6 12.9 13.2
EC [mS/cm] 11.4 10.6 12.9 13.2
moisture % 4.1 3.7 3.9 2.0
TS [%] 95.9 96.3 96.1 98.0
VS [%] 82.0 65.2 18.4 9.4
ashes [%] 18.0 34.8 81.6 90.6
LOI 90.3 67.1 42.6 47.7
[N] % 15 1.1 0.6 0.6
[C] % 78.5 72.7 25.9 25.0
[H] % 1.2 1.9 1.4 1.6
[S] % 0.2 0.2 0.2 0.1
SSA (N) [m#/g] - - 182.4 165.8
SSA (CO2) [m3/g] 273.6 195,5 219.7 197.5

2.3.1 Batch experiments

The results obtained from batch tests with synthetic waters are shown in Figure 4. Water
phosphate content decreased quickly in samples with lower initial concentrations. BCD and
BCS resulted in 100% PO4* removal with the shortest CT of 15 minutes, while the maximum
removal achieved with B Cis 35%. BRC in contrast led to an increase in dissolved PO4* in
water in some cases. The influence of the different contact times on phosphorous sorption
is seen only in the third case, with a starting concentration of 1000 mg/l of PO4%. Patrticularly,

BCS went from 25% removal at CT 15 minutes, to >40% at CT 30 minutes.
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Figure 4 - Phosphorous removal [%] with four carbons from three different initial concentrations (ci)

This suggest that addition of carbonate material (either dolomite or shell) to biomass prior
the pyrolysis increase biochar ability for phosphate removal in all cases under investigation.
BCD and BCS generally removed more phosphate than BC and BCRC, particularly with
waters at 10 mg/I and 100 mg/l of PO4%, removal rates for both composites were up to 100%
already at a 15 min CT. However, with a 1000 mg/l initial concentration the removal
percentage decreased. Major difference between samples, excluding the applied carbon,
was the solution final pH of the solutions. Samples amended with BCD and BCS and with
initial PO4% concentrations of 10 mg/l and 100 mg/l at the end of the contact time always
had a pH > 11.6, whereas experiments with 1000 mg/l water and those amended with BC

and BCRC, had a final pH between 6 and 7.
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Figure 5 - Final pH of solutions with biochar application and after 15/30/60 minutes.

However, although the immobilisation rate was much lower, BCD and BCS immobilised a

maximum of 105.2 mg/g and 213.9 mg/g of PO4, respectively (Table 4).

Table 4 - PO4® uptake [mg/g] for the four carbohydrates tested

Sample Mass[g] Volume[l] CT15 [mg/g] CT30 [mg/g] CT60 [mg/g]
BCD 0.1 0.05 105.2 102.2 98.5
BCS 0.1 0.05 119.8 213,9 206.7
BCRC 0.1 0.05 38.3 2.5 14
BC 0.1 0.05 41.7 36.1 44.2
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These results, compared with those found in the literature, show that biochar enriched with
dolomite or shells has a greater potential to remove PO4* from agueous solutions than
biochar or dolomite/shells separately. Calcined dolomite was reported to immobilise up to
50 mg/g, while calcined shells 12 mg/g (Karaca et al., 2006), while pyrolyzed oyster shells
up to 6 mg/g (Kwon et al., 2004). In this study, BC and BCRC immobilised 38 mg/g and 44

mg/g respectively.

SEM images show how biochar acts as a scattering surface for dolomite and shells,
promoting their interaction with PO4* in solution. Images a and c respectively show the
structure of BCD and BCS before batch tests, b and d after the batch tests. In the latter, the
typical inflorescence structures of hydroxy apatite can be seen, as confirmed by XRD
analysis. The ICP results confirm the adsorption of phosphorus on the surface of the two

composites, ranging from 9 ppm to 412 ppm for BCS, and from 8 ppm to 289 ppm for BCD.
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Figure 6 - SEM images of BCD and BCS pre (a and c) and post (b and d) batch test.

results of the pH-controlled tests are shown in Figure 7, compared with the corresponding
ones without CO2 shows a comparison of the results obtained with and without the addition
of COz2 to the solution. An important decrease in the percentage of immobilised phosphate
can be seen. This may be due to competition with the product of the reaction of CO2 with
water, HCO®. In any case, as also seen in the case of the 100 mg/l solution, the
dolomite/shells enriched biochar perform better than BC and BCRC, with removal

percentage up to 70% in the 100mg/l synthetic water.
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Figure 7 — Comparison of % phosphorous removed with and without addition of CO2 with a) initial

concentration (ci) = 10 mg/l, and b) ci= 100 mg/I

2.3.2 Wastewater treatment

When applied to wastewater, BCD and BCS had the highest removal percentage,
respectively 100% and 80% for WW-C and 90% and 70% for WW-F. BC and BCRC removed
at most 20% and 25% respectively in WW-C, and less than 10% in WW-F. Both waters had
an initial pH of 8.2, which increased to a maximum of 0.7 after the addition of carbon. It was

therefore not necessary to carry out pH-controlled experiments in this case.

The results of these tests indicate that it is possible to use pyrolyzed biomass and

dolomite/shell composites for phosphate recovery from real wastewater without increasing
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the pH, thus without adding further steps. Once the biochar has been saturated, and

therefore no longer adsorbs phosphate, it can be recovered and used as a slow-release

fertiliser.
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Figure 8 - Phosphate removal [%)] with four carbons from two wastewater

2.4 Conclusion

Phosphorus recovery and recycling refers to the process of capturing and reusing
phosphorus that would otherwise be lost to the environment. This is an important aspect of
sustainable agriculture and environmental protection, as phosphorus is a finite resource and
overuse of synthetic fertilizers can lead to environmental problems such as eutrophication

and water pollution.
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There are several techniques that can be used to recover and recycle phosphorus, including:

Nutrient recovery from wastewater: This involves treating wastewater to remove nutrients
such as phosphorus, which can then be used as fertilizer. The use of constructed wetlands

or other natural systems is one approach to this.

Composting: Composting organic material can also recover phosphorus and other nutrients,

which can then be used as fertilizer.

Use of biochar as a soil amendment: Biochar can be used to remove phosphorus from
wastewater and other nutrient-rich sources, and then used as a soil amendment to improve

soil health and fertility.

