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1 Introduction

1.1 Environmental pollution

The term fAenvironment al poll utiono i
pollution. The environment means all that affect and influence the growth and
the development of organisms. Pollution is the presence of hazardous material
that destroy the delicate laalce of the ecosystem. There are different causes that
lead to phenomena of pollution, such as gas, that causing air pollution,
solids/liquids, that causing water food and land pollution. Therefore the
Aenvironment al pol | ut i oumaniosfrom naturall t er
origin, which results in the occurrence of a temporal discomfort or permanent
damage on human and/or the environment. In this unbalanced situation, the
environment is unable to process the changes or we can say is unable to
decomposehie nonn at ur al el ement s known as i
(Khanka, 2012).

The environment is constantly polluted by a wide range of hazardous chemicals,
released from different anthropogenic activities, and having different structures
and toxicity levet. The main sources responsible for pollutants in the
environment are industrial activities, urban agglomerations, agricultural
practices, production of weapons of war, etc. In particular, the development of
chemical industries led to the synthesis of igdanumber of toxic chemical
compounds, such as pesticides, solvents, wastewater, polycyclic aromatic
hydrocarbons (PAH), chlorophenols (CP), explosives, dyes, etc. (Scelza, 2008).
Many countries have introduced law to regulate and mitigate the advesse eff

of pollution, in fact the level of pollution need to be controlled if we want to keep

the environment safe and healthy. There are three kindmwafonmental

pollution:



1 Air pollution, due to the presence of nitrogen dioxide, sulphur dioxide,
carbon maooxide, airborne particle volatile organic compounds (VOCS).

1 Water pollutiondue to the insecticides, pollutants from livestock operation,
(VOCs) food processing and chemical waste.

1 Soil pollution due to hydrocarbons, solvents chlorinated compoundsyheav
metal,etc.(Khanka, 2012)

This three environmental media are characterized by migration phenomena of

pollutants that are strongly complex and depend on the hydrogeological,

meteorological and ecological properties. In addition, the phlyar@chemical
properties of pollutants play the main role in this phenomenon and in particular:

A solubility the maximum amount of a substance which, can dissolve in the
agueous phase under specified temperature and pressure conditions;

A density allows todetermine that the gaseous substances are heavier than air,
or if the polluting substances present in the liquid phase are more or less
heavier of the water;

A partition coefficient solid/liquidwhich expresses the passage of a substance
from the liqud phase to the surface of a solid phase, for adsorption,
precipitation on the surface of the solid or by diffusion;

Apartition coefficient octanol/water (Kowyvhich is a dimensionless coefficient
used as an index of the tendency of an organic compoudctimulate in
fatty tissues of living organisms, and then to be shared between an aqueous
phase and an organic phase;

A vapor pressurgewhich provides an indication of the tendency of a substance
to move in the atmosphere or in the air of the soil (téay2014).

Once the pollutants are released into the environment, their spread is associated

with:
A runoff on the surface with rainwater;

A direct volatilization into the atmosphere or transport of the dust by wind;
2



A wash out to the basementdirect percolation into the aquifer.
Typically, the subterranean road is considered the most dangerous both for the

temporal persistence and for the large spatial extension (Tedoldi et al., 2016).

1.1.1 Effects of environmental pollution
Environmental pollutiortan cause effects on human health, ecosystems and the
economy, and in particular:

1 discharges of contaminants into the soil, groundwater or surface water;

1 absorption of contaminants by plants;

1 direct contact of humans with contaminated solls;

1 inhalationof dust or volatile substances;

1 fire or explosion of landfill gas;

1 corrosion of underground pipes and other parts of buildings;

1 production of secondary hazardous waste;

1 conflict with the intended use foreseen for the soil.
The contaminants that are solulilewater can easily seep into the soil and
pollute the deeper aquifer where there are reserves of drinking water.
The contamination of surface waters cauible accumulation of contaminants in
fish and other organisms and therefore, the entering thecfad, that leading
to the bioaccumulation phenomena.
In addition toinhale, volatile substances and soil particles (through the dust)
could be possible from contaminated sites. Typical examples of source of
volatile substances are former site of petroleianage while examplef the
particulate dispersion are the landfill of heavy metal waste, the nearby mines and
plants of metalworking.
The changes of land use may be the cause of an increase in exposure to
pollutants. In the past, many former indudtsiées and abandoned landfills were

used for other purposes, such as for agriculture, house and school construction
3



increasing the risk of ingestion or contact of pollutants accumulated over time
(EEA, 2012).

1.2 Persistentorganic pollutants

Persistent orgac pollutants (POPs) are among the most dangerous pollutants
released by anthropic activity into the environment every year.

These are highly toxic molecules that can cause a range of negative effects on
humans and animals in particular disease, birfeale and death (Carpenter,
2011). Furthermore, their lipoaffinity leads to bioaccumulation phenomena, or
to an accumulation in organism in concentrations greater than those found in the
environment. Residues were detected in fish, wild animals and innhioload,

as well as in food samples (Guerranti et al., 2011; Guerranti and Focardi, 2011).
These compounds are highly stable and can last for years or decades before that
they are degraded (Puzyn et al., 2011). In addition, they can move on the globe
through a process known asetgrasshopper effect (Figutg

Due to their semvolatility, these molecules are able to assume, depending on
the temperature, the solid (with cold) or gaseous state (with heat) and then
evaporate and cover considerable distancesiot weather condition, and

condense and precipitate on the coldest point (Gouin et al., 2004).



1Se
fall to
earth

0OC's (Organochlorines) ® .

Figurel. Grasshopper effects

The international community has been working to eliminate or reduce the POPs,
and different organization were involved. In fact, at the Stockholm Convention
(2001) 12 POPs were selected based on environmental and toxicological aspect.
In last decades baseamh toxic equivalency factor (TEF) or relative potency
(REP), the number of POPs increased to 17. Between the POPs present in the
list of Stockholm Convention were considered chlorinated compounds but not
PAHSs, which are included after two year, lhss TEF and REP (Tablé&)
(Eljarrat and Barceld, 2003).



Tablel. POPs from Eljarrat and Barcelo, (2003).
POPs selected onthe  POPs with an assigned on toxic  Emerging POPs
Stockholm Convention  equivalency factor (TEF) or relativi

potency(REP)

Aldrin

Chlordane

DDT

Dieldrin

Endrin

Heptachlor

Hexachlorobenzene

Mirex

Toxaphene

PCBs PCBs

PCCDDs/PCDFs PCCDDs/PCDFs
PCNs
PBDEs PBDEs
PBDDs/PBDFs PBDDs/PBDFs
PBBs PBBs
PAHs

1.3 Polycyclicaromatic hydrocarbon

Polycyclic aromatic hydrocarbons (PAHS) constitute a large class of organic
compounds containing only carbon and hydrogen atoms organized in two or
more condensed aromatic rings (i.e. PAH unsubstituted andsalkgtituted
derivatives) (Figure2 ) . I n a broader sense the
compoundso also includes thePAH)amdct i or

heterocyclic analogues (e.g. the -@zanes).



Naphthalene Azulene Fluorene

Phenanthrene Benzofluorene Pyrene Benzo[ghi]pervlene

Figure 2 PAHs

1.3.1 Fate and source of PAH
PAHs are formedduring the incomplete combustion or pyrolysis of organic
material, such as coal, wood, petroleum products and wastes, through a complex
mechanism of repolymerization, especially in conditiohexygen deficiency
(Figure3).
The main sources that leadthe release of PAHs are:

A various industrial processes (in particuluminiumandiron production,

steel foundries);

A coal and oil processing;

A electric power generation plants;

A incinerators;

A domestic heating, especially wood and coal;

A emissions from motor vehicles;

A forest fires;

A combustion in agriculture;

A the flame of cooking food:;

A tobacco smoke;

A volcanic eruptions, with significant local impact.
7



H,C==CH + HC=CH — H,C==CH—CH==CH

HchCH
. \
H,C=—CH—CH=—CH + HC=CH —— |(|3H
. CH
HC=—=CH"~
CH,—CH
\
CH CH
N\ 7/
CH—CH
H H HoH, Ho My
HCCH HCCH
D/

Figure 3. PAH formation mechanism

Because of these numerous atiffluse sources, PAH are ubiquitous and are
found in the environment.

