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ABSTRACT

INTERFACIAL CHEMICAL BEHAVIORS AND SYNERGISTIC EFFECTS
OF POTASSIUM HYDROXIDE AND UREA -MODIFIED SEWAGE
SLUDGE BIOCHAR ON PHORATE REMOVAL FROM WATER

BakBege¢m
Master of SciengeEnvironmental Engineering
SupervisorProf. Dr.} k¢ Yet i K
Co-SupervisorDr. Balal Yousaf

September 202213 pages

Phorate is one of the widely used organophosphorus pesticides (O&mM%)
detrimental impact®n living creaturs andthe environment As such, biochais a
low-cost and environmetitiendly material that can be used as a catalyst to develop
the strateg tools that reduce and overcome the challenges caused by their rising
concentrationHerein phorate removastrengthof potassium hydroxide and urea
modified sewagesludgederivedbiocharswere describetbr the most goabriented
techniqueThe advanced characterization techniques form an essential basis for the
knowledge of surface functionalities and physicochemical properties of produced
biochas. The results of multiple characizastion techniques wealed that the
generated biocharBave ahigh specific surface area, porous surfaegually
distributed elemental composition, miscellaneous mineral content, diversified
surface functional groupand a high-level of thermochemical ability, which
encouage the removal mechanism gdhorate. The batchremoval experiments
affirmed that biochars pyrolyzed under 780C treated under hydrothermal
conditions andnodified with the combination of potassium hydroxide (KOH) and
urea chemicals mwed the best phorate removalfficiencies. These selective
samples were furtheshosenfor the 2" batchremovalexperimentswith changing



temperature, biochar dose and pidriables As a result of ¥ stage batch
experiments, three seted biochars shws enhanced Phorate removal efficiencies
at lower batch temperatures % higher biochar dose® (and15 g/L) and pH
within 6 T 7. Moreover, three biochar samples were reused four times and they
showed higher than 85% removal at tHe éxperiment.GC-MS analysis was
performed tocomprehend the intermediadegradation products.e., 2, 4Di-tert-
butylpheno] [1,1-Biphenyl}2,3-diol, 3,4'5,6'tetrakis(1,idimethylethyl) of
phorate.

Keywords: Biochar, Physicochemical Modifications Phorate Removal,

Characterization Techniques
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CHAPTER 1

INTRODUCTION

1.1 General

The use opesticides has always remained controversial. While the benefits it adds
to agricultural activitiegreindisputable fad the risk it carries for the environment

and living beings has brought it to this level. They act as a medicine for plants
order b protect from diseases, pests or weeds. Pesticidabigitdy preferred group

of chemicals in order to enhance agricultural activities by saving from unwanted
conditions on crops and vegetablgauropean Commission, 2020t has been
determined thabnethird of the worldwide agricultural production is carried out
using pesticideswithout the application gbesticidesagriculural yielddecreased
significantly, i.e. fruits, vegetables and ceregioductionfell 78%, 54% and 32%,
respectively(W. Zhang, 2018) Annual pesticide use of the world was recorded
nearly 2 million tons, where the primargle belongs to China, followed by the
U.S.A. and Argentina in the second and third place. By 2020, the global record has
beenadded up to 3.5 million tons. The trend continues to rise with a constant increase
(Sharma et al., 2019)n Turkey, total pesticide usage was recorded as 60 thousand
tons in 2018 with 340 different active compasn This number showed 7 times
increase compared to the use in 1979, even thoUgtiegrease in the agricultural
sites between@.4 and 2018MAF, 2019)

The termiibiocide® is general andts subcategories are as follows: insecticides,
herbicides, fungicides, rodenticides, fumigants, algaecides, miticides, @esyici
nematicides, molluscicides, growth regulators, repellents p@sticide Among
these, psticidescan also be categorizedncerningtheir active compounds such as
carbamates, organophosphates, organochlorine, acetanilides, pyre(hvbids

2008) They are named under the persistent organic pollutants (P@sh can



stay for long periods of time in the environment, accumulate on sediments or fatty
tissues of living beings, be depositat far distances, or show toxic effects to the
nonttargeted bodies, including environment, humans and fibédakootian et al.,
2020) Dichlorodiphenyltrichloroethane (DDT), toxaphene, chlordane, aldrin,
dieldrin, endrin, mirex, heptachlor and hexachlorobenzene ar@@P pesticides
having high priorityin the Stockholm Convention list. They were banned concerning
their harm and toxicity andequired to take measures to eliminate or reduce the
release of POPs in the environm@atiropean Parliament, 2019)

Water is one of the heavipesticidecontaminated matrixesn the yearof 2000, he
European Commission published théwWater Framework Directive (WED
2000/60/EQ and listedpriority substances in Annex.XThe WFD requires the
elimination of wllution of surface water by the priority substanogkich have a
considerableisk for aqgueous mediums due to wide range utiliza{iearopean
Commission, 2000)There is a close relatiship betweenthe adverse impact of
pesticides on hydrological systemsdehuman health, aquatic life and food chains.

The most widespread type of pesticides is the organophosphorus pesticides (OPPSs)
which are reeased from agrandustrial practices. Sales of OPPs account for 34% of
the global salefKhedr et al., 2019)These chemicals are structured as humade

esters of phosphoric acidhey are readily degrable, insoluble in water, and
hydrophobic by nature, allowirthem to dissolve easily in organic solvents and fats
(Tankiewicz et al., 2010Environmental ifluences and microorganisms are capable

of quick decomposition of OPPs. Thus, they become rated undepemsisten
pesticides. Yet, continuous exposure to those chemicals results in accumulation in
humans even under reduced grades. Certain types asia@and damaged muscles
have been shown as consequences of continuous expgdaynteam et al., 2009)
Extensive usage and unconscious dumping of these pesticides also harm the
environment and causenglasting remains, contamination in the aqueous, gaseous
and solid mediums. OPPs enter i@ food chain via theconsumption of food

products or these contaminated mediu(Xs Lin et al., 2021) Chlorpyrifos,



malahion, parathion, diazinon, glyphosate, dichlorvos and phorate are the

commonly applied OPPs.