The recovery and recycling of phosphorus is essential to maintain the same production
levels in agriculture today. At the same time, the purification of agro-industrial effluents and
the maintenance of good soil quality are problems that require economically and
environmentally sustainable solutions. Two biochar with added dolomite or shells were
produced from waste plant biomass. They were used for phosphorous removal first from
synthetic water prepared in the laboratory, and then from waste water. The phosphorous
removal capacity of the two composites was compared to that of two unmodified biochar.
The results of this study show that the addition of composite to wastewater allows up to 100
per cent phosphorous recovery. However, the presence of Mg and Ca leads to a significant
pH increase. For this reason, experiments with a final pH > 9 were repeated by bubbling
CO2 into the solution. Again, the composites removed a higher percentage of phosphate

than BC and BCRC.

In conclusion, biochar can be an effective material for both wastewater treatment and
phosphorous recovery. Its high capacity for phosphorous sorption, combined with its ability
to remove other contaminants from wastewater, makes it a promising solution for addressing
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environmental problems caused by phosphorous-rich wastewater. Additionally, the recovery
of phosphorous from wastewater and its usage as a fertilizer can mitigate the problem of

phosphorous depletion in soil.
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3 SYSTEMATIC COMPARISON OF BIOCHAR AND ACTIVATED CARBON FOR

LEACHABLE PAH AND HETEROCYCLIC PAH IMMOBILISATION IN

CONTAMINATED SOILS

The activities described in Chapter 3 were carried out at the EDGE group of the University
of Vienna and at ESW Consulting Wruss ZT GmbH, during the mobility period between 2021

and 2022. The results obtained were compiled in a scientific paper:

Carlini, C., Chaudhuri, S., Mann, O., Tomsik, D., Huffer, T., Greggio, N., ... & Sigmund, G.
(2023). Benchmarking biochar with activated carbon for immobilizing leachable PAH and

heterocyclic PAH in contaminated soils. Environmental Pollution, 325, 121417.
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3.1 Introduction

Over 2.5 million locations in Europe have been classified as "potentially polluted sites”
according to the European Commission. Therein, polycyclic aromatic hydrocarbons (PAH)
account for 11% and 15% of soil and (ground)water contamination (European Environment
Agency, 2009). Although hotspots of PAH-contaminated soils are frequently excavated
and/or remediated, surrounding areas often remain residually contaminated. Such residually
contaminated sites can pose a risk to surrounding areas and (ground)water resources, as
well as biota resulting in potential bioaccumulation in exposed organisms. PAHs are often
found together with heterocyclic PAHs (hetero-PAHSs), which differ from each other in the
presence of nitrogen (N), sulphur (S), and oxygen (O) substitutions in the latter (Achten &
Andersson, 2015). A range of strategies exist to remediate PAH and hetero-PAH
contaminated sites (Dai et al., 2022; Gan et al., 2009), but many of them require ex-situ
treatment and are financially unviable for large and diffusely contaminated areas. This,
together with the ongoing release of PAH and hetero-PAH into the environment,

necessitates more cost-efficient techniques (Maleti¢ et al., 2019).

Both natural and anthropogenic sources of PAH and hetero-PAH exist, including wildfires
and volcanic eruptions, as well as crude oil emissions, incomplete combustion of oil, coal,
wood, and waste, traffic emissions, and industrial pollution (Manzetti, 2013). The US
Environmental Protection Agency (US EPA) listed 16 major PAH as priority pollutants in
water in 1976 due to their carcinogenicity and ability to bioaccumulate, and only more
recently have they been listed as dangerous even when found in soil (US EPA, 2008). Over
time, these 16 compounds have become the standard to assess PAH contamination.
However, this list is not representative of all polycyclic aromatic compounds, as it does not

include, for example, hetero-PAHSs.
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It has been demonstrated that adding carbonaceous sorbents (“carbons”) to contaminated
soils and sediments, particularly fossil carbon-, coconut-, or peat-based activated carbons,
is an effective stabilizing method for PAH contaminated soils and sediments (Beesley et al.,
2011; Ghosh et al., 2011; Koltowski et al., 2017; Zelinska & Oleszczuk, 2016). A more
sustainable biomass-based group of sorbents called “biochars” has also gained substantial
attention over the last decade. Biochar is defined as “a porous, carbon that is produced by
pyrolysis of biomass and is applied in such a way that the contained carbon remains stored
as along-term C sink [..].”(EBC, 2022). Researchers have repeatedly suggested that biochar
and similar materials are appropriate substitutes for traditional activated carbons for
immobilizing PAH and hetero-PAH. Hetero-PAH, however, are less investigated than PAH,
although they are highly stable and can be similarly or even more toxic and/or more difficult
to degrade (Andersson & Achten, 2015; Brendel et al., 2018). Hetero-PAH have a higher
polarity which results in a higher bioavailability and a higher mobility in groundwater bodies.
In spite of the abundance of information on the immobilisation of PAH by carbons, less is
known on hetero-PAH and their fate in the environment, or whether they can be sorbed onto
biochar and/or activated carbon (AC) to a similar degree (Sigmund et al., 2018). While some
studies on PAH immobilisation in sediment and soil using AC (Hale et al., 2012) or biochar
(Esfandiar et al., 2021; Valizadeh et al., 2022; Zhou et al., 2022) exist, hetero-PAH are
largely neglected in the literature, and a systematic comparison of biochar and activated
carbon in complex environmental samples is lacking. Moreover, the majority of experiments
failed to consider the complexity present in real soil systems, including, how the properties
of the soil itself or the actual pollution conditions may affect the performance of biochar
compared to activated carbon. To close this knowledge gap, we compared the

immobilization of PAH and hetero-PAH by a commercial activated carbon, a wood-based
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activated biochar, and a non-activated biochar in four PAH-contaminated soils recovered

from active remediation sites using batch and column percolation tests.

3.2 Materials and methods

3.2.1 Materials

Anonymised soil samples from four different PAH and hetero-PAH contaminated sites in
Austria were provided by ESW Consulting Wruss ZT GmbH, hereafter referred to as S1, S2,
S3, and S4. To maintain the initial heterogeneity of the samples, soils were not pre-treated
(e.g. drying, milling, sieving) according to leaching standards DIN 19529 and EN 12457-4

used in this work.