In accordingto the Italian Agency for Environmental Protection the main
emission source for PAHs are fumes of vehicles, associated with the use of oils,
diesel fuel lubricant etc. Total global emission of PAHSs is estimated to be 520

giga grams per tear (Gg'y(Rengargn et al., 2015).

1.3.2 Physical and chemical properties

PAHs consist ofcondensed benzene rings and the number of rings determines
the chemical, physical, and toxicological characteristics.

They can be divided into low molecular weight compounds with fess four

rings (naphthalene, anthracene, phenanthrene etc.) and high molecular weight
with four or more rings (benzo(a)anthracene, chrysene, benzo(a)pyrene, etc.).

Physical properties of PAHs change with molecular weight and structure. The

8



vapour pressuredecreases by increasing molecular weight therefore low
molecular weight compounds at room temperature may be wafheurstate.
They are soluble in many organic solvents and they have a lower solubility in
water depending on the number of fused benzengs.r In fact, the
hydrophobicity increases by increasing of number of rings.

PAHSs showin addition light sensitivity, heat resistance, conductivity, corrosion
resistance, and physiological action. PAHs have very characteristic UV
absorbanceeach ring sucture and isomer have a unique UV absorbance
spectrum. This is useful for their identification. Most PAHs are also fluorescent
by the emission of a characteristic wavelength of light when they are excited
(Kim et al., 2013).

1.3.3 Toxicity

PAHSs are also knen for the highly adverse effects on humans, in fact, once that
PAHSs are ingested (or inhaled), they are rapidly absorbed through the gastro
intestinal tract, and distributed in various tissues (especially in the tissue with
high fat content), including fal tissue (Bocca et al., 2003).

Experiments on animals and genotoxicity festitro andin vivo demonstrate

that severaPAHSs are carcinogenic (Tab®. IARC performed he evaluations

on the carcinogenicity of PAdd Because of their toxicity, varioukegal
provisions limit the production and distribution of PAHs in the environment
(DFI, 2008):

A the Chemical Risk Reduction ordinance which defines the standard values
or the limit for PAHs and benzo(a)pyrene in wood products, treated wood,
compost, @yestate and oils for the tire production;

A the Foreign Substances ordinance prescribing the tolerance faal&@gsHs
and benzo(a)pyrene in food and drinking water, as well as their limits in

food for infants;



A the order against the deterioratiohtie soil fixing indicative values, for
PAHs and benzo(a)pyrene in soil, gardens, vegetable gardens and children's
play areas;

A the Water Pollution Control ordinance which regulates the concentration of
PAHSs in groundwater use as drinking water;

A t AirePollution Control ordinance that limits the emissions of

benzo(a)pyrene.

Table2. Molecular weight, number of aromatic rings and carcinaggni
of PAH.

PAHs MW No aromatic rings IARC Group
Naphthalene 128 2 2B
Fluorene 166 3 3
Phenanthrene 178 3 3
Anthracene 178 3 3
Fluorarthene 202 4 3
Pyrene 202 4 3
Benzo[a]fluorene 216 4 3
Benzo[a]anthracene 228 4 2A
Chrysene 228 4 3
Benzo[b]fluoranthene 252 5 2B
Benzo[K]fluoranthene 252 5 2B
Benzolj]fluoranthene 252 5 2B
Benzo[e]pyrene 252 5 3
Benzo[a]pyrene 252 5 1
Perylene 252 5 3
Benzo[ghi]perylene 276 6 3
Indeno[1,2,3cd]pyrene 276 6 2B
Benzo[b]chrysne 278 6 3
Dibenzo[a,jlanthracene 278 6 -
Dibenzo[a,h]anthracene 278 6 2A

»
1

Dibenzo[a,c]anthracene 278

Meaning of IARC groups: 1, carcinogenic to humans; 2A, probably
carcinogenic to humans; 2Bossibly carcinogenic to humans, 3ot
classifiable carcinogenic to humaiBruschweiler et al., 2012)
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1.4 Chlorophenols

Chlorophenols (CPs) are organic compounds deriving from phenels (1
hydroxybenzene) by substitution in the ring with one or more chlatioms.
There are nineteen congeners ranging from monochlorophenol to
pentachloropheol (PCP) (Figure #

OH OH OH OH OH
Cl Cl Cl Cl i :CI Cl Cl
Cl Cl Cl Cl
Cl Cl Cl Cl

4-Chlorophenol  2,4-Dichlorophenol 2,4,6-Trichlorophenol 2,4,5,6-Tetrachlorophenol  Pentachlorophenol

Figure 4.Clorophenols

CPs, in particular trichlorophenols, tetrachlgieenol and PCP, are available as
salts of sodium or potassium. CPs haveeay low solubility in water that
decrease by increasing the number of bonded CI. All CPs are solids at room
temperature except@P, which is liquid Qlaniran, andgbinosa, 201l CPs

may form from several materials (soot, carbon, charred and incomplete
combusted materials). CPs can be formed bis® AHs combining catalytic
chlorination and oxidative breakdown (Peng et al., 2016).

CPs have an irritating effect on the eyes and the respiratory tract. They can be
absorbed through the respiratory trace tastreintestinal tract and the skin.
Large doses may cause convulsions, respiratory failure and even lead to death.
High concentration of CRray cause alstan develop the symptoms mentioned

aboveincluding mutagenicity (Greene afehanish2005.
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1.4.1 Formation and fate of chlorophenols in the environment

CPs were used to eradicate microorganisms and as wood preservative as well as
the operation of bleaching process. Pentachlorophenol (PCP) was widely used
as insecticide but became banned after thekBtdim Convention, for its high
toxicity, persistency and low biodegradability (Peng et al., 2016). Therefore, the
presence of chlorinated organic compounds in nature is generally atbtdtot
human activities (Annachhatre and Gheewala, 1996). Chloropben
compounds are recalcitrant to biodegradation and persistent in the environment.
Because of the lipophilicity they canovethrough the cell membrane and bio
accumulate in aquatic organisms (Pedroza et al., 2007). They are considered
harmful for humarhealth due to their potential carcinogenic and mutagenic
activity. In natural ecosystems CPs are subjected to a series of physical, chemical
and biological process such as sorption, volatilization, degradation, and leaching
are the primary processes govegtheir fate and transport. However, these
natural processes can occur with different efficiencies and sometimes may be so
slow to make the pollutants persist for years. Organic matter and clay content in
soil, sediment and water are important environi@eparametersnfluencing

these processes, because CPs may be adsorbed omathix (Olaniran, and
Igbinosa, 2011

1.5 Industrial waste

In the last years, the rapid growth of industries such as fertilizer, metal plating,
oil industry mining and textile industries have increased the discharge of waste
into the environment, particularly in developing countries. Direct disposal of
wastewaterfrom various sources is the major cause of the environmental
pollution, in particular water bodies. The protection of the water resources has
become one of the crucial environmental issues of this century. Water bodies

constitute majority of earth crustybless than 3% are available for human use
12



due to high salinity of the others. In addition, this water bodies are under
continuous contamination by effluents of wastewater hospital, municipal sewage
systems, industries, rewff water from agricultural lash and others, thus
constituting a great threat to the health and safety of both human and
environment (Ganiyu et al., 2015; Gude, 20A6med andAhmaruzzaman
2016.
Pollutants reach water in two main ways:
A direct way, when pollutants are dischargeedcty into waterways without
any purification treatment;
A indirect way, when pollutants reach aquifers through other environmental
media (air and ground)
The possible causes of water pollution are:
A industrial pollution: when the pollutants are dischargkdy in large
guantitiesby industry causing damage to the aquatic ecosystem;
A urban pollutiondue towastavater discharggéfrom homes, offices and other
structures. The urban waste, because of their composition (rich in detergents
or slurry of organic nare), determine environmental changes such as
changes in pH, reduction of oxygen and the transparency of water, increase
of concentration of nutrient (from the degradation of substances organic),
and contribute to the proliferation, in the coastal ardaacferia and other
pathogens
A agricultural pollution, whideskndc o me s
slurry spread by farms
A natural pol l uti on, caysed by weat he
A ther mal poll ution due olthe dydtemmsaf X c e s
industries, especially in thermal power plants (Ls152/2006).