Phorate ©, O-Diethyl S-[(ethylsulfanyl)methyl] phosphorodithioate) is an
organophosphate insecticittatwas registered by tHgS Environmental Protection
Agency(EPA). It is applied onto potatoes, corn, peanuts, cotton, sugarcane, wheat,
soybeans, beans, sugar beets, ldied no record for the residential applicatibhe

US EPA published that approximately 1.5 thousand tonghofate production is
achieved anually and it accounts for 10 billion?per year 2.5 million acres. It is
found as risky for nottargeted organisms such as birds, mammals, aquatic species
and endangered species. Phorate elimsnaden rootworm, white grubs, seedcorn
beetles, leafthopperblack cutworms, nematodes, wirewornsl grasshoppers. It is

mainly implemented aa granular form.

EPA has been determined thgltoratec an warn the humands n.
resulting in nausea, dizziness, confusion. Moreover, respiratory stroke ality fat

cases have been observed at vagh lexposure levels (e.g., accidents or major
spills). Although residues on food al one
the maximum detected concentrationplodrateand itsintermediategsulfoxide and

sulfone) in the groundwater show a littei gher grades than the
Water Level of Comparison (DWLOC) for chronic drinking water expo$bRA,

2001)

Advanced oxidation processes (AOPs) are recently one of thamditsy methods

for pesticide removal frm aqueous media. Various technologies are used within

AOPs, showing high performance in water and wastewater remediation. For the
organicbs removal, the processes are bas:
HA JAQAQ OHA) whi onbralizeé¢hg targetee pokutant oy ioxidizing

into CQ;, H.0 and inorganics. Besideadical based degradatiosome otheother

AOPs (i.e., electrochemical, U\H.0, photolysis, Fentotfike, plasma, gamma

irradiation, sulfatebased catalyst, sonolysis andoaation technology)are also

referred methods for the OPPs remdilakootian et al., 2020Recently, biochar



application in the AOPs gained attention in connection with its tendency to be
modified and ability to take part iboth adsorption and catalytic degradatio
Biochar has a versatile structure and stable carbonaceous compudite@imenable

easily adjustable physicochemical properties. Its benefits are exploited for the
removal of emerging contaminants (ECs) from watel wastewater. It is commonly
produce by the pyrolysis methgdvhich promotes greater conductivity, larger
surface area, various active functionalities and better porous structure in the catalytic
mechanisms. Some factors, such as pyrolysis temperétece material, pyrolysis
atmosphere, eaction pressure, residence time andpwst treatments, have an
impact on the formation of biochar and its efficiency on the targeted pollutant.
Biochar can be generated from various biomass such as sewage sladgee,

algae, wood, peanut sheadkc.(Nidheesh et al., 2021horate as one of the widely

used OPPs, were degraded with the use of multiple advanced oxidation techniques.
TiO2/UV photocatalysigMalakootian et al., 2020photolytic ozonatiorfKu et al.,

2007) persulfate activatio(P. Zhang et al., 2021)JV/Fentonsystem(Gandhi et

al., 2016)re the foundings of phorate removal by the advanceldtion techniques

in the literature.

Savage sludge management in wastewater treatment plants is a worldwide problem;
thereforethevalorization of this excessive and nourishing source becomes a crucial
innovation in pollutant remediation strategies. Sgsvasludgederived biochar
showed superiophysicochemical properties, rich in nutrients and active functional
groups, ability to attract both organic and inorganic compounds, proven performance
towards ECs (e.g, heavy metals, pesticides, polycyclic aromatompounds,
polychlorinated biphenyl$PCBs), pharmaceutical producttc.). Sewage sludge
biomass is rich in content with cellulose, lignin, minerals, and N, P, S, O elements
(Singh et al., 2020)articularly, nitrogen load strengthens the organic cantamh
penetration ability ontdhe facid part of biochar. Nitrogen can be either found
originally in the feed material or doped externally. Urea and melamine are the most
commonly preferred externalitrogenrich component§Zhonghao Wan et al.,
2020a)



In the literature, although there are many studies focused on OPPs removal by the
application of biocha(Baharum et al., 2020; Isakovski et al., 2020; Khalid et al.,
2020; Varjani et al., 2019; Zhen et al., 201&fle attention wagxplicitly givento
phoratepesticide removal with photocatalytic degradatia J. Wu et al., 2010)
adsorption(J. P. Chen teal., 2004) bioremediation(Jariyal et al., 2018pand
coagulationVenkatachalapathy et al., 2028)oreover, no study is available on the
subjec¢ of phorateremoval from aqueous media by using modified bioahaterials

Thus, the present study designates to fill this gap in the literature by presenting
specific modification techniggeon biochar toremove thephoratepesticide from

water effectily.

1.2  Aim and Scope of the Study

The aim ofthe present study is to investigate the efficiencyofassium hydroxide

and ureamodified sewageludgederivedbiocharon the removal ofphorateas an
organophosphorus pesticifim water Two objectives weraletermined in this
study;thefirst objective is using potassium hydroxide (KOH) and urea on production
characteristics of produced biochar @xa@mining thenterfacial chemical behavior
towards the organic contaminant. In line with this objective, maltgnlvanced
analytical techniques (i.e., Elemental Analysis, BET analysis, SEM analysis, XPS,
XRD spectroscopy, FTIR spectroscopy, TGA, EPR spectroscopg)uwsed in order

to provide an essential basis for the knowledge of surface functionalities and
physcochemical properties of produced biochaffie second objective is to
determine the effect of reaction parameters on enhanced phorate removal from water
usng produced sewage sludge biochased catalystdn line with this objective,

two stage®f batd experiments have been carried out throughout the experimental
framework. 1%t stage batch removal experiments were based on the standard
conditions(i.e., 1g/L biochar dose in 1 ppm phorate solution undeA2Bwith the

use of the raw sewage sludge (R&®) and 34 biochar@" stage batch removal
experiments were continued with the selective biochars having 100% phorate



removal efficiencies in theSistage batch experiments. In thé“Xtage, phorate

removal performancesere conducted by various tematures (25, 30, 35 and 40

AC), pH (3, 5, 7, 9 and 11) .laaddtobto ochar dos
these two stagereusability experiments weiconducted in order to test the stability

of the material. Moreover, real wastewater has beereadiin the batch experiment

to compare the phorate removal efficiency of biochars with the deionized Wager.

concentration measurements of batch experimeavere analyzed in the High

Performance Liquid Chromatography (HPLC) with the specific methopHorate

pesticide Gas Chromatographylass Spectroscopy was performed in order to detect

the phorate biochdrased degradation intermediates.