Three different carbons (Table 5) were used for subsequent PAH and hetero-PAH
immobilisation experiments: BASNA (commercially available biochar from mixed woods,
Basna, Serbia), SAWC (steam activated wood char, Ithaka Institute, Switzerland) and
NORIT (Norit SAE super, commercial activated carbon, Cabot Corporation, Latvia). In this
study, NORIT is used as a benchmark material, as it is an activated carbon specifically
produced and marketed for the sorption of organic contaminants in water. BASNA is a
pristine biochar that has not undergone any modification, whereas SAWC is a biochar that

has undergone steam activation.

Table 5 - Summary of the preparation conditions of the applied carbons. All carbons were prepared via

pyrolysis.

Carbon Treatment Feedstock Temperature
BASNA Biochar None Mixed woods 400-500 °C
SAWC (activated) biochar Steam activation Beech wood 900 °C
NORIT Activated carbon Steam activation Coal Unknown

Elemental composition (C, H, N, S) of soil samples and carbons was determined via

Elemental analyser (Elementar VarioMacro). Total inorganic and organic carbon (TIC and
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TOC respectively) were measured using a multi-phase carbon analyser, equipped with a
solid-state infrared detector (LECO RC-612). The specific surface area (SSA) and pore
volume (PV) of the carbons were measured via N2 physisorption on a Quantachrome Nova
2000 analyzer, after degassing overnight under vacuum at 105 °C following previously

established protocols (Sigmund et al., 2017).

3.2.2 Batch leaching and immobilization experiments

Sorption batch experiments were carried out adding 100g of a mixture of soil and carbons
to 200 ml (S/L ratio 1:2, DIN 19529:2015-12) and 1000 ml (S/L ratio 1:10, EN 12457-4:2002)
deionized water. Carbons were added to soils at different proportions: 1.0% for NORIT,
0.5%, 1.0% and 2.0% for SAWC, 1.0%, 2.5% and 5.0% for BASNA. All measurements were
compared to unamended soil samples (“control”) used to quantify readily leachable
contaminant concentrations. Blank measurements with only the carbons were also done.
Samples were prepared in glass bottles with screw tops and placed on a shaker at 170 rpm.
After 24 h of equilibration, samples were collected and centrifuged at 1000 g for 20 minutes.
The supernatant was then split into two parts for PAH and hetero-PAH extraction. All

experiments were performed using two replicates.

3.2.3 Percolation test

Column percolation tests were performed to validate batch measurements for a selection of
scenarios following the DIN 19528 standard (German Standardisation Organisation, s.d.)
extended by a guideline from the Austrian Environment Agency (Abschatzung von
Sickerwasserbelastungen, 2011), using glass columns with plastic caps (behr Labor-
Technik, 60 x 320 mm). The base and top of the column were covered with a glass fiber
filter (Whatman) to prevent the mobilisation of soil and biochar, and to prevent the column

from blocking. The columns were filled with approximately 1.5 kg of contaminated soil. Four
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columns were prepared for each soil sample: two columns filled with soil only (“control”),
and two with a mixture of soil and 1% BASNA. Soil-biochar mixtures were homogenized
overnight using an end over end shaker before they were used to fill columns. Deionised
water was percolated in an up-flow direction using a peristaltic pump at room temperature
(~20°C) and was then collected in glass bottles. In Table 6Errore. L'origine riferimento
non e stata trovata. are listed the nine different S:L ratios evaluated, ranging from 1:0.3 to
1:10 [kg/l]. The bottles were replaced each time the subsequent S:L ratio was reached and
were stored at 4°C prior to sample preparation and analysis. To assess whether desorption
of contaminants took place under equilibrium conditions during the percolation process, the
flow was interrupted for 24 h after the S:L ratios 1:3 and 1:7 were reached. Directly after the
break an amount of percolation volume equivalent to a pore volume of the packed column

was sampled.

Table 6 — S/L ratios and percolation volumes for percolation tests calculated based on sample pore volume
(PV) and dry matter (DM)

Fraction L/S-ratio Percolation
[1/kg] volume
[L]
1 1:0.3 0.3* DM
2 1:1 0.7 * DM
3 1:2 1.0 * DM
4 1:3 1.0 * DM
Stop 24h
5 PV PV
6 1:5 2.0 *DM - PV
7 1:7 2.0 * DM
Stop 24h
8 PV PV
9 1:10 3.0*DM - PV

3.2.4 Analysis of PAH and hetero-PAH
Water, acetonitrile and methanol (all HPLC grade) were purchased from PanReac

AppliChem (Darmstadt, Germany), cyclohexane (Pestinorm®) from VWR (Pennsylvania,
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USA), ethylacetate (Picograde®) from Th. Geyer (Renningen, Germany). PAH-standards
were purchased readily mixed at a concentration of 100 mg/l (PAH-mix 9) from LGC-
Standards (Teddington, UK). Hetero-PAH-standards were obtained readily mixed at a
concentration of 10 mg/l from Neochema (Bodenheim, Germany). Each analyte was
correlated to an internal standards which were provided by LGC-Standards as single

substances and dissolved in cyclohexane at a stock concentration of 1000 mg/I.

For PAHs determination, an internal standard mixture [0.1 mg/ml] was prepared combining
100 ng/l of Naphthalene D8, Acenaphthene D10, Phenanthrene D10, Fluoranthene D10,
Pyrene D10, Benzo[a]anthracene D12, Benzo[a]pyrene D12, and Dibenzo[a,h]anthracene
D14 in cyclohexane, resulting in a final concentration of 20 ug/l of internal standards in
cyclohexane extraction agent. Then, 100 ml of supernatant from the batch experiments was
placed in a chest bottle and 2.5 ml of extraction agent was added. Extraction was performed
for at least 30 min on a magnetic stirring plate. An aliquot of the extracted solution was
cleaned up via a cyclohexane pre-conditioned column containing glass wool, AlzO2 and
Na,SO,. The cleaned up and pre-concentrated extract was then used for quantification via
gas chromatography — mass spectrometry. PAH GCMS analysis was performed with an
Agilent 7890A gas-chromatograph equipped with a 5977B mass-spectrometer, a MMI
(multi-mode injector) and a 7693 autosampler, and a 30 mm x 0.25 mm I.D. ZB-5MSi column
with 0.25 um film (Phenomenex). The injection temperature was held for 5 sec at 70°C with
a split flow of 60 ml/min. Afterwards the injector was heated up to 300°C with a rate of
600°C/min. Oven temperature was held for 40 sec at 50°C and afterwards heated up to
280°C with a rate of 15°C/min and further heated up to 300°C with a rate of 5°C/min.
Temperature was held for 16 min. Helium was used as carrier gas with a column flow of 1,2
ml/min. The transferline was heated up to 280°C, whereas the ion source was held at 230°C

and operated in EI mode (electron impact ionization). The mass spectrometer was run both
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in Scan and SIM mode (selected ion monitoring). Quantification was done with two
characteristic mass fragments. For all PAH-analytes a LOD of 10 ng/l and a LOQ of 25 ng/!
were achieved, with the exception of Benzo(a)pyren, where a LOD of 5 ng/l and a LOQ of

10 ng/l could be reached.