13



1.5.1 Olive oil wastewater
The olive oil extraction generates large amounts of waste, which can have a great
impact orthe water and rural environmdrgcause of their higioxicity. Several
studies have shown nepgat effects of these wastes @oil and aquatic
ecosystemgDermeche et al., 2013; Ken et al.,, 2017; Rusan et al., 2016).
Therefore, there is a need to manafee oil wastethrough technologies that
minimize treir impact on the environment and make possibéuse of this
resource.
The olive oil extraction systems provide for different processes: washing of the
olives, milling and extraction, which is the key step of the whole procedure. The
amount and the chemical and physical properties of waste products depend on
the method used for extractiofhere are two main oil extraction methods:

A the pressure method;

A the centrifugemethod.
The traditional method is based amishing the olives into a pastealaxingthis
latter, spreathg it on fiber disks, which are stacked on top of each @hdthen
placed into a press
The centrifuge method the most used technique in the last decatles paste
is pumped into an industrial decanter where the phases are separated using
centrifugationand water can be added to facilitate the extraction proddss.
step can involve a thrgghase decanter ort@o-phase decanter. In thrpbase
decantingsystempushes the solidthe water and oil ouwhereas irtwo-phase
decantingsystemproducesonly two fractions: a solidraction (pomace olive
damp or wepas}), and a liquidraction (olive oil).
Nowadaysin Mediterranean areayhere the thre@hase systems are widely
adoptedthe olive oil plants produces between 7 and 30 million m3 of olive mill
wastewater (OMW) per year (Zbakh and El Abbassi, 2012; Justino et al., 2012).

The twephase method, able tedu@ wastewateof 75%,has been launched on
14



the market with thdabelling of "ecological" or "twephase”, because otfie
absence of wastewatandthe reduction of the water consumpti@me of the

main problems relatei the production of olive oil.

OMW (Figure5) come upas a liquid of variable color between greglow

and very dark brown, with a strong smell and a solid matrix in suspension. The

organemineral fraction make OMW toxic for the environment. Phenol

compounds (up to 0.524 g 1), fats and salts constitute this fraction (La Cara
et al., 2012).

Figure5. OMW and olive oll

The phenolic fraction is responsible for the toxiddy microbial communities

and for the high value of chemical oxygen demand (COD), whichsslown

biological mineralization (Barbera et al., 2013). All these faatwake difficult

to discharge OMW to surface water and to sewers.

Polyphenols,which areabsent in drupesoriginate thanks to the action of

phenoloxidase contained in the fruits aativated during the pressing procedure

(Zullo et al., 2014)Also glucosidic enzymes, present in the fruit and activated

in the pressing step, catalyse oxidative process on phenolic glucosides of the
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fruit. Oleuropein, for example, a bitter glucosidepresent in thelive leaves
and drupes, but ngenerallyin OMW. Its degradation products i.e. elenolic acid
and hydroxytyrosol can be founsteadin OMW. Great interest arises about
these high adetalue compounds mainly used blgemical and pharmacecsi
industry (Mudimu et al., 2012).

1.6 Environmental remediation

Environmental pollutiorrepresents great concern for humans and other living
organismsSeveralbrganic and inorganic chemicalsviedbeen released into the
environmentecause of anthropogeractivities. The rapid industrialiation of
agriculture, the expansiasf the chemical industrjgut mainlytherecent resort
to cheap energy resourckeave produced several polluting compounds.

The increase of contaminated sitdge to he continuous pollution of the
environment has led tpossible negativeeffects on environmental health.
Therefore, decontamination amemediationof polluted siteshasbecome an
important task, for exampleecovering soil health and fertility, detoxifgn
ground water, and reutilizing wastewater (in countries witter deficiencies)
(Gianfreda, et al., 2006).

Several researcaictivity turnsto find effective, ecdriendly and possibly low
cost tools to mitigate the pollution amdstore polluted enviranents. he
remediation of polluted sitesecomes difficult because dhe nature of the
contaminant sources and the presence of contammeddres (organic and
inorganic compoundsmultaneouslyjThavamani et al., 20)2Moreover, if the
contaminated & is soil, interactionsf organic and inorganipollutantswith
soil colloids, through sorption/desorption mechanisms, magttie movement
of pollutants and hend&eir availability for plant omicroorganisms

The remediation or restoration of watnd soil compartment is possible with

physical/chemical approachesor biological strategies.Physical/chemical
16



methodologies areery expensive and efficiettaditional approachdsut they
do not imply a final safe resufor the environmentBiological strategies
involving living organisns (i.e. microorganisms, plants anglant
microorganisms associationaje environmentafriendly and, in many case,
they may modify the structure and toxicologipabperties of the contaminants

into innocuous products

1.6.1 Methodologies of environmental remediation

The methodologies of environmental remediation haveatimeto remove or
reducepollutants The selection of remediation technologies is based ositide
propertiesi.e. soil and aquifer characteristics

We cannot exclude theatural attenuatiothatis a process occurring without
humanactionandin all the ewvironmental siteswhich leads to a reduction of
contaminant  concentration (hydrodynamic  dispersion, sorption and
volatilization) or the mass of contamants (biodegradationsometimesnatural
attenuation processes are not enough to actiewvemediation objectivein a
reasonable timehat is the reason why the remediation measures or the
applicationof enhancers of biological activishould be corined.

In the last decadeshd remediation of environmental sitedifferently
contaminated by organic and inorganic pollutants, was based on physical and
chemical methodologie3heyincludein situandex situtechnologies specific

for soil or groundweer (Figure6).

The choice of the more suitable technology needs a wise knowledge of all
parameters characterizing sites and contaminants. Besides remediation strategy,
in some cases, when the contamination levels are high and sites can be only
confined,safety measures could be necessary (vitrificatreactive permeable
barrierg. Traditional methodologies, especiatysitu ones, requiring transport

of polluted matrices to specific plants ahe use of expensive equipment
17



Biological methodologiesare a valid alternative approach with reduced
environmental and economic impact. Treeg & situandin situ strategis that
consist in the use of living organisms such as plants and microorganisms able to
degrade contaminants or transform them in@gsardous form or biomolecules
such as enzymes.

Some biological technologig§igure6) are

1 Bioventings an in situ remediation technology that used airflow (or oxygen)
or adding also nutrients if necessary, in the unsaturated zone, to enhance the
devebpment of indigenous microorganisms to biodegrade organic
constituents adsorbed to soils.

1 Biospargingis an in situ remediation technology that injects air (or oxygen)
and nutrients (if needed) into the saturated zone to increase the biological
activity of the indigenous microorganisms.

1 Biopiles are used to reduce concentrations of petroleum constituents in
excavated soilsby stimulating aerobic microbial activity through the
aeration and/or addition of minerals, nutrients, and water.

1 Phytoremediatiorconssts in the direct use of plants and the associated
microorganisms to stabilize or reduce contamination (organic and inorganic
contaminants) in soils, sludge, sediments, surface water, or groundwater.