CHAPTER 2

LITERATURE REVIEW

2.1  Overview of emerging organic contaminants

2.1.1 Main types of emerging organic contaminantsand their usage

Emerging organic contaminants (EOCs) are compositimaisare out of the scope

of current regulations. The phrase fiemer ¢
the environment. The center of attraction has recently evolved towards EOCs,
leaving conventional priority pollutants behin@®hangar & Kumar, 2020)In
aguatic/terrestrial environments, EOCs have mainly anthropogenic soagith
release from pharmaceutisaplasticizerspersonal care produdi@CPs), endocrine
disruptors pesticides, surfactants, flame retardaats] industrial additives. These
synthetic constituents are produced in a vast amount in order to raise preserved food
fabrication, sustain thefficient industrial progression, achieve human and animal
wellness( Gar c¢c 2 a e The agénda, of EDCi9Upedtand expanded over

the years. For example, nanocomponeaméa notable category for the expanding
EOClistt Cebri 8n, 2010)

2.1.2 Sources and fate of EOCs in thenvironment

EOCs have been known for their adverse environmentaitefand their long period

of residence times. Besides the long residence time, they are also investigated
considering their human toxicity, bioaccumulation in humans and the environment,
ecotoxicity andlong-distance transportatiq@arc 2 a e t . Tdé concent?afion 0 )
levels of EOCs in aquatic and terrestrial environments continue to increase

exponentially. Their detrimental impacts on the environment have inspired



researchers to develop sophisticated tools that reduce and oveheootallenges
cawsed by the rising concentration of EOCs. The interest was shaped around the
sources of EOCs in the terrene and marine environment, their fate and likely toxicity
on humans and ecolog@hangar & Kumar, 2020)These compounds' accessthe
environmental media compose of sewage sludge or wastewater discharges from
treatment plants, quiescent vessels, wastes from medical fields, farming enterprises
such as mame use, undergrouh domestic and industrial refuse deposition
(Lapworth et al., 2012)

EOCs present in aquatic medias been well-contextualzed such as surface waters

and wastewaters. Thwastewaters cause the principal portion of EQ&hd so
surface waters carry the biggest amount of those constituents. When the variety of
EOCs present in the aquatic media is compared, dwater has narraver range

upon surface and wastewaters. In the groundwatér; 10* ng/L of ECs were
detected containing substantial amount of endocrine disrupters such as pesticides,
pharmaceuticals, caffeine, nicotine, cosmetics, industrial suppksmand by
produds, food supplements, disinfection-pyoducts, flame retardants, surfactants,
hormones and sterols which are all in the EOCgllepworth et al., 2012)

Soil is another major sink of chemicals after they are fully utilized. Those chemical
constituenthawe higher persistence usually become eventually in the soil or sewage
sludge or sediment after the passafjthe water treément plant. The EOCs found

in thesoil environment can be exemplified as BTEX compounds, fuel oil, Polycyclic
Aromatic Hydrocarbons (PAHS), nit@romatic compounds and Polychlorinated
Biphenyls (PCBs). Organic pollution in soil mediaeatuallydiminishes biological

variety and damaged orderliness belong to soil fduiwent et al., 2013)

In order to debate the fate of EOCs, different environmental sections are examined
such as bulk water, suspended solids, pore water and sediments. Singg #here
interactionbetween environmentaiediaandtheir quality parameters, assessing fate

in aquatic and solid media beconoesnplicated. However, there is a vast amount of



researclstudy on the fate and transport of EOCs in aquatic ecosystems, sediments

and groundwater in the literatug®. Tong et al., 2021)

2.2  Organophosphorus Pesticides as EOCs

2.2.1 Physicachemical properties and uses of OPPs

Artificial organophosphorus constituents can be benefitted as pesticides, plasticizers
or airfuel additives. Pesticides generally occur from artificial sources thed
grouping of organic constituents can beassified in four categories: (a)
organochlorines, (b) organophosphates, (c) carbamates and pyrethrins, and (d)
pyrethroids. OPPs are ngolar, fatsoluble and have relatively low vapor
pressure. By the consideration of the leaving groups, they carobpegr inthree
divisions: (a) aliphatic, (b) phenyl, and (c) heterocy(G@o & Zhu, 200Q)Since

OPPs havealower accumulation and retention rate in the environment compared to
organochlorine pesticides (OCPs), 38% of overall global pesticides application is
composed of OPPs for domestic and industrial pest management. However, OPPs
are not being utiied purpsive since they barely diminish the intended pests
(~0.1%). Thereforethe released portion of applied pesticides creates an enormous
range of environmental and health problems. For example, it was approved OPPs
create acute poisonirig humanswhich resllts in at least three million instances

and almost 200,000 deaths recorded each(§fealak et al., 2021)

OPPs are originatefilom phosphoric, phosphonic, phosphimic phogphoramidic

acids. The chemical composition contains aryl and/or alkyl classes as active parts
linked to the phosphorus atom which is in the center. The active sites are bonded by
both directly or oxygen or sulfur atom. Aryl group is generally lthke thecentral
phosphorus atom, while the alkyl group is associated with oxygen or sulfur atom.
These active sites can be separated via hydrolysis from the centra|Satde et

al.,2021) Most of these pesticides are found in liquid form in nature. However, the



solid granule addition is also performed in agricultural activifiesushal et al.,
2021)

2.2.2 Phorate pesticide

In this studyphorate pesticide was selected as one of the widely used OPPs on crops

such as corn, sugar, beets, cotton, brassicas and ¢@Heg et al., 2003)In the

U.S.A.,phorate pesticideisundérr e st r i ct ed u atiendwithrerespeet use cl as
to its acute dermal and oral toxicity. Phorate can damage theusesystem

resulting in nausea, dizziness, confusion, and high exposures (e.g., accidents or

major spills) can lead the respiratory paralysis and death. Acute and dfiedary

risks from phorate leftovers on crops aréower thanthe US EPAGS concern.
However,phorateand its metabolites (sulfoxide and sulfone) found in groundwater

and surface waters are higher to a degree than the concern level of US EPA. In

addition toanthropogenic toxicit environments are also affected by the use of these
chemicalsPhorate use was found as risky to birds, fish, and mammals at high levels.