For the extraction of hetero-PAH, 20 pL of internal standard (Naphthalene D8, Anthracene
D10, Fluorene D10, Chinolin D7, Dibenzofuran D8) were added to 400 ml of sample, which
was then processed on SPE-DEX 4790 (extractor system, Horizon technology). The sample
was filtered with HLB-L discs. The extract was dried using Na2SO4 and concentrated with a
solvent evaporator (Turbovap Il, Biotage) to a volume of 1 mL. Thereafter, 500 ul of sample
was mixed with 5 pl of sorbitol solution (10 mg/ml sorbitol in 80/20 v/v acetone/water) and
analysed with GC-MS, while 10 pl of the sample was added to 1 mL of 10/90 v/v
acetonitrile/water and analysed by LC-MS. Hetero-PAH were measured with an Agilent GC-
MS and a Shimadzu LC-MS 8060 . The hetero-PAH analysed in this study were:
Benzofuran, 2-Methylbenzofuran, Benzo(b)thiophene, 2,3-Dimethylbenzofuran, Quinoline,
Isoquinoline, 2-Methylquinoline, 3-Methylbenzothiophene, 1-Methylisoquinoline, 4-
Methylquinoline,  2,6-Dimethylquinoline,  2,4-Dimethylquinoline,  2-Hydroxybiphenyl,
Dibenzofuran, 4-Methyldibenzofuran, 2-Methyldibenzofuran, 1-Methyldibenzofuran,
Xanthene, Dibenzothiophene, Acridine, Carbazole, Xanthone, 2-Hydroxy-4-
Methylquinoline, 2-Hydroxyquinoline, 1-Hydroxyisoquinoline, Phenanthridinone, and

Acridinone.

The hetero-PAH GCMS analysis was done with an Agilent 7890A gas-chromatograph
equipped with a 5975C mass-spectrometer, a PTV injector (Optic 3, GL Sciences) and a
Combi PAL autosampler (CTC Analytics). A 30 m x 0.25 mm 1.D. ZB-5MSi column with a
film of 0.25 um was used (Phenomenex). The injection temperature was held for 10 sec at

50°C with a split flow of 120 ml/min. Afterwards the injector was heated up to 280°C with a
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rate of 420°C/min. The oven temperature was held for 2 min at 50°C and afterwards heated
up to 320°C with a rate of 15°C/min. The temperature was held for 1 min. Helium was used
as carrier gas with a column flow of 1,2 ml/min. The transferline was heated up to 280°C,
whereas the ion source was held at 230°C and operated in EI mode (electron impact
ionization). The mass spectrometer was run both in Scan and SIM mode (selected ion
monitoring). Quantification was done with two characteristic mass fragments. For all hetero-

PAH-analytes a LOD of 25 ng/l and a LOQ of 100 ng/l could be achieved.

The hetero-PAH LCMS analysis was done with a Shimadzu Nexera U-HPLC system
equipped with a DGU-20A degasser, two LC-30AD pumps and a CTO-20AC column oven.
A Shimadzu LCMS 8060 triple quadrupole mass spectrometer was used as a mass-
selective detector, with argon as the collision-induced dissociation (CID) gas. For ionisation,
an ESI interface was used. Nitrogen was supplied by a Parker LCMS30 generator. For
separation a Kinetex C18 column (3 mm x 100 mm, 2.6 um) from Phenomenex was used.
The mobile phases were composed of water with 0.1% formic acid (A) and methanol with
0.1% formic acid (B). The total flow was kept constant at 0.4 mL/min. Separation was done
using a gradient profile. The run was started with 5% B and held for 1 min. Then the gradient
was raised up to 100% B during 9 min and held for 2 min. The whole run time was 12 min.
The nebulising gas and the drying gas flow were set to 3.0 and 10 L/min, respectively. The
oven temperature was adjusted to 45°C and the CID gas pressure was set to 270 kPa. The
MS was operated in the ESI+ and ESI- mode within the same run, with at least two
transitions for each compound. The peaks were confirmed by retention times and response
ratios of the selected transitions. For all hetero-PAH-analytes a LOD of 25 ng/l and a LOQ

of 100 ng/l were achieved.
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3.3 Results and discussion

Analysis of the agueous phase in batch experiments with the unamended soils showed that
soil S4 had the highest concentration of leachable contaminants: 3114 pg/kg of PAH (> of
16 EPA PAH) and 199 pg/kg of hetero-PAH (3> of 27 measured compounds) in 1:2
experiments, and 4654 ug/kg of PAH (3> of 16 EPA PAH) and 569 pg/kg of hetero-PAH (3
of 27 measured compounds) in 1:10 experiments. Soils S1, S2 and S3 leached 129 ug/kg,
115 pg/kg, and 31 pg/kg PAH, and 58 pg/kg, 159 pg/kg, and 7 pg/kg hetero-PAH
respectively in 1:2 experiments, and 353 pg/kg, 466 pg/kg, and 8 pg/kg PAH, and 206 pg/kg,
52 pg/kg, and 5 pg/kg in 1:10 experiments. Soil S2 was the only soil containing PAH with
four fused aromatic rings or more. Soil samples also differed in elemental composition and
carbon content. Carbon content ranged from 2.5% for S4 to 7.0% for S3. Soils S2 and S3
contained the most organic carbon (Table 7). The specific surface area of NORIT, SAWC
and BASNA was 1176 m?/g, 507 m?/g, and 231 m?/g, respectively, total pore volume
followed the same order and the pore size distribution is shown in Fig. 9. All carbons were
highly aromatic with the molar H/C ratio being 0.198, 0.146, and 0.138 for BASNA, NORIT,

and SAWC, respectively.