1 Mycoremediations a biotechnology based on the uséuoifgi for cleaning
up contaminated soils. Principally whitet fungi are very effective in
degrading a wide range of organic molecules as they releasecebular
lignin-modifying enzymes (lignkperoxidase, manganese peroxidase, and
laccase). Carbosources such as sawdust, straw emrthcobcan be added
to polluted sites to improve the degradation processes.

1 Compostings a treatment where polluted materials (generally with organic
compounds) are mixed in piles together with a solid organic substance

readily degradable such as straw, wood chips, etc.
18



1 Land farminginvolves spreadingf excavated contaminated soils in a thin
layer on the ground surface and stimulating aerobic microbial activity
through aeration and/or the addition of nutrients\aater.

1 Bioreactors consist in container where biological degradation of
contaminants in soil and wateoccur by existing and/or added
microorganisms is isolated and controlled.

1 Microbial filters are packedbed bioreactors, where microorganisms are
allowedto grow in order to degrade volatile compounds once adsorbed on

solid supports (activated carbdmochar soll, peat, etc.).
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1.7 Biochar

1.7.1 Origins

fiBiochar is the carbomich product obtainedvhen biomass, such as wood,
manure or leaves, is heated in a closed container with little or no available air.
In more technical terms, biochar is produced by-catled thermal
decomposition of organic material under limited supply of oxygej éDd at
relatively low temperatures (<700°€)Lehmannand Joseph, 2009its origin

is linked to the ancient populations of the Amazon, and is locally known as Terra
Preta de IndigAhmad et al., 2014) (Figurd.

Figure 7. Profile of Terra Preta

In some aras of the Amazon, during the explorations by European settlers, the
soil in this areseemed to haveigh fertility. This was linked to the presence of
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dark soil, with very different characteristics compared to the soils typical for
Amazon region (Acrisolnd Ferrasol), red in colour because they are rich in
kaolinite, acid pH and rich in aluminium. Terra Preta, in fact, has black colour,
an alkaline pH, with high percentage of endemic microorganisms (O'Neill et al.,
2006) Richnesan nutrients,high and stable organic matter leveland cation
exchange capacigre thereason®f thegreatfertility of these soils.

There are different hypotheses about the formation of Terra. Rretzuld be

from volcanic eruptionsr the former lakes, oit could be deto the Indi®d
population, which bued vegetable residuethroughincomplete combustion
(residues from cooking, forest awdopg (Erikson et al., 2003; Falcéo et al.,
2003; Glaser et al., 2004; Zech et al., 1990). These practices lead to an increase
of carbonaceous material conteritblack carbon about 70 times more than the
surrounding soils and to a depth of&80®cm (Lehmann et al., 2003).

Several researchers studied the effects of adding coal to the soil to identify the
factors and interactions theontributed to the fertility of Terra Preta.

Steiner (2006) compares the resultstloé two different land management
practicesij.e.the slash and char as an alternativisstash and bui Thefislash

and burd, widely used in tropical areas lesid the loss of soil fertility. The
production and the burying of vegetable coal (biochar) is a key factor for soll
fertility and sustainability with the reduction 60, emissions (Kuhlbusch et al.,
1996; Steiner, 2006). In fact, thanks to the high récaftce of its aromatic
structure, biochar represents a sink to immobilize carbon (more than 50%)
(Lehmann et al., 2002), (Figei8). This aromatic structure is slowly oxidized by
producing carboxyl groups, responsible for the increase of the capacitg of t

carbonaceous particles to retain nutrients (Glaser et al., 2001).
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1.7.2 Production of biochar

Biochar is the product of the pyrolysis of vegetable biomamsés similar to

coal Infact, it could be produceth charcoal kiln, in rudimentary foace, or in

those made of steel, or with new technolpgyviding special reactothat allow

the recovery of the different products of pyroly&slid, liquid and gaseous
fractiors). While these last two fractions are used for energy purposes, the solid
part is produced both for agronomic pases (improve soil propertiesind for
environmental management (carbon sequestration) (Lehmann and Joseph,
2009).
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Pyrolysis isa thermochemical procesd organic materials decomposition,
similar to the combustiorhut occurring inthe absence of an oxidizing agent
(oxygen) (Verheijen et al., 2010).
The pyrolysis, through cracking and polycondensation reactions, leads to the
transformation of organic metals in three different components:
A biochar, the solid part;
A bio-oil, which is the liquid fraction, containing organic substances such as
alcohols, ketones and hydrocarbons;
A syngasthe gaseous fraction formed by hydrogen, carbon monoxide, carbon
dioxideand light hydrocarbons (IEA, 2007).
The process temperature and the residence time of the material influence the
pyrolysis procesthat can bdast, intermediate and slow
The fast pyrolysis (Figur8), which has a shorter duration than 2 seconds, is
usedfor the production of biwil (about 75%).
The intermediate and sloprocess(Figure 10), lasting from few minutes to
several hours, or even days, are preferred for the production of biockes%&5
(Mohan et al., 2006; Brown et al., 2009; Ahmad et24114).

Char
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Figure9. Fast pyrolysigBridgewater, 2006)
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The gasificationdiffers from conventional pyrolysis processbscausethe
biomass is converted at high temperatures (>°*@)0nto carbon monoxide and
hydrogen,under controlled level of oxygen and/or steam. The resulting gas

mixture is synthetic gas or syngas (Molaml., 2006) (Table)3

Table 3.Pyrolysis process and percentage of the product (modified from Ahmad
et al.,2014)

Product
Process Temperature Residence time  bio-oil  biochar syngas
O (%) (%) (%)
Fast pyrolysis 300-1000 <2s 75 12 13
Intermediate pyrolysis =500 10-20 s 50 25 25
Slow pyrolysis 100-1000 5-30 min 30 35 35
Gasification > 800 10-20 s 5 10 85
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1.7.3 Physicaland chemical properties of biochar

1.7.3.1 Physical properties

The structural characteristics of biochar depend not only on organic matter, but
also on the pyrolysis system, including all the operations of qgumd post
treatment. During ththermochemical conversion, in fact, there is a loss of mass
(volatile organic compounds) with the formation of fractures and microstructural
rearrangements.

Lua et al. (2004) evaluated the importance of various pyrolysis conditions by
determining the stamad deviation and the variation coefficients of different
physical parameterssirface area, productiomnd the surface area of
micropores), concluding that the main role can be attributed mainly to the
pyrolysis temperature. Up to 120 °C begins the nttaér decomposition,
hemicellulose is degraded in the range of-380 °C, cellulose between 250

380 °C and lignin between 180 and 900 °C (Slopiecka et al., 2011). Therefore,
the ratio of these componerfliomass)will affect the degree of reactivity and

the variability level during the thermal processes.

Another structural feature to consider is the presence of fractures. The biochar is
typically characterized by madractures that may depemh both the starting
biomass and thermal processes (ByrneMadle, 1997). For example, biochar
produced from wood is more fractured due to the different speed of the material
degradation (faster outside and slowly inside). The structure is more or less
similar to the graphite, but there are various waérearragemen{Emmerich

and Luengo, 1996). The surface of biochar from wood consists of a set of faces
and edges (Boemh, 2002) (Figur®. This type of crystallite structure of various

size is called turbostratit éhmannandJoseph2009)
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Figurell. Structure of biochar at different temperature (Joseph and Lehmann,
2009)

1.7.3.2 Chemical properties

Biochar is produced from a wide range of biomass derived from differens,plant
that lead to a large variability in terms of chemical compositibhis wide
heterogeneity isdue tothe thermal process tharoduce, according to the
temperature,changs in the chemistry of thebiochar surface leading to
hydrophilic, hydrophobic, acidic or basic property.

On the surface of bioch#énere aref different functionafroups with hydrogen,
nitrogen, oxygen, phosphorus and sulphur atoms responsible for the
heterogeneity in the surface chemistry because of their different
electronegativity (Brennan et al., 2001).