For example, the utilization ithe fall period creates a distinct degree of risk since

the degadation and downwaranotion are slow during the winter. Hereby,

concentrations gbhorateand its metabolites reaehvery toxic level in aquatic and

soil media in the springn aqueous sites, marine livings are affected acutely and

chronically due to laching from land toivers, streams and coastal areas. Mammals

and honey bees are also affected by farming actiil&s EPA, 2006) Detailed

properties ophoratepesticide argiven inTable2.1.

Table2.1 Physicochemical properties phoratepesticide(US EPA, 2006)

Property Explanation

Common name Phorate

Chemical name O, Odiethyl S (ethylthio)methyl
phosphorodithioate

Chemical family Organophosphate
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Table2.1 (continued)

Molecular formula C/H17OPS

CAS number 29802-2

Molecular weight 260.38

Boiling point At 0.1 kPa: 118120A C
Melting point -43.7A C

Vapor pressure

At25AC: 0.09 Pa

Solubility in water

Slightly soluble (at2A C: 5

mg /

Log Poctanoliwater

3.92

Appearance

Clear, pale yellow mobile liquid

pH range(stabilized)

5<pH<7 (2 years)

pH range (hydrolyzed)

pH<2 or pH>9

Inhalation LGo- Rat

0.06 mg/L (F)
0.011 mg/L

Oral LDsg - Rat

3.7 mg/kg (M)
1.4 mg/kg (F)

Dermal LD - Rat

9.3 mg/kg (M)
3.9 mg/kg (F)

Use

Insecticide, acaricide, nematocide

2.2.3

In general, OPPs are supporter auxiliaries in the agricultural neecbafinuously
growing population. However, the number of ORRBItrageous and they carry their
toxicity to humans antheenvironment. Their toxicity can divgeto a broad extent

with regards to the phosphorus charge and sulfur atom present. Different
compositions of OPPs induce various biochemipdlysiological actions. The

entrance ophorateleftovers is proved via water, soil or air into the human food

Pollution status of phaate in the environment
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chain resulting in fetal abnormalities and deterioration of nerve agéht£hen et

al., 2021; Kaushal et al., 202T}he most prominent toxicological actiongfiorate

is the irreversible restrictioof the acetylcholinesterase (AChE) enzyme progression
which is weltknown as a signal transmission agent in the nerve system. In addition
to the pesticide propertiephoratecan also be utilized as an herbicide. In the
environment, these hazardous comnpas @& encountered in groundwater channels
by leaking into undergrounds, rivers from the outflow of agricultural sites, air by the
emission of crop sprays. This situation shows how mobile these pesticides and
what extent humans and the environmeneapmo®d in all peripheral compartments
(Kaushal et al., 2021)

2.3  Remediation processes of OPRshorate removal

Promisng approachg havebeen evolved in order to ameliorate the organic pollution
in environmental compartments. Efficient and fast methods are in concern on the
subject of organophosphorus pesticides remg@vaissides et al., 2004)in this

regard, abiotic and biotic degradation mechanisms are studied for OPPs.

The basic strategfor the removal of OPPs is based theconversion into non
hazardous forms. It can be performed chemically or mechanically as an abiotic
driving force. The logic behind the abiotic degradation is the disruptiotmeof
chemical formation of pesticide by the use of abiotic factensch an betypically

found in the environment or an adsorbing material draw out the pesticide on itself
(Janos et al., 2014Many chemicals are available anldecled, such as oxidizing
agents (i.e. ferrate (V1) anthanganese dioxide). Also, catalytic hydrolysis can be
performed with the use of metals such as silver. Further, Gama radiation can directly
strike the OPP¢Kaushal et al., 2021)Activated carbon application stands as a
straightforward and efficiergbiotictechnique for the removal @PPsfrom water.

In the study oBanerjee & Kumaf2002) the adsorption of acephate by the addition

of optimum 85 g/lgranular activated carbon (GA&)initial pestiede concentration

of 2.9 mg/L and almost 100% removal of acephate was achi@&redher OPP

12



removalexperimentvasconductedy W. Ling et al.(2011)on omethoate pesticide

by 20 mg/L Fe(lll}loaded activated carbon catalystd pristine iron loaded AC

could only remove pesticide by 10%. However, chlorination significantly enhanced
the removal efficiency by promoting ti#e@ radical generation up to 82.4%.the

study of Beckinghausen et a(2020) sewage sludgderived biochar ammonia
adsorption performance were compared with the performance of activated carbon. It
has been mentioned that sewagelg#derived biochar had shown comparable
theoretical ammonia adsorption capacities with the regular activated carbon, but
experimentally it was at a lower statén the case of phorate removal,
Venkatachalapathy et d2020)investigated different etifiers such as AC, gelatin,
casein, bentonite and chitosar).05% concentratiofor 1, 2 and 4 h periodés a

result of this study, AC and chitosan have been shown the best removal efficiencies
for 200¢ g / plesticideand they were increasing with the residence tiWkile the

AC showed 52% removal from the initial pesticide concentration, chitosan removed
63% of phorate.

Applied pesticides on crops can leak and compile in the farming land. The soil
bacerial communityand their generated enzymes can be a promising way of
degrading the OPR#&braham et al., 2014)n the biotic degradation experiments,
the application of multiple bacterial communitiago multiple GPPs contaminated
sites unveiled that multiple functioning biodegradation processes can result in the
generation of organic acids such as formic acid or aceti¢ &bidh is a valuable
product for other operationfiKaushal et al., 2021)Metalorganic frameworks
(MOFs), which are compositions including metal ions or clusters linked to organic
ligands, caralso bean awiliary since hey form crystalline noorous compounds

for adsorption Microbial performance in soils has been approvedhasmost
efficient and important reasdar OPPs degradatiofiKaushal et al., 2021; Pailan et
al., 2015) Microbial decontamination becomes as an emerging biotic degradation
experiment on OPPs regarding to its efficiency, safety, cost and ecological approach.
Bioremediation is a prominent biotechnological technique for the decontamination

of polluted environmeis and biostimulation, biosparging, bioaugmentation are the

13



examples applied in the bioremediation studids. an example, ejradation
capability of probiotic microorganismswhich are categorized under safe
microorganismshas been declareas well linkedwith the pesticidesVariety in
responsiveness to stimuli differentOPPs against probiotic microorganisms can be
arisen fromvarious physicochemical properties such as structure, insolubility in
water, volatilityof and environmental properties suchmasisture, temperature, pH,
light and type of mediun(Sarlak et al., 2021)n the case of phorate pesticide,
plantarum strains (Changkun Li et al., 2018)5. thermophilusand L. helveticus
(Zhao et al., 20123howed an observable degradation as probiotic microorganisms.
Phogphodithioate sulfoxide andphosphodithioate sulfone are the resulted
biodegradatio products of phorate. However, they can diverge both withdahee

of microflora as well asenvironmental conditions and end up with various

degradation product{sienderson et gl2004; Szeto et al., 1990)