Table 7. Characterisation of contaminated soils used in this study.

. Elemental analysis C type > 16 EPA PAH[ug/kg]l > 27 hetero-PAH[ug/kg]
Sollib C[%] H[%] N[%] S[%] TIC[%] TOC [%] 1:2 1:10 1:2 1:10
S1 53 03 0.1 0.1 5.0 0.3 129 353 58 206
S2 4.6 0.5 0.1 1.2 2.7 21 115 466 159 52
S3 7.0 0.4 0.2 0.3 4.2 2.9 5 8 7 5
S4 25 0.7 0.0 0.1 3.3 0.8 3114 4654 199 569
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Fig. 9. Pore size distribution of the carbons NORIT (commercial activated carbon), SAWC (steam activated

biochar), and BASNA (commercial biochar).
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3.3.1 PAH and hetero-PAH immobilisation depends on molecular size and sorbent
application rate

Batch tests were carried out with an S:L ratio of 1:2 and 1:10. Experiments with 1:10 ratio in

some cases showed less immobilisation of PAH and hetero-PAH. Still, overall, the results

obtained were in good agreement between both approaches. Although the 1:2 ratio may be

more realistic in terms of environmental conditions, the 1:10 ratio is used for environmental

analyses, thus the decision to conduct experiments for both cases.
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Figure 10 - Total PAH immobilisation (%) with S:L ratio 1:2, different carbons, and different application rates
(SAWC 0.5%, 1.0%, 2.0% / NORIT 1.0% / BASNA 1.0%; 2.5%, 5.0%).
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Figure 11 - Total PAH immobilisation (%) with S:L ratio 1:10, different carbons, and different application rates
(SAWC 0.5%, 1.0%, 2.0% / NORIT 1.0% / BASNA 1.0%; 2.5%, 5.0%).

All carbons effectively immobilised the Y of 16 EPA PAH. Both 1:2 and 1:10 S:L experiments
consistently showed complete removal of PAH from the leachate with the lowest application
rates tested (1.0% for BASNA, 0.5% for SAWC, 1.0% for NORIT) in most cases. The only
exception was sample S4, which had the highest level of PAH and hetero-PAH
contamination (3114 ug/kg for PAH and 199 pg/kg for hetero-PAH) and required a higher
application rate to achieve nearly complete immobilisation (5%). As shown in Figure 11,
SAWC performed better than NORIT. Specifically, it removed > 80% of PAH from soils S1,

S2, and S4 using an application rate of 0.5%, and almost complete removal was achieved
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with 1.0% application. The even higher application rate was never significantly more
beneficial. The immobilisation rates achieved with NORIT (1% application) ranged between

68% - 99%.

The good contaminant removal with SWAC compared to NORIT may partially be explained
by its slightly higher aromaticity (lower H/C ratio), and its different pore size distribution. The
biochar BASNA generally also performed well, however it was not well suited to threat the
highly contaminated S4 soil. For this sample, BASNA at an application rate of 1.0%, only
achieved a 45% immobilisation, and a > 98% immobilisation was only achieved with an
application rate of 5.0%. Still, with the residually contaminated soil samples S1, S2, and S3,

BASNA performed similarly to SAWC.

For compounds with up to three aromatic rings, immobilization was similar across carbons.
However, there were differences for PAH with more than three aromatic rings (found only in
sample S2). These larger compounds, i.e., fluoranthene, benzo[a]anthracene, chrysene,
benzo[b]fluoranthene, benzo[k]fluoranthene, benzola]pyrene, indeno[l,2,3-c,d]pyrene,
dibenzo[a,h]anthracene, and benzo|g,h,i]perylene, were preferentially removed by NORIT
compared to BASNA and SAWC. Figure 12 shows the immobilisation of each PAH in
correlation to its molar volume for the three carbons at the same application rate (1.0%). For
compounds with a molar volume <1.5 ml/mol, the immobilisation achieved with BASNA and
SAWC was similar to NORIT. However, as the molar volume increased, there was an
increasingly clear differentiation in sorption affinity, with NORIT being the strongest sorbent,
followed by SAWC and finally BASNA. This difference may be related to the pore size
distribution of the three materials. The distribution and availability of pores in carbons is
critical because the absence or scarcity of macro pores leads to an inability to sorb larger
particles. The inability of a molecule to be sorbed due to its volume is a phenomenon called

size exclusion (Nguyen et al., 2007; Valizadeh et al., 2022; Xiao & Pignatello, 2015; Zhou
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et al., 2022). This phenomenon may partially explain why the sorption of compounds

decreased as their molar volume increased for BASNA and partially also for SAWC.
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Fig. 12. Immobilisation of the 16 US-EPA PAH using SAWC, NORIT and BASNA with the same application

rate (1%) and correlation with PAH molar volume.

When normalizing the mass of immobilized PAH to the specific surface areas of the
sorbents, SAWC immobilized 431 ng/m?, BASNA 406 ng/m?, and NORIT 126 ng/m? in the
soil with the highest concentrations of PAH and hetero-PAH at the same application rate
(1.0%). In the same sample, immobilisation was negatively correlated with both molecular
mass (p <0.05) and volume (p <0.05) with SAWC. Similar trends were visible also for BASNA

(p <0.05). BASNA and SAWC therefore immobilise more PAH than NORIT per m? of surface
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area, but as the size of the molecule increases, size exclusion hinders larger molecules from

entering biochar pores and being immobilised.

Hetero-PAH were found in soils S1, S2 and S4, whereas soil S3 contained only PAH and
almost no hetero-PAH. All carbons proved very effective in the immobilisation of hetero-
PAH, achieving an immobilisation of at least 85% (Fig. 13) in all combinations, irrespective
of the application rate. With the highest application rate, total immobilisation was achieved
for all three soils. In soil S4, SAWC and NORIT immobilised >90% of the pollutants with the
lowest application rate (0.5% and 1% respectively), whereas BASNA only with the highest

application rate (5%).
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Fig. 13. Total hetero-PAH immobilisation (%) with S:L ratio 1:2, different carbons, and different application
rates (SAWC 0.5%, 1.0%, 2.0% / NORIT 1.0% / BASNA 1.0%; 2.5%, 5.0%). S2-BASNA data not available.
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Figure 14 - Total hetero-PAH immobilisation (%) with S:L ratio 1:10, different carbons, and different application
rates (SAWC 0.5%, 1.0%, 2.0% / NORIT 1.0% / BASNA 1.0%; 2.5%, 5.0%).