ElizaldeGonzalez et al. (2007) demonstdhtew the relave concentration of

the various functional groups depends on the composition of the starting
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biomass, the final temperature of reaction, the composition of the gas that
surrounds the particles, the heating rate and anytpzment.

The presence of varis functional groups on the surface of biochar influgnce
sorption properties, imccordingto the charge that these groups give to the

surface and to the presence of ~ el ec

1.7.4 Agricultural and environmental applications of biochar

To understand bettethe real contribution that biochar could exercise on
improving the soil properties, it will be necessary to know interastsom
change®ccuring in soil system.

An important factor to consider for biochar application is the residence time that
depends on its resistance to biotic and abiotic degradation (oxidatiarjler

to increase this propertiebere are isotope techniques in whibiochar is
enriched with The residence time of biochar is estimated about hundreds or
thousands years and depsad environmental conditions and the characteristics
of biocharitself (Brewer, 2012).

1.7.4.1 Improving agronomic properties

The application of biochar in soils is not a nidea. The first observations about

the positive effects of carbon storage in soil derive from ancient farm
management practices carried out in the Amazon region known as Terra Preta.
These soils are characterized by high levels of fertility without eit@rput of
fertilizers, suggesting that the application of biochar could be economically
sustainable and advantageous.

Terra Preta soil in fact has high levels of organic matter and nutrients such as
nitrogen, phosphorus, potassium and calcium. These features are attributed to
their high content of char, and that is why the interest on biochar is growing up

over the years.
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In addition, because of its shape biochar gives structure to thepoiving the
mechanical properties of soils.

The cation exchange capacity incresadiee to oxidation of the biochar surface,
heavinga high O/C ratio (Brodowski et al., 2005). As orgamatter, biochar is

able to retain exchangeable cations, thanks also to its high porosity. The water
holding capacity of the soil increases with the increase of its wrganbon.
Glaser et al. (2002have observed an increase about 18% of water holding
capady in soils containing biochathat showed, in addition, a significant
increase in seed germination, plant growth and crop yield. Biochar affected also
microbial populations by increasing their activity (Verheijen et al., 2010;
Lehmann et al., 20)1All these changes in the phyai@andchemical properties

of the soil amended with biochar determine changes also in the soil ecosystem.
There are new relationshigamong roots, bacteria and funiianks to the
increased availability of nutrients andjhiporosity, which create safety habitats
where soil bacteria and fungal hyphae can grow (Yamato et al., 2006; Warnock
et al., 2007) (Figuré?2).

® 5
® 9 e
L

Figurel2. Biochar can be a habitat for mior@anisms and nutrients storage.

All of these characteristicstherefore, make biochara useful tool for
environmental management (Lehmann and Joseph, 2009).
Biochar applicationn environmental managemetatrget tofour main objective
(Figurel3):
A improvement of soil characteristics;
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A waste management;
A climate chang mitigation;

A energy production.

/
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Figure13. Benefits of biochar application (Lehmann e Joseph, 2009)

1.7.5 Use of biochar for environmental remediation
One of the most important properties of biochar coneidtse ability to adsorb
and retain persistent pollutants, especially those with a planar structure such as
polycyclic aromatic hydrocarbons (PAH), but also other forms of pollutants,
organic and inorganic, including heavy metals, protecting the envirorandnt
organisms by the accumulation phenomerigoelmans, 2005). Biochar is
emerging just as a tool to optimize the reduction of bioavailability of
contaminants in the environment by making benefits to soil fertility and
mitigating climate change (Sohi, 201Environmental remediation, then, was
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recently recognized as one of the areas where the bioctlabe successfully
applied (Ahmad et al., 2014).

Unlike activated carbon, biochar is not activated or treated (Cao and Hatrris,
2010). Furthermore, biocha&ontains a fraction not carbonized, which could
interact with soil contaminants and water. In particular, the functigmalps
containing oxygen bondgarboxylic, hydroxyl and phenolic) on the surface of

the biochar could retain the contaminants (Uchareyal., 2011).

1.7.5.1 Adsorption of organic contaminant

Biochar, thanks to its characteristic, (high surface area and microporosity) can
be used to remove organic contaminant from soil and water (Lou et al., 2011;
Rhodes et al., 2008 ang et al., 2010Yu etal., 2009 Zhang et al., 2013) (Figure

14).

Biochas produced atemperatures of 400 °C are the most efficient in the
adsorption of organic contaminants due to their high surface area and micropores
(Uchimiya et al., 2010; Yang et al., 2010; Ahmad et4l1,2). Chen et al. (2008)
assumed thathe mechanism of organic contaminant adsorptarbiochar
derived from pine needles at low plysis temperatures (18800 °C) take place

on noncarbonized fractionThe adsorptionn biochar obtained at higher
tempeatures (406700 °C), take place on the porous carbonized fractions. The
polarity and aromaticity of the surface, in fact, are important features of biochar,
because thegffectthe adsorption of the organic contaminants in the aqueous
system (Chen et al2008). In general, at higher temperatures (500 °C) the
surface of the biochar becomes less polar and more aromatic because of the loss
of functional groups containing hydrogen bonds (H) and oxygen bonrjjst{é&t

could influence the adsorption ofganic contaminants (Ahmad et al., 2014).
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Ahmad et al., 2014)

Electrostatic repulsions or attractions between biochar and organic contaminants
represent another mechanismadsorb pollutants. Biochar surfaces normally are
negative charged: this makeasy the adsorption of positive charged organic
compounds. However, an electrostatic repulsion between negative charged
organic compounds and biochar could promote adsorpitbrhydrogen bonds
(Ahmad et al., 2014).

1.7.5.2 Adsorption of inorganic contaminant

The inorganic contaminants in the environment (metalsyive from
anthropogenic sourcéghang et al., 2013) (Figudb).

Mohan et al. (2011) have shown tha&ichar derivedrom oak by fast pyrolysis
can adsorb Cr (VI). The adsorption is due to the bulge of thexiséng pores

in the dry biochar that increase the internal surface area (Mohan et al., 2011).
The biochar camaffect differentlymetal mobility in soils. Beeslegt al. (2010)

applied biochar made from hardwood in soils contaminated with different
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elements (As, Cu, Cd and Zn). After biochar application a change in ion mobility
occurred copper and arseniwere mobile, while cadmium and zinwere not
mobile. The laching of the copper and arsemiasdue to the increase of the
soil pH induced by biochar application. Thél increase in turn, lal to the
reduction of cadmium and zinc solubility (Beesley et al., 2010). Therefore,
biochar increasingsoil pH could affect the metal adsorption.
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Figure 15. Possible interaction between biochar and inorganic contaminants
(from Ahmad etl., 2014)
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1.8 The am of the thesis

Since avironmental pollution isurrentlyone of the main issues, irreversible
situationsmay occur anderiously threaten the survivabt only of human but
also of any form of life orEarth. Several remediation techniques could be
necessaryfor environmental protection or safeguard, the recpvef
environmental compartments, and the mitigation of the effect of industrial,
agricultural and urban waste on the environment.

Biochar is well known foagronomic benefitdue to the enhancementlimhing
effects, water holding capacity, soil structuoation exchange capacity, soil
microbial activities and finally the plant growtHowever, biochar amendment

of degraded soil has also been shown to enhance sorption phenomena for
hydrophobic organic pollutantand reduce their desorbing fraction and
bioaccessibility.

Therefore, the aim of this work was:

A to evaluate the capacity of biochar, from different biomass, to remediate
water and soil contaminated by organic compounds;

A to assess the efficiency of biocHzased treatments of agiedustrial
wastewdéer, i.e. olive oil mill wastewater, and the impact of the disposal of
biochar + remediated wastewater mixtures, as soil amendment.