2.4  Biochar as an emerging catalyst to remove OPRshorate

Recently, biewastes generated from residential, gardening or agricultural activities
havebecomethe most prominent waste production capacity worldwide. In 2017, it
was stated that the European Union (EUdguced 144 kilotons of elbased bie
waste with various contributors. More than 60% of produced-waste was
incinerated and approximately 10#@asused in the bigas generation. Bidiesel

was another output of this valorization methodology by 12% ritaning to 76%
bio-diesel, 17% bieethanol, 7% ther bicgas types. The rest of the biological waste

(<10%)wassent to landfilling or composting sitéSlach et al., 2019)

Wastes from agricultural activities are mostly composted or incinerategpen
fields, which release greenhouse gases to the atmospher€Q.e CHs, and NO)
and gases hazardous for the atmosphereHKiz8, SQ, and NH). Moreover, these
techniques lessen the waste qualityhich can be used for further applications.
Biochar materialis one of these biwaste valorization applications which is

generated by various thermochemical operations resulting in a large amount of
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production, applicability in a broad range and obtainment from a wide variety of
feedstockDunnigan et al., 2018; Xiao Yang et,&018) Biochar applications can
vary from wastewater and soil remediation to agricultural fertilizer by keeping
nutrients orhold or supporacircular economy. It is also a beneficial contributor for
the climate change mitigation activities by carequestration and carbon emission
decreaséY. Zhou et al., 2021)

2.4.1 Biochar production mechanisms

Thermochemical techniques are commonly applied in biochar production. They
consist of pyrolysis, hydrothermal carbonization, gasificatiath @rrefaction(Y.

Lin et al., 2016) The type of feedstock and thermochemical operational parameters
can be adjusted for desired quality and yield of application. These operational factors
can ke exemplified astemperature, heating rate, and residence,tatwng with
reaction pressure, gas atmosphere and fite(Yaashikaa et al., 2020Among

them, the tempeature is the most influential operating parametiéecting the
pyrolysis yield. In common sens#ie amount of geerated biochar reduces and
syngas formation enhances by the rise in pyrolysis tempe(&igiect al., 2019)

Pyrolyss is performed under oxygdree ambient at a broad range of temperature
values (200000A C) . At t h esis eparationpvilualpleyyraducis are
obtained as biochar, bl and syngas. Syngas is comprised ofzCCO, and H.
Pyrolysis is carrietut in the reactors such aplit-type tube furnace, fixeded
reactors, fluidizeebed reactors, augscrew readairs, and indireefired rotatory

kilns. There are fast and slow pyrolysis characterization with respect to pyrolysis
temperature, heating mtresidence time and pressure. While the fast pyrolysis is
performed undeahigh heating rate (>108 C/ mi mrésidende tinve (0-8 s), and

high temperature (48600 A G jesulting in high quality and yield of bioil; slow
pyrolysis is carried out uter low heatingrate (6AC/ mi n) , hi gh reside
h) and low temperature (28@M0A C) g e n e r adchamnyipld(6aashikagdt b i
al.,2020)
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Hydrothermal carbonization isa comparatively cheap operation since the

temperature needor e a ¢ h t oA Q.8 €eTeRah, ®018Differently from

biochar, the output is naméxydrothermally treated biochalue to its production

conditions(Fang et al., 2018)The feed material is mixed with water before the

calbonization experiment and the time interval can be longer than pyrolysis by rising

the temperature slowly in order to keep th&b8gity. Diversified outputs can be

obtained under various temperaturbgdrothermally treated biochg@roduced at

lowerthal?50AC i s known as hydr eotldemeratetsat250c ar boni z a
400AC is call ed hydr ot hemetathigheitempezatuees t i on and
(>400A C) i's noted as hySdfaeoKhtrram etall, 20468 si f i cat i
Condensation, polymerization and dehydration inside the molecule are carried out in

the producon ofhydrothermally treated bioch@yaashikaa et al., 2020)

Gasification is the thermochemical conversion of carbonaceouw/dsites into
gaseous outputuch as syngas. It can be grouped in two stages: (a) drying and (b)
oxidation/combustion. Syngas generation is higidépenént on the gasification
temperature. For example, when the operating temperature rises, CQ ratehble
enhance. However, GHCQ, and hydrocarbonsvere observed to be declined
(Prabakaet al., 2018)

Torrefactiothydrothermal treatmeris a relativelyrecent technique among other
biochar production mechanismdt is performed undera low heating rate

( <50 AC/ mi n )reeaenvitonrertatgnederate temperatures-GIMA C) .
Thereare various torrefaction operations such as steam torrefaction, wet torrefaction
and oxidative torrefaction. It can be statedimsompleted pyrolysis since its
residence time takes approximately 30 min. Different stageincluded in the
torrefaction processuch as preand postheating, drying, torrefaction and cooling
(Yaashikaa et al., 2020)

16



2.4.2 Biochar modifications

Regular biochar materials have outstiag efficient characteristics, but physical and
chemical modification techniques enhance their features adjusted used in
particular applicationgZhuang et al., 2021)The examples for moddation
techniques can be given as alkaline execution, acid execution, sulfur or nitrogen
addition and physicalctivities. Among them, alkalinity and polarity improvement

has been observed with the nitrogen addition; surface area and porosity enlargement
have been seen with the physical modification methods. These enhanced
characteristics lead to be an advanced soihpost, electrochemical compound,
catalyst and adsorbefX. Zhou et al., 2021)