Although it is difficult to establish a representative average price for biochar, there is general
agreement that it is cheaper than activated carbon (Hale et al., 2012; Lehmann et al., 2006a;
Thompson et al.,, 2016). This is because the production of biochar is less complex (no
activation step) and uses less energy compared to activated carbons. Indeed, biochar is
considered a negative emission technology (NET), which is encouraged to be used to store
carbon in soil (Jeswani et al., 2022). In some cases, what makes activated carbons
preferable is their greater sorption capacity (Alhashimi & Aktas, 2017; Thompson et al.,
2016). However, when considering the amount of immobilised PAH and hetero-PAH per unit

of specific surface area, our results show that the right biochar and application rate result in
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similar, performance when compared to commercial and less sustainable products such as
NORIT. Therefore, we tested the applicability of biochar as a sustainable alternative to
activated carbon in a more complex and realistic setup, using BASNA in a percolation test

setup.

3.3.2 Column percolation test confirmed trends observed in batch experiments

Column percolation tests confirmed the results obtained from batch tests. The leachate
samples containing a mixture of contaminated soil and 1.0% BASNA showed a maximum
concentration of 2.2 ug/L hetero-PAH and 2.0 ug/L of PAH respectively, compared to 22.5
pg/L of hetero-PAH and 25.7 pg/L of PAH from control columns without sorbent amendment.
In both cases, the majority of mobilisation occurred at a S:L ratio of 1:1, highlighting the high
mobility of the PAH and hetero-PAH involved. The course of percolation in the control

sample (see Fig. 5) shows that the release of PAH and het-PAH is limited by its availability.

As shown in Fig. 15, the addition of 1% BASNA immobilized over 90% of PAH and hetero-
PAH in the percolation column experiments. This further emphasizes the potential of biochar
for preventing PAH and hetero-PAH mobilization from contaminated soils. During the
percolation experiments two 24-hour breaks were used to quantify contaminant desorption

under equilibrium conditions, during both of which no contaminant desorption was observed.
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3.4 Conclusion

Biochar and steam activated biochar can be a viable alternative sorbent to conventional
activated carbon when remediating residually contaminated soils. Our findings indicate that
using pristine or activated biochar can achieve similar or better organic contaminants
immobilisation at lower environmental and monetary costs. A 1% biochar, steam activated
biochar, or commercial activated carbon application rate was found to be equally effective
in immobilising a heterogeneous group of 16 PAH and 27 hetero-PAH. The main difference
between biochar and activated carbon is their ability to immobilize high molecular weight
PAH: our findings indicate that the lower PSD causes size exclusion, which means that
molecules with large volumes cannot reach sorption sites in biochar. Furthermore, cost-
effectiveness is only one advantage of using biochar, as its use is encouraged not only to
improve soil quality, but also as a neutral emission technology recommended to tackle

climate change by recent European regulations (Jeswani et al., 2022).
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4 APPLICATION OF DOLOMITE ENRICHED BIOCHAR AND ACTIVATED

CARBON FOR LEACHABLE HEAVY METALS IMMOBILISATION IN

CONTAMINATED SOIL

The activities described in Chapter 3 were carried out at the EDGE group of the University
of Vienna and at ESW Consulting Wruss ZT GmbH, during the mobility period between 2021

and 2022.

Carlotta Carlini,X? Sampriti Chaudhuri,?2 Oliver Mann,* Roland Schinner,* Thorsten

Huiffer,? Thilo Hofmann,? Nicolas Greggio,® Diego Marazza,' Gabriel Sigmund?*
1 Department of Physics and Astronomy, University of Bologna, 40126 Bologna, Italy

2 Department of Environmental Geosciences, Centre for Microbiology and Environmental

Systems Science, University of Vienna, 1090 Vienna, Austria

3 Doctoral School in Microbiology and Environmental Science, University of Vienna, Vienna

1090, Austria
4 ESW Consulting Wruss, Rosasgasse 25-27, 1120 Vienna, Austria

5 Department of Biological, Geological and Environmental Sciences, BIGeA, Universita di

Bologna, Bologna, Italy

106



4.1 Introduction

Heavy metals (HM) soil level in Europe have increase over the last 10-15 years despite
decreasing atmospheric emissions (EEA, 2022). Together with organic and plastic, HMs are
among the main categories of contaminants affecting the quality of European soil (Figure

16) (European Environment Agency, 2009).

@ Heavy metals

® Mineral oll

@ Polycyclic aromatic hydrocarbons
@ Aromatic hydrocarbons
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Figure 16 - Contaminants affecting the solid matrix (soil, sludge, sediment) in Europe (Image from European
Environment Agency, 2009)

Different sources of contaminations exist, such as mining, use of fertilizers and pesticides,
waste disposal, transportation, electronic equipment manufacturing (C. Li et al., 2019). Soil
also becomes the sink of contamination of other environmental compartments, such as air
(RUhling & Steinnes, 1998). In addition, high HMs concentrations in some areas are due to

the natural composition of bedrock. Although there are legal limits that regulate the
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maximum content of heavy metals in the soil in order for it to be used for human activities,
HMs may pose a risk even if they are below this threshold (86/278/EEC). The risks
associated with the presence of HMs in soil concern soil health, crop yields, entry of HMs
into the food chain, and bioaccumulation (Fao & UNEP, 2021; Téth et al., 2016). European
soil strategy for 2030 aims to reduce contamination below level of risk for human health

(European Commission, 2021).
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Figure 17 - Most frequently applied remediation techniques for contaminated soil in Europe (Image from

European Environment Agency, 2009)

There are many techniques for remediation of contaminated soils, including physical
remediation (soil washing and replacement with uncontaminated soil), chemical remediation
(chemical leaching or fixation, electro kinetic methods), and biological remediation
(phytoremediation or use of microorganisms) (Figure 17) (Demirbas, 2008; Dhaliwal et al.,
2020). However, all of these technologies are characterised by their difficult or expensive

application.