Moreover, as the biochar supply induces an increase of black carbon content in
soil (Lehmann et al., 2003t would be interesting to follow the fate of black
carbon and its metabolites in soil deriving from oxidative degradation (Haumaier
2010).Therefore, a method through iexchangehromatography system was

set up to evaluate black carbon metabolitesiin so
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Chapter 2






2 Biochar based remediation of water and soil contaminated by

phenantrene and pentachlorophenol

2.1 Introduction

According to Lehmann and Joseph (2009), biochar can be defined as a
calbonaceous material deliberately applied to soils in order to enhance fertility.
This carbonaceous system is obtained from thermal decomposition (i.e.
pyrolysis) of biomasses under oxygen starved conditions and at temperatures
ranging from 350 °C up to >100°C. However, the aforementioned biochar
definition is considered weak by the European Biochar Certificate (EBC)
because it is only oriented towards agronomic biochar applications (Conte et al.,
2015). As an exampl e, L e h md considea thel J 0 s
sustainability of the methodology used for biochar achievement, does not
account for any possible biochar application apart of the agronomical one, does
not include the very important greenhouse gas reduction property, nor accounts
for thenature of the biomasses used for biochar production. The biochar defined
by Lehmann and Joseph (2009) can be obtained by any kind of contaiméeant
biomass feedstock, regardless of the sustainability of its procurement. Just as an
example, many plant bioass species take a long time to grow. If not controlled

by sustainability standards, their use for biochar production may pose serious
problems for biodiversity protection, wildlife habitats, soil protection, and water
production, thereby limiting the ecustainability of biochar applications. For
these reason, EBC proposed a new defi
heterogeneous substance rich in aromatic carbon and minerals. It is produced by
pyrolysis of sustainably obtained biomass under ofiatt conditions with clean
technology and it is used for any purpose that does not involve its rapid
mineralization to C@and preserves its capacity to become eventually a soil

amendmento (Conte et al., 2015).
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Due to its nature, biochar is not only useda soil amendment to increase soll
fertility and to mitigate climate change by sequestering C from atmosphere to
soils, but it can also be applied for energy production, thereby ensuring future
source for green energy (Lehmann and Joseph, 2009; Lehrhahn 2011;
Conte et al., 2015). In addition, its particular porous structure and high specific
surface area make it a very effective sorbent for organic and inorganic
contaminants in soil and water (Ahmad et al., 2014; Caporale et al., 2014), thus
lowering their bioavailability and toxicity to living organisms.

Biochar is composed by different organic and inorganic fractions that can react
with contaminants (Ahmad et al., 2014; Beesley et al., 2011) through different
mechanisms such as partitioning, agson, and electrostatic interactions
(Ahmad et al., 2014).

Ahmad et al. (2014) reviewed several studies on biochar application in
remediating soil and water contaminated by organic and inorganic pollutants.
For example, biochars from different organictenels showed great capacity to
immobilize some pesticides in soils thus reducing their bioavailability and plant
uptake (Cao et al., 2011; Jones et al., 2011; Yu et al., 2009). Tong et al. (2014)
demonstrated that biochar from ragieaw enhanced pentdolophenol
dechlorination by stimulating soil microorganism growth. Biochar produced
from pine needles can be used to adsorb aromatic compounds from water
samples (Chen et al., 2008). Kong et al. (2011) found that biochar from soybean
stalk was very effi@nt in removing phenanthrene and mercury from
contaminated water.

The interactions between biochar and contaminants change with pyrolysis
temperature and nature of the parent material (Jindo et al., 2014; Mukome et al.,
2013). Pyrolysis temperature stropglffects the partitioning of contaminants
into noncarbonized and carbonized biochar fractions as it influences surface

area and micropores development (Ahmad et al.,, 2014). Also the starting
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material can significantly act on biochar adsorbent propddiedo et al., 2014;
Mukome et al., 2013). Crop residues, forestry waste, animal manure, food
processing waste, paper mill waste, municipal solid waste, and sewage sludge
are reported to be the most commonly used waste biomasses for biochar
production (Ahnad et al., 2014). Conversion of these materials to biochar is an
economical and eefsiendly tool for environmental remediation because it
allows recycling of existing resources (Conte et al., 2015).

Several studies reported the contemporary use of bicaié other organic
amendments such as compost. Beesley et al. (2010) investigated the capability
of biochar and greewaste compost in reducing the mobility of As and some
PAHSs in soil. Both of them showed a great potential, although biochar was more
efficient. A synergistic effect occurs when biochar and compost were mixed to
reduce Cu and Pb concentrations in soil (Kaesehal., 2011). This combination
biocharcompost also results in an increased soil organic matter and fertility
(Schulz and Glaser, 2@; Kamman et al., 2015). Furthermore, use of compost
can contrast the reduced bioavailability of contaminants caused by biochar as
compost can stimulate pollutant degradation (Késtner and Mahro, 1996).

The majority of scientific investigations is focused water remediation, and

just few studies are available on biochar application into contaminated soils
(Ahmad et al., 2014).

In this work we hypothesize that biochduyeto its porosity and surface area,
could adsorborganic compoundfrom contaminated water and soil Though
biochar can have good efficiency in the contaminant removal, biochar dust could
remain after the treatment. This side effect could be beneficial for soil quality,
but conversely it could represent an additional concern in the treathen
contaminated water. To avoid this side effect a focused experiment sésiad
system in which biochar onfinedwithout gettingwaterdirty with own dust
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Therefore, the aim of the present study was to evaluate the efficiency of poplar
and coniér biochars in water and soil remediation. The attention was focused on
two different organic contaminants, phenanthrene and pentachlorophenol, as
representative of polycyclic aromatic hydrocarbons (PAHSs) and chlorophenols
(CPs), respectivelyn addition,a specific experiment usirigocharconfined in
dialysis tube for remediation of water bodiess performed.Studies of
adsorption, sequestration and reduction of bioavailalfithese contaminants

in soilwere carried out in a loAgrm experiment. Aombination of biochar and

compost was also tested to verify a synergistic effect on polligardval

2.2 Material and Methods

2.2.1 Chemicals

Reagengrade phenathrene (Phe) (>99% purity, m.w.: 178.28), sblubility:
1.6 mg 1) and pentachlorophenol (PCP)98% purity, m.w.: 266.34, 1D
solubility: 20 mg ) were purchased from Sigma Aldrich (Germany). HPLC

grade solvents and all other chemicals were supplied by Carlo Erba Reagents

2.2.2 Physicalchemical properties of biochar

Biochar was produced from popldPdpulusspp. L.) (BP) and conifer wood
chips (BC). Conifer wood chips were obtained from different spetiasx(
decidua Pinus sylvestrid.., Pinus nigraA., Abies albaM., Picea excelsd..).
Biochars were provided by the Department of Agricultural am@$iry Science

of the University of Palermo (Italy). The details of the gasification process as
well as biochar properties (pH, elemental composition, content of ash and
metals) have been already reported in De Pasquale(2042) The Brunauer

Emmeti Teller (BET) analysis was carried out on biochar, previously powdered
(0.5 mm), to determine surface area and pores size and volume. Infrared spectra

were recorded on Perkin Elmer R spectrometer using the Diffuse
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Reflectance Infrared Fourier TransforingDRIFT) analysis to highlight

structural differences between biochars, in the transmittance mode by mixing

with a mortar 5 mg of biochar with 95 mg of KBr. The DRIFT infrared spectra

were recorded iM00-4000 cmt range, collecting 32 scans, with 4 ¢rof

resolution, and correcting the background noise (Novak et al., 2010). The spectra

were acquired and processed using Spectrum 10 software.

2.2.3 Physicatchemical properties of soil and compost

Fresh soil, without no history of organic contamination, wakectdd from the

citrus orchard located at the Department of Agriculture of University of Naples

Federico Il in Portici (Naples, Italy) atZD cm of depth, aidried and <2 mm

sieved. The main physicahemical soil properties were performed in triplicate

following the standard techniques (Sparks, 1996) (Taplé\ccording to the

USDA the soil was classified as a loamy sand soil (clay 27 £ 5, sand 879 + 42,

lime 93 + 47 g kgh).