Modification strategies are appligd biochar materials in order to upgrade the
performance in certain practices. Physical modification iietss perfomed by
steam,thermal, or plasma increateh e bi ochar és specific
volume while removing volatile organic compounds and eritisg new
functionalities(Sajjadi et al., 2019)Acid application performed both as p&post
qualification by the use of EPQy, HCI in order to contribute oxygdmased
functionalities into biochar. The acid applicatiaiso enhances the surface area and
pore structure while removing the impurities and forming carboxylic f¢8zsnur

et al., 2017)Alkaline modifications performed both as pré& postqualification by

the use of KOHNaOH in order to contribute oxygdrased functionalities into
biochar. The alkaline application produces hydtdayms to biochar surface while
lessening the polarity due to positively charged compositiioe Yang et al.,
2019) On the other side, nitrogenatiescalates the alkalinity and polarity while
adding nitrogerbased functionalities onto biochar. Various types of nitrogen
sources can be utikz, such as ammonia, urea, melamine. In the nitrogenation
experiments, it was observed that ammonia modificaisls amine groups, urea
modification adds pyridinic groups and melamine adds graphitic g(@inasghao
Wan et al., 2020aSulfurationwasperformed both as pré& postqualification by

the use of &S, fuming BSQy in order to contribute sulfelbased functionalities into
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biochar(Sajjadi et al., 2019)Compositing is asther common method in chemical
modifications which is performed both as pr& postqualification by the use of
metal salts, F&/F&*, funcional materials in order to produce biochar composites.
This technique adds metal oxides, magnetic iron oxid&¥] by supporting its

magnetic propertie@V. H. Huang et al., 2021)

2.4.3 Biochar characteristics

Various operating conditions create anteddtion in the physicochemical
characteristics of biochdly. Zhou et al., 2021)In this sectionthe physical and
chemical characteristics of biochar are explained and the effects of feethuater

operational conditions on theseygltochemical properties are discussed.

Physical characteristics have stiisions as density and porosity, specific surface
area, pore size and volume distribution, mechanical stability. Density and porosity
are hghly linked with the feedstock materiapplied premodification method and
operational conditions. Thus, if the desire is to have a greater density and porosity in
the biochar,the type of feed material, operational conditions and [&epost
modification techniques must be adjusted accordiinthat. For example, chemical
activation is highly preferred due to its promising results asBChtreatment
created comparatively improved micro porosity than the conventional biddier.
adsorptionefficiency d biochar mostly counts on the active ¢tional groups on the
surface and porositX. J. Lee et al., 2017; Y. Zhou et al., 202Ahother important
physical characteristic of biochar is theface area and biochar material is rich
specific surface area. Determination is commonly done by the analysis of Biunauer
Emmeti Teller (BET). In common sense, the specific surface area develops with the
increasing carbonization temperature #rehpgdication of CQ further enhances the
surface area formation. Biochar with a high specific surface area and pore volume
applied in soil improveits water holding capacity and nutrient penetrafehareef

& Zhao, 2017) The leading characteristif holding water and gases is the biochar

pore size and pore volume distribution, even if theyriarein specific surface area.
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Pore sizes differ in three options: micropores (0.6000105 Om) ;sizehoder a't
pores (0.00D . 05 Om) and +HGE r ©Fhpsom of gore Yolumes 5

in biocharrises with the increasing carbonization temperature. Treated biochars have

a quite high amount of micropores (>80%) compared to conventional biochar
(<10%) (Weber & Quicker,2018) Density is the base for mecheal stability.

Dominant lignin composition and dense feed materials are the factors of forming a
stabilized biochar. The decline in the hydrophilic oxygentaining functional

groups, oxygeftarbon (O/C) and hydgencarbon (H/C) ratios in biochar are

highly influential for the stability as the heating temperature incre@§ebver &

Quicker, 2018; Y. Zhou et al., 2021)

Chemical characteristics have diivisions as elemental composition, pH and
electrical conductivity (EC), cation exchange capacity (CER)e demental
composition of biochar is comprised of volatile (iaiphaic) and norvolatile (i.e,
aromatic) pas. The @rbonatom in the biochar is highvhile the oxygen atom is

low. Amount of carbon atom increments and @eklines through the carbonization
operation. The most prominent alteration in the elemental cotigrosippears
between 20@100A C . C and dxymen capacity at great temperatures rise up to
>95% and <5%, respectively. While the hydrogen capacity is betw&eés 8uring

the carbonization (>708 G i} decreases even lower than 2% Zhou et al., 2021)
Mostly pH of biologcal feed materials is betweerr5Carbonization operation can
diminish the acidic surfaeactive classes (i.ecarbonyl, hydroxyl, carboxyl) due to
their wealer linkages and result in an alkaline pH. Temperature becomes a prominent
factor in the pH adjument(S. Li et al, 2018) The alkalinity of pH grows inta

very beneficial factor in the acidic soil becaudehe heavy use of nitrogebhased
fertilizers in agriculture. In this case, the biochar application stabilizes and buffers
the soil pH, while decreasing G@d NO release from acidified soils. Electrical
conductivity (EC) escalates by the rise in hegttemperature since the volatile
contents in the biochar are destroyed, cation exchange capacity (CEC) boosts by the
replaceable ions and rise in nutrient @mtD. Wu et al., 2018)The surface of

biochar is mostly negatively chargashich has a high tendency through cations.
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Biochar is richm minerals such as K, Ca, Na, and Mg and this eases up theACEC.
low level of CEC lead$o acidc soil pH (Teutscherova et al., 2017; Y. Zhou et al.,
2021)

2.4.4 Role of biochar surfface functionalities in remediation
Biochar has fundamental surface functionalities, suchas@at y | (1 COOH) , phenc
(1T OH) , pyridine and amine. Feedstock type a

parameters in the formation and alteration of surfacetifumalities. The change in

surfaceactive groups are not predictable because the surface fuldizs can

decrease while pH, specific surface area and porosity incremerdgufifheeactive

forms are characterized by various advanyges ofequipmentsuch as Fourier

Transformed Infrared Spectroscopy (FTIR);ray Photoelectron Spectroscopy

(XPS), and Neaiedge Xray Absorption Fine Structure Spectroscopy (NEXAFS)

(Yaashikaa et al., 2020pelected feed material, applied & postmodification

techniques, carried out operationarbonization conditions acquire diversified

surfaceactive forms which have a highimpactonlm har 6 s adsor ption perf
The categorization of biochar surface functional groups with respéuotitonajor

central atom can be done in three ways: exygitrogen, and sulfusbased forms.