Biochar application to contaminated soils has recently gained interest due to his low cost
and the possibility to produce biochar from even rather basic technologies. Biochar is
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defined as “a porous, carbonaceous material that is produced by pyrolysis of biomass and
is applied in such a way that the contained carbon remains stored as a long-term C sink or
replaces fossil carbon in industrial manufacturing. It is not made to be burnt for energy
generation” (EBC, 2022). Its application to contaminated soils can reduce HMs mobility, thus
their bioaccumulation (Gao et al., 2022). Biochar is also cost-effective, as it can be applied
in large quantities without becoming cost prohibitive. According to literature, the cost of
biochar ranges between $50 and $1,200 per metric ton, while the cost of activated carbon

ranges between $2900 and $3,300 per metric ton (Bentley et al., 2022).

In this study we assessed the ability of a dolomite-enriched biochar to immobilize the
leachable fraction of HMs compared to that of a commercial activated carbon. Four samples
of soils from as many residually contaminated sites were used for batch tests. The HMs
taken into consideration are Mn, Fe, Co, Ni, Zn, As, Sb, Pb. Biochar and activated carbon

were applied at different proportions to soil.
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4.2 Materials and Method

4.2.1 Materials

Four soils from as many contaminated sites in Austria were fortified by ESW Consulting
Wruss ZT GmbH, hereafter referred to as S1, S2, S3, and S4. According to leaching
standards DIN 19529 and EN 12457-4 used in this work, the soils were not pre-treated prior
to use. Two different materials (‘carbons’) were tested for heavy metal immobilisation
experiments: Norit (Norit SAE super, commercial activated carbon, Cabot Corporation,
Latvia), and BCD (dolomite enriched biochar, Universita di Bologna, patent pending
Ns.rif.35882IT/MB/BF) (Table 8). The composite was produced mixing 6.0 g of biomass
powder with 4.0 g of pulverized dolomite (BCD). The mixture was then transferred to a
ceramic crucible and placed inside a muffle (Carbolite Gero) for the pyrolysis process. The
process lasted 2 hours, reaching a maximum temperature of 850°C, and the muffle was
blown with N to create a low oxygen content environment. The obtained composites were

kept in glass container before use, to prevent reaction with atmospheric COx.

Table 8 - Summary of the preparation conditions of the applied carbons. All carbons were produced via
pyrolysis.

Carbon Treatment Feedstock Temperature
BCD Biochar CaO/MgO enriched  Vineyard wood 850 °C
NORIT  Activated carbon Steam activation Coal Unknown

4.2.2 Batch test

Batch tests were carried out according to EN 12457-4:2002. The four soils were mixed with
three different proportions of BCD and Norit: 0.5%, 1.0%, and 2.0%. A total of 30 g of these
mixes were then added to 300 ml deionised water (1:10 solid to liquid ratio). The leachable

amount of HM was measured in ‘control' tests with unamended only (30 g). Blank
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measurements with only the carbons were also done. Samples were placed in glass bottles
with plastic screw tops and placed on a shaker at 170 rpm for 24 h. Then, samples were
collected and centrifuged at 1000 g for 20 minutes and the supernatant was filtered at 45

pm. All experiments were performed in duplicates.

4.2.3 Analysis of heavy metals

For the determination of heavy metals, an internal standard mixture was prepared combining
Scandium, Rhodium, Indium and Lutetium. The agueous sample from the batch experiment
was filtrated with a 0.45 um membrane filter and 10 ml of the filtrate was stabilised with 200
pl of nitric acid and 10 pl of internal standard solution was added. The acidified sample was
then analysed with an ICP-MS system 7800 from Agilent Technologies. Depending on the
analyte either the “no gas” mode, “KED He” mode or “KED HEHe” mode was used. The

calibration ranged from 0.4 to 50 pg/l depending on the analyte.

Hydrochloric acid and nitric acid were purchased from VWR (Pennsylvania, USA). Heavy
metal ICP multi element standards were purchased readily mixed at a concentration of 100
mg/l and 1000 mg/I from Merck (Darmstadt, Deutschland) and LGC-Standards (Teddington,
UK). The internal standards were provided by LGC-Standards as single substances. Each
analyte was correlated to an internal standard and the intensity of the internal standard was

used to correct for recovery.
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4.3 Results and discussion

Results of white (carbons) and control (soils without amendment) samples leaching test are
shown in Table 9. Neither of the two carbons released significant amounts of contaminants
under investigation compared to the soil initial concentrations. Soil 1 showed the highest
amount of leachable HMs (924 pg/l of £ Total HMs), and Soil 4 the least (169 ug/l of Z Total
HMs). Fe was the most abundant HM, followed by Zn and As in almost all soils. Sb was

found mostly in Soil 2 and Soil 3.

Table 9 - Leaching tests results for blank and control samples.

BCD Norit SOIL1  SOIL 2 SOIL3  SOIL 4
Mn [ng/l] 0,1 0,5 11,7 14,7 11,5 4,2
Fe [ug/l] 0,5 1,7 853,0 196,8 363,8 40,9
Co [ug/l] 0,0 0,0 2,8 0,2 0,2 0,1
Ni [ug/] 0,0 0,0 5,8 0,8 1,0 0,2
Zn [ug/l] 0,9 0,5 15,1 30,2 43,9 1,7
As [ug/l] 0,0 0,5 30,9 9,8 5,6 118,6
Sb [pg/ 1] 0,0 0,1 2,1 36,6 47,0 1,0
Pb [ug/I 5,7 0,1 3,0 64,3 19,8 2,3
SHM [ug/1 7,3 3,5 924,4 353,3 492,9 169,0

4.3.1 HMs immobilisation

BCD application to soil samples resulted in rapid pH increase, whereas the application of
Norit had no effect. Soils initial pH was between 8 and 9.5. Afterwards, pH increased up to
12 when BCD was amended. Initial samples pH and changes after carbon application is
showed in Figure 18. As expected, pH increased as the proportion of BCD mixed with soill

increased.
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Metal sorption by biochar from aqueous solutions is governed by five mechanisms:
complexation, cation exchange, precipitation, electrostatic interactions, and chemical

reduction (H. Li et al., 2017).
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Figure 18 — pH value before and after amendment of different proportions of BCD and Norit