Table 1. Physical anchemical properties of soil

Properties Value
Sand(g kgl 879 +42
Lime (g kg?) 93 +47
Clay (g kg') 27+5

pH (in H0) 7.90 +0.06
EC (dS m) 0.099 +0.003
Limestone (g kg) 6.2+04
CEC (cmol(+) kdh) 15+1
TOC (g kg¥) 12+1
O.M. % 2+0.1
Total N (g kgb) 1.22 +0.02
C/N 10+ 0.7
P,Os (mg kg?) 46 +1
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A compost from olive pomace (Comp), characterized in details by Altieri and
Esposito (R08), was used. It consisted ©#% olive pomace, 14% wheat straw

and 14% sawdust.

2.2.4 Adsorption of Phe or PCP on biochars in liquid medium

Experiments to assess the capacity of BP or BC to adsorb and retain phenathrene
(Phe) or pentachlorophenol (PCP) from liquid matrix were performed. Glass
tubes (10 ml) were used to incubate 40 mg of each biochar, from BP or BC, with
1 ml of contaminant sations (Phe or PCP). Suitable amounts of Phe or PCP
stock solution (50 mgY) in acetone were used to obtain different contaminant
concentration (5, 7.5, 10, 12.5, and 15 mj After 1, 3 and # incubation,
solutions were collected, filtered (0.45 pRhenomenex), centrifuged at 3000
rpm for 15 min, concentrated by evaporation under vacuum (LABOROTA 4000,
Heidolph), suspended in 1 ml methanol and analysed bydagbrmance liquid
chromatography (HPLC) to evaluate the residual concentration of cortais

After centrifugation solid phase (biochar) was dried overnight at 25 °C and
extracted by using organic solvents suitable for each contaminant, as described
by Scelza et al. (2007, 2008).

2.2.5 Adsorption of Phe or PCP on biochar confined in dialysis tubs

Biochar was confined in porous membrane. In particular, 500 mg of biochar
from poplar (BP) or conifer (BC) were put ircén dialysis tubes (Spectra/Por,
Millipore, @ 34 mm, cutoff 3500 MWCO) together with 5 ml water/methanol
(50:50, v:v) solution. Tulsewere submerged in 250l glass bottles containing
100 ml of 15 mgt Phe or PCP solutions in water/methanol (50:50, v:v). Each
tube was prepared in triplicate and control tubes without biochar were also
considered. All bottles were kept under shakingd(ipm) over time. Aliquots

of solution in which the dialysis tubes were submerged were daily collected and
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analysed by HPLC to determine the residual Phe or PCP concentration. When
contaminants concentration reached values < I'rogthe value was stébfor

2-3 days the tubes with biochar were transferred in a Phe or PCP fresh solution
prepared as described above. This process was repeated for 4afyeteghich

the mixture confined in the dialysis tubes (contaminant solution + biochar) was

centrifuged (15 min at 3009) and was performed contaminant extraction.

2.2.6 Kinetic models

Very often, remediation treatments of contaminated water do not allow direct
addition of biochar because it could release, in turn, dusty residues in water
bodies. Hence, after evaluating the biochar efficiency of Phe or PCP sorption
directly in contaminagd water, biochar was confined into dialysis tube immersed

in contaminated water. In this way, the contaminant molecules may enter the
dialysis tube due to a suitable cut off of selected membrane, and then be adsorbed
on biochar surface. This procedureyaneted that biochar came out through the
same dialysis tube membrane and it can be easily removed after sorption process
(Figure 1.

Kinetic studies were performed to study the Phe and PCP sorption process and
the chemical reaction on biochars. Variousektic models were applied to
investigate which of these equations were fitting the mechanism of adsorption.
The mathematical model was evaluated énifRorder to determine the best fit
kinetic model (Ahmad et al., 2013).
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Figurel. Biochar confined in dialysis tube

The Phe adsorption kinetic on biochars was described by the following equation:
Ci=Co- X (1)
1/G=kt+ 1/G 2
where Ct is the mean concentration of Phe as a function of time in days$)(mg
Co is the initial Phe concentration (md)] k is the rate constant )] and t is
time (d).
PCP adsorption kinetic on biochars was described by the following equation:
Ci=kt+ G 3
where the parameters are the same of the previous equations (1 and 2).

2.2.7 Treatment of Phe or PCP contaminated soil with biochar

Soil samples were rewet to 30% of water holdirggpacity before spiking
procedure according to Scelza et al. (2007). Suitable amounts of Phe or PCP
stock solutions (15 glin acetone) were added to soils to have 150 mydey

final concentration.

Contaminated soils were incubated at 25 °C for 21 days$ glass jars. After

this time, samples were split ingbaliquots to which biochars and compost were
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added. In particular, poplar and conifer biochars (BP and BC, respectively) were
added to contaminated soils (Sc) at two different rates, BP1 or XA mg ¢

1 of soil and BP2 or BC2 = 5 mg'®f soil. Compost from olive pomace (Comp)
was also added, singularly or together with biochars, in an amount equal to 2.2
mg g* of soil. Triplicates were performed for each sample. Samples were placed
in the dark in a climatic chamber set at 25 °C and after 10 and 30 incubation days
contaminant (Phe or PCP) extraction and germination tests were carried out on

these samples. The experimental design is schematically represented in Table 2.

Table 2.Adsorptionof the contaminants in solid matrix: experimental design

Soll BP BC Compost
Samples
g (mg g%

S 5 - - -
Sc + Comp 5 - - 2.2
Sc + BPt 5 2.5 - -
Sc + BP1 + Comp 5 2.5 - 2.2
Sc+ BPZ 5 5 - -
Sc+ BP2+ Comp 5 5 - 2.2
Sc+BC1°® 5 - 25 -
Sc+BC1+ Comp 5 - 25 2.2
Sc+BC? 5 - 5 -
Sc+ BC2+ Comp 5 - 5 2.2

8S¢ = contaminated soil with phenanthrene or pentachloroph&poinp =
compost from olive pomace 2.2 mg gf soil; ‘BP1 = poplar biochar 2.5 mg g
! of soil; “BP2 = poplar biochar Big g* of soil; ®BC1 = conifer biochar 2.5 mg
g of soil; '/BC2 = conifer biochar 5 mg'gof soil.

2.2.8 Phe extraction from solid matrices

Extractable Phe from biochar and soil samples was evaluated according to Scelza

et al. (2007). Contaminated soil sae®l(0.6 g of dry weight at 25 °C) were

extracted with ethanol (12 ml) and then with an etharudkane (75:25, v:v)

mixture (12 ml). Extracts were combined, concentrated by evaporation under
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vacuum (LABOROTA 4000, Heidolph), and then dissolved in 2 mhethanol

before HPLC analysis.

A Soxhlet extraction procedure was also applied to soil samples to evaluate the
adsorbed Phe on biochar and/or compost. As described by Saifuddin e Chua
(2003), 3 g of soils were extracted with an acetoesare (1:1; v:v) mxture for

24 h. Extract was concentrated by evaporation under vacuum (LABOROTA
4000, Heidolph), and then dissolved in 5 ml of methanol before HPLC analysis.
For HPLC analysis a Phenomenext& RP column (250mm x 4.6mm x 4um)

and a diodearray detector (gilent® Serie 1100) were used. Methanol and water
(86:14, v:v) were the mobile phase and the flow rate was 1.0 mt. rifiime

retention time for Phe was about 6 min. Detection was carried out at 254 nm.

2.2.9 PCP extraction from solid matrices

The extraction oPCP from soil and biochar (0.6 g of dry weight at 25 °C) was
performed using a watathanol (50:50, v:v) mixture (12 ml) as described by
Scelza et al. (2008). The concentrate was dissolved in 2 ml of methyl alcohol for
HPLC analysis. Instrument and colorwere described above. Methyl alcohol
and buffered water (1% acetic acid) were used as mobile phase (90:10, v:v) and
the flow rate was set on 1.0 ml rifirDetection was carried out at 220 nm.