Among them, oxygetvased forms are the most prevailingups of biochar surface

functionalities. The oxidative modification is stated as a remarkable adsorption

ability developing techniqguéXueyang Zhang et al., 2019Dn the other hand,

nitrogenbased functionalities are a great cause for the increaseface polarity.

This creates a Wlebehaved link in the cooperation of contaminants and polar

biochar. Besides, sulftlbased functionalities affect the
porosity which are linked with the adsorption efficiency. The composipiolayity

and hydrophilicity/hydropbbicity of biochar materials are significant factors in the

remediation processes. Structural and chemical composition of surface functional

groups reveal that present positive and negative surface charges are usigthas a
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to predict theelectrondonaing and accepting capacity of biochar. Further, the

guantity of charges strengthens the electrostatic syndpiés Tan et al., 2021)

2.5 Biochar-mediated nitrogen functionalities

251 Types of nitrogen functional groups in biochar

Nitrogen is found as linked taxygen or carbon atoms in biochar. Since carbon and
nitrogen are placed juxtaposed to leather in the periodic table, they demonstrate
complementary characteristics and can collaborate without difficulty. Nitrogen
addition to the carbonic structusgll providesan abundant carbocomplex but also
distinct nitrogen active par{Saha & Kienbaum, 2019)s a result of the single and
multiple bonding confjurations between C and N atomsahd 6numbered rings

are created as heterochains. &g and inorganiaitrogerrcontaining components

are two kinds of nitrogen classes in biochar. Inorganic nitrogen compositions are
made up of ammonium (N#EN), nitrite (NO-N), and nitrate (N@N) (Leng et al.,
2019) The dorementionedforms can be promoted by organipesies in the
environment or they can be often transformed into several heterochaiasicixg
functional groups, generated from protein structure or from the relation of biomass
or external nitrogemich compounds, are already ithe shape of multiple
heterocyclic rings. They undergo various interactions such as straight cycling and
duplicaton reagents or removal of water, hydrogen or amine grugsg et al.,
2019) Subsequent to the pyrolysigocess, quaternary, pyridinic oxide, pyrrolic and
pyridinic types of nitrogen primarily remain due to their higher persistency among
other organic nitrogen active rfas (W. Chen et al., 2017; Leng et al., 2019a)
Nitrogenous components addition into biochar can be classified under two main
methods; intrinsic nitrogen source from the feedstock and extrinsic nitrogen source
due to the contributors and ammonia @&aging activitieZhonghao Wan et al.,
2020a)
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2.5.2 Formation mechanism of nitrogen functional groups in biochar

The formation mechanism w@itrogercontainingsurfaceactive groups in biochar
materials can be aahied by intrinsic, extrinsic or edoping methodswhich are
further discussed in this chapter. Since biochar production is based on the
thermochemical conversion of feed materidgés conversion becomes a driving
force to generate thatrogen surfaceaive componentg-ormations of various N
functional goups in biochar during the thermochemical conversion process are

shown inFigure2.1.

@ Carbon

@ Nitrogen
@ Oxygen
© Hydrogen

Nitroso O-nitroso

Imine L]
Graphitic - ] , g Pyridinic

4 ¥ (Primary) (Secondary)
A Amine— A

Figure2.1. Formation of Nfunctional goups in biochar during the thermochemical
conversionproce§sBak er 028)t al ., 2

2.5.2.1 Intrinsic N -doping from biomass feedstock

Type of feedstock and the nitrogen content in this raw material gain importance for
the internal nitrogen doping technique. As such, biomass such as algae (especially

cyanobacteria), microorganisms, and animal tissues assures a high nitrogen load
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level transferred mto biochanZhonghao Wan et al., 20204} can be deduced that

the choice of biomass becomes as a decisive tool for the maintenance of nitrogen
content in biochar and its catalytic activity.nm®ng Nfunctional groups, it is
suggested that the planar pyridiNcand pyrrolieN content courage the catalytic
performancéX. Zhou et al., 2021)

2.5.2.2  Extrinsic N-doping from the contributors

The external Ndopants can be selected from therganic nitrogen origins such as
NHz, NHs" salts NHOz and organic nitrogen origins such as ureaf@iD), aniline
(CeHsNH2), and melamine (§HeNs). The aldition of nitrogen from an external
source requires forming a suitable artificial medi@@nLin et al., 2012; Zhuteal.,
2018) Various molecular structures anceafical textures cause a distinction among
the final biochar conformation when they are coupled with different operating
parameters. Present oxygen functional groups level in the feedstock firmly telates
the amount of nitrogen in biochar since the oxyfyarctionality supports the bond
formation with Ninitiators under thermal conditiorfBuan et al., 208; Zhonghao
Wan et al., 2020a)

Degreasing ammonia is one of thedbping methods by supplying NHor the
reaction with the carbonaceous structures in biochar uhdgrtemperature
conditions. Howewe the introduction of ammonianainly drives partialN-doping
such as the existence of aminated componéfitm et al.(2020 andChen et al.
(2016 describe th@otential Ndoping mechanisms. In, presé@H plays a critical
role in the formation of amino components-KiRl2) under elevatetemperatures.
Imported amino components react witBH for the purpose of producingC=N
functionalityiny 0O Y 0® Y 0 Y 00

Equation 2-2. The reaction of Nkland carbonyl (XC=0O) parts by the
Maillard coopeation producing hydrogen monohydride ofHis illustrated in

6 ®QEAGOIDO6 60O 6 GO0 Equation2-3.
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Y 00 000Y 00 OO0 Equation2-1
Y 00 Y 0®Y 0O Y 00 Equation2-2
60 QEGOIDOE 'O 6 000 Equation2-3

Carboxyl groups on bioeln are advantageodsr creatinga hydrogen bond with
NHs, which supports transformation towatle pyridinic and graphitic type of
nitrogen. Hencethe contributory impact of ammonia degreasing associated with
oxygen functional group consumption is to anbe the microporous nature of
biochar(Zhonghao Wan etla 2020a; W. Yu et al., 2018)

Ammonium salts ara more costefficient source of external nitrogewhich gains
importance in the gas degreasing process and feedstocigaslidterface. In the
study ofZhu et al.(2018, a herb in a marshland as a feedstock and an external
nitrogen supply (ammonium nitrate) are carried through the solvent evaporation in
order to obtain homogenously dispersedsdlirce on biomassThe aquired
compodte is strengthened under a temperature of @ t oa nifragenivaded
carbonbased composite having a notable grapihtiportion (67 at. % of all
nitrogen amounts). NHNO3z (ammonium nitrate) is noted as an executive function
to enhancéehe porous stucture and reducingfdoping medium concurrently emits
NHs, N2, or NeO in the thermal decomposition proceBse ritrogendoping method

with ammonia degreasing activity under various temperature stages during pyrolysis

is presented ifigure2.2.
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Pyrrolic N

Figure2.2. Nitrogendoping method with ammonia degreasing activity under
various temperature stages durpygolysis( Baker et al ., 202]

Nitrogenous organic additives are the most frequently used precursors to dope
biochar with nitrogen bewise otheir ease of operation. Urea standsagervasive
matrix with the presece of both nitrogen and carbon elements among the
nitrogenous organic additives. The homogeneity of resultatidpéd biochar can

also beachieved by the penetration of dissolved urea into raw feed&bokgha

Wan et al., 2020a)0h et al.(2018 investigatedthe interaction of lignocellulosic

wastel coffee sediments with urdar the purpose of forming Mloped biochar
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throughout the mixing a fhdmgssatioofffegdstock ( 1000 AC)
to urea was recorded as 1f3ing et al.(2020 selected 2 g of rice hay and 0.75 g

dissolved urea in 80 mL water to be catratin 100lC pyr ol ysis. The mas
of feedstock to urea was noted as 2:0.75. However, the reaction tempeeatures

a critical and sensitive parameter when the matter is organic ingredients because

organic nitrogenous compounds such as ureajnanor melamine can be

transformed into various intermediate molecules under specific temperatures

(Zhonghao Wan et al., 2020#)is stated that urea can break down into intermediate

molecules througlpoly-condensation steps such as cyanuric acid and melamine.

Carbon nitride is one of the potential formations at the ingtiale of pyrolysis at

300AC with different aminated cibMaNdnents on |
H, Ci N. These aminated cgranents are broken and fused into carbonized biomass

lattice creating further Nbased compositions at elevated temperatuyesea400A C

such as pyrolytic, pyridinic, and graphitic types of nitrogen. When the provided heat

is brought higher than 708 C , me pastion of graphitic type of nitrogen is able to

survive (Oh et al., 2018)On the other hand, melamine follows different steps

forming different intermediate molecul€¥. Wang et al., 2019)Indeed, organic

additives demand various temperatures to break down, nitrogen sources perform in

a characteristic rae. For example, pyridinic and pyrrolic types of nitrogen prevail

when the heat is lower (<708 C) and graphitic ni trogen
temperatures more than 880CThe Source of nitrogen is one of the factors that

govern the total nitrogen level in tmesultant biochar. Besides, the retention time

slightly impacts on the Nond configuration and this feature differs from NH

degreasing activity or NH salts energizingThe operational parameters would

facilitate the organic supplements to fuse nitrofenctionality into the carbon

complex with polycondensation and gmolymerization process€®h et al., 2018;

Zhonghao Wanteal., 2020a)
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2.5.2.3 Co-doping methods

Duan et al2015 suggested that doping a heteroatom such as B,0B] inside of
the carbonaceous material is a barren technique for chds®ed catalysi@uan et
al., 2015) However, researchers pagrpcular attention to the edoping methods
with a heteroatom to adjust the physicochemical characteristics of niteogehed

biocha due to its enhanced reactiveness to influence bond compositions positively.

Alternating electrochemical propertiesdifferent heteroatoms (i.e., atomic radius,
orbitals, electronegativity, electron density) can govern the nature-adpid
biochar andts application areag&Zhonghao Wan et al., 20208)o set an example,
sinde nitrogen doping to biochar can hold onto defective parts and oxygen functional
groups, and the logic it brings is advanced porosiigyh alkalinity, high electron
density, disturbed electron circulation for the generation of a dipole moment, battle
to oxidize and medium without metal atoms. Singleldped biochar is feasible in
adsorption, oxygen oxidation mechanism, activation of HN&, and
electrochemical degradation activitig$o et al., 2019; Oh et al., 28; Zaeni et al.,
2020)

Doping nitrogen with a heteroatom of boron is another technique which links only
the defective parts on bioah&hen et al(2019 achieved caloping of boron with
nitrogenon graphene with the purpose of producing a very efficient catalyst and the
addition of boron brought high reactivity of boroarbonnitrogen attachment
composition and developed graphitization level, also restrained oxidative corrosion.
The importance dB-C-N attachment composition arises from the tendency of boron
to readily counterbalance the singular electrons of nitrogen additives, forming a
deficiency n electron configuration. While the most active configuration @-R
attachment is when the bards positioned as meta with nitrogen, hexagonal boron
nitride (h-BN; graphitic boron nitrid@, which is the most stable crystalline version

is stated as clmaically inactive and inhibitory for the carlmatalysis(X. K. Ma et

al., 2011) HoweverWan et al2020 mentioned that there is a need for further study
on biochar in the field of adding N and B fopotentid application.
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Co-doping nitrogen with sulfur (S) can associate via defective parts and oxygen
functional groups similar with single-tloping.Ma et al.(2019 stated thaa small
amount of codoping S (1.04 at. %) with nitrogen derived from human hair
significantly impacted the elegcchemical carb@atalysis of biochar. Almost similar

el ectronegatiswi t2y 5817 @amdd5H mtdbnfsereateg an
apparent sphibased actity instead of a chargeased movement that is in the single
N-doping (Ortiz-Medina et al., 2019)Yet, Ding etal. (2020 argued the negative
impact of Sdoping on the catalytic activity of nitrogen biochiamnctionality,
asserting current researches about the heteroatom injection technology onto biochar

stands at an insufficient level and demands more legibility.

The addition of metal atoms with high electron densities hlamng method is
joined with theoxygen functimal groups. In this regard, a stable metallic state has
to be managed with Metd-C or MetatO-