The good contaminant removal with BCD compared to NORIT may be explained by the
different solution pH. Several studies have found that the highly alkaline pH of biochar,
especially biochar produced at high temperatures, raises the pH of the soil to which it is
applied. Increasing soil pH has also been shown to reduce HM mobility and, as a result,

bioavailability (He et al., 2019).
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Overall, BCD immobilised a higher amount of ) Total HMs than Norit (Figure 19). Only in
Soil 2 the removal was comparable. In all cases, a 0.5% application of BCD was able to
immobilize the same percentage or more than Norit highest application. BCD sorbed up to
566 pg/g, the maximum sorption achieved in this study, in Soil 1, which had the highest level

of ¥ Total HMs in the leachate (924 pg/l).
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Figure 19 - Total immobilisation of heavy metals by application different carbon proportion

Figure 20 shows the batch test results for each individual HM. Overall, both BCD and Norit
showed great immobilisation percentages for most of the HMs under analysis; biggest
differences concern As and Sb. Norit had no effect on the immobilisation of As, while BCD
removed between 75% and 100% in each soil. Effects on Sb occurred only in soil 2 (65%

for BCD and 30% for Norit).
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Immobilisation rates of Mn and Fe varied from a minimum of 80% to a maximum of 100%
for both carbons. The leachable fraction of Mn decreased with both BCD and Norit.
However, BCD addition resulted in a faster decrease already at lower amendment rates.
This can be explained by the rapid increase in pH and the exchange of Mn with

exchangeable Ca?* resulting from the dolomite on biochar surface (Idrees et al., 2018).
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Figure 20 - Immobilisation (%) of Mn, Fe, Co, Ni, Zn, As, Sb, and Pb with different carbons (BCD and Norit),
and different application rates (0.5%, 1.0%, 2.0%)

For Co, Zn, and Pb, the immobilisation rates were also similar between the two coals, with
slightly higher values for BCD. Co immobilisation can happen in two ways: interaction with

oxygen functional groups on the surface of the biochar/activated carbon, or complexation
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with Fe and Mn oxides present in soil and enhanced by biochar application (Medynska-
Juraszek et al., 2020). Similarly to Co, the immobilisation of As may not be directly due to
the presence of the biochar, but to its effects on the soil, favouring the precipitation of As
and Fe complexes (Sadiq, 1997). Proposed mechanisms for Zn and Pb immobilisation are
cation exchange, complexation, and precipitation. The higher immobilisation achieved with
BCD is explained by the presence of Mg?* and Ca?* on BCD surface, which allows cation
exchange, together with high pH, which promoted adsorption and precipitation, with the

formation of complexes with OH" ions (Mohan et al., 2007).

Ni was removed between 70% and 100% by BCD, whereas in the case of soil 1 Norit only
removed 45%. Suggested mechanisms for Ni immobilisation are adsorption onto biochar
pores, surface complexation with O-containing functional groups, and ion exchange (El-

Naggar et al., 2021).
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4.4 Conclusion

Dolomite enriched biochar can be an alternative for heavy metals immobilisations. Our
results indicate that similar or better immobilisation % of Mn, Fe, Co, Ni, Zn, As, and Pb can
be achieved with less material and therefore lezz expense. In fact, the enriched biochar
used in the batch tests immobilised Mn, Fe, Ni, Zn Co, Pb in higher percentages than Norit
activated carbon and the leachable fraction of HM decreased in all soils from as early as
0.5% application of BCD. Only Sb was not affected by carbons application. The main

difference was the ability of BCD to immobilise high percentages of As (up to 90%).

In conclusion, BCD application to residually HMS contaminated soils can help in their
remediation, at a lower price than activated carbon, and with all the advantages of applying
biochar in soil (CO2 storage, municipal waste management, increased bacterial diversity,

enhance of soil properties).
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5 GENERAL CONCLUSION

The results of this thesis show the great variety of possible uses for biochar. Although it is
not imaginable to have a one size fit all biochar, that is suitable and performing for all the
different possible applications, it is possible to identify a biochar for each use. Each biochar
according to the production parameters and the resulting characteristics has different
properties. Through these it is possible to identify in each case one or a range of biochar

suitable for each need.

In fact, the results showed how biochar added calcium and/or magnesium produced from
residual vegetable biomass, is able to absorb on its surface the phosphorus present in
aqueous solutions. In fact, the composite has shown an excellent ability to remove
phosphate first in synthetic waters, that is produced in the laboratory from deionized water
and phosphorus salt with defined phosphorus concentration. It has been shown that the
addition of biochar in experiments with concentrations of 10 mg/l and 100 mg/l has led to a
substantial increase in pH up to 12. In the third experiment, with a starting concentration of
phosphate of 1000 mg/l (C), the pH remained around 7. The results of this last experiment
differed from those of the first two. In fact, in the latter case only 50% of the phosphate was
recovered, whereas in the first two cases all the phosphate was recovered by BCD and
BCS. Because pH must be kept controlled in sewage treatment plants, below 8, all
experiments with pH<8 were repeated. Lastly, when tested on real process water from a
winery, BCD and BCS were perfectly able to remove phosphate even under more complex

conditions than those of synthetic water produced in the laboratory.

As regards the possibility of using biochar for the immobilization of organic and inorganic
contaminants in real soils remaining contaminated, the results were again very promising.

In fact, as regards soils contaminated by PAHs and hetero-IPA, the results of biochar as
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such and biochar activated with steam were not only excellent with immobilization rates of
almost 100% but were also better than those obtained from commercial active carbon

products explicitly for immobilization of organic contaminants.

In the case of heavy metal contamination, the results were also good. The biochar utilizzatio
(BCD) showed similar or even better performance than the activated carbon used as a
comparison. Also in contrast to activated carbon BCD was able to remove high percentages
of As present in the soil. In conclusion, within the Flex jet project it is possible to use or sell
biochar for purposes other than the production of energy and heat, thus contributing to the
economic sustainability of the project itself. It is therefore certainly possible to sell the
biochar for different and profitable purposes within the FlexJet project, allowing the

economic sustainability of the project to be maintained.

As a result, we conclude that it is conceivable to sell the biochar for various and lucrative
applications inside the FlexJet project, allowing the project's economic viability to be

maintained.
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