The retention time for PCP was about 5 min.

2.2.10 Germination test

Germination tests were performed on Phed PCRcontaminated soils amended

or not with biochars and/or compost after 10 and 30 days of incubation (APAT,
2004). Lepidium sativunh.. seeds were placed on Petri dishesB® mm) for

72 h at 25 + 2°C in #adark, in a climatic chamber. Control tests were carried
out with uncontaminated soils (S) and contaminated soils without biochars

addition (Sc). A primary root >1 mm was considered as the end germination
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point. Experiments were performed in four repksatThe relative germination
RG=100 (Gs/Gc), the relative length RL=100 (Ls/Lc), and the germination index
GI=100 (Gs/Gc) (Ls/Lc) were calculated for each treatment. Gs and Gc are the
numbers of seeds germinated in the sample and control, respectivelg, amdi

Lc are the length of root in the sample and control, respectively.

2.2.11 Statistical analysis

Two-way ANOVA (incubation time, treatment) was used to examine the results
from waterremediation experiment. A threeay ANOVA analysis (incubation

time, typeof biochar, amount of added biochar) was performed on data from
soil-remediation experiment. The significant differences between medns at
<0.05 were assessed according to Duncan test. All statistical analysis were
performed by SPSS (21.0 version)

2.3 Reuallts and discussion

2.3.1 Biochar characterization

Both biochars were produced by gasification process and are characterized by
alkaline pH as described in details in De Pasquale eR812). The high metal
content (KR, C&*, C* and Mrf*) was responsibléor the alkaline reaction of

both the biochars when suspended in wdderPasquale et al, 2012). In fact, the
process of metal exchange from biochar surface wittidth water appeared to

be predominant on a possible acid reaction of metals (De Pasquale et al 2012).
In addition, the presence of inorganic salts in the parent biomass could lead to
the formation of complexes in which metal ions substitute H atoms wiadi©
groups (Amonette e Joseph, 2009).

BET analysis showed a higher specific surface area for BC (114.§#rthan

for BP (76.88 mg™). Moreover, no differences were observed between the pore

57



sizes of the two biochars, although pore volume appeargdrlin BC than in
BP. As a consequence, specific surface areas were different 8yable

Table 3 BET analysisof biochas.

Biochar Origin biomass Specific surface are Pore volume Pore size

m? gt cme gt A
BP poplar 76.88 0.046 24.08
BC conifer 114.67 0.067 23.23

As already reported in literature, biochar properties are strongly influenced by
biomasses and by pirolysis process (Mukome et al., 2013; Cimo et al., 2014;
Conte et al., 2014; Jindo et al., 2014).

Figure2 shows no differences between the-IRTspectra of the two biochars.

Both of them showe@iH (3050cmt) , C8C and CS8O0 stretct
aromatic GO Qedmnd mMati on modes %bfandal ken
CB0 st r et c hlchagctdrigti®f &lones, @thers, phenols, and chain
anhydride. There are also absorption bands due to arongatit @itof-plane

vibrations (three peaks at 876, 820, and 760)cthee et al., 2010; Li et al.,

2017). This result is in according with CPMAE NMR specta reported in De
Pasquale et al. (2012). In fact, the authors found aromatic groups and few
oxygenated functional groups, in both biochars due to the partial oxidative

condition during the gasification process.
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Figure 2. FTIR spectra of BRind BC

2.3.2 Phe removal from contaminated water

As reported in Tabl®, Phe initially added was completely adsorbed by both
biochars right after 1 day of incubation. Therefore, both biodwed a good
adsorbing capacity as also reported in James €@05), Kong et al. (2011),
and Sun et al. (2011).

Only a small amount of Phe adsorbed on biochars was extracted by organic
solvents (Tabl®). BC showed the major efficiency to retain the contaminant by
increasing Phe concentration. The extractable Bhged from 17.& 0.3%in
1BC-Phe sample with 5.0 m¢ bf Phe initial concentration to 14450.3%in
5BC-Phe with 15.0 mg of Phe after 1 day of incubation, whereas the
extractable Phe ranged from 23.6.5% to 15.9+ 0.2% in the samples amended
with BP.

The extractable amount of Phe reduced with increasing incubation time. After 7
incubation time, extractable Phe ranged from 6.0.3% to 8.4+ 0.2 in

samples amended with BP and from 2.0.26 to 4.1+ 0.3% in samplesith
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BC, thus confirming the better BC efficiency as compared to BP, due to BC
larger surface area.

As reported in literature these results confirmed that biochar is a good sorbent
for PAHSs. Valili et al. (2013) showed that the pyrolysis of raw malt Sperniets
increased the surface area and the number of pore, which contributed positively
to the sorption of Phe. Zieli &ka and
Phe and pyrene by the seweabadgederived biochar. Furthermore, the process

of Phe andbyrene adsorption on biochar was a physical interaction depending

on surface area and porosity of this material. Pore size and organic contaminant
size were important factors that influenced the adsorption process. The authors
found that the adsorption Bhe was higher than pyrene, because Phe was sorbed

in micro and meseores, while pyrene was sorbed only in maoooes.

Physical interactions are not the only mechanism of the Phe adsorption. In fact,

Li et al. (2014) and Sun et al. (2011) confirmed tih& presence of aromatic

groups could favour hydrophobic interaction with organic pollutants
highlighting thathy dr ophobi'c iammtder acti ons wer e
mechanism of pyrene adsorption. In particular there are three possible
mechanisms of intecéion between biochar and PAH. According to Anyika et

al . (2015) the principal aind i satroAg @ ¢

between the benzene rings of PAH and the biochar rings.

2.3.3 PCP removal from contaminated water

PCP showed different response as it interacted with the two biochars. In fact,
after 1dincubation, the adsorbed PCP ranged from &07% to 94.1+ 0.3%

in samples amended with BP and from 80.8.4% to 94.4+ 0.5% in samples

with BC, thus indicating aot complete adsorption as observed for Prable

4).
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Complete adsorption (100%) of PCP initially added was registered after 3d,
regardless of biochar nature.

The PCP amount extracted from each sample was lower than that of Phe
retrieved from analogousamples: only 8.& 0.1% of PCP was extracted from
1BP-PCP versus 236 0.5% extracted from 1B#Phe after 4d incubation time.

In addition, no extraction was obtainiedm 1BGPCP after 4d incubation time.

The extraction percentage continuously decreased in all samples treated with
BC. After 3d incubation no PCP desorption was achieved in samples with 5.0
nmg mi! whereas the extractable PCP changed from:@4% to 11.6+ 0.1%

and from 3.5t 0.1% to 5.7+ 0.1% in BP and BC samples, respectively, by
increasing iftial PCP concentration (Tablg.4After 7-d incubation, extractable

PCP showed only little changes ranging from 2.0.1% to 3.0+ 0.1% in
samples amendedith BP and no extraction was possible from BC amended
samples, thus confirming the best capability of BC to adsorb the contaminant.
PCP showed different characteristics and solubility as compared to Phe. In fact,
PCP is an acid (pKa 4.75) and its adsanpin soil or other matrix depends on

pH. Larger PCP adsorption is usually observed as pH lowers (Lafrance et al.,
1994; Lee et al., 1990; Peng et al., 2016). Adsorption at low pH values is due to
the hydrophobic interactions following PCP protonation.piAsincreases also
PCP solubility enhances, thereby leading to a decrease of adsorption on biochar
surface. The pH of PCP solution used for this experiment was 5.5 + 0.1, thus
indicating a possible complete and irreversible adsorption of PCP into biochar
pores. In addition, hydrophobic and " interactionsare valuable mechanisms

for PCP adsorption on biochar produced at pyrolysipésature > 500 °C (Peng

et al.2016).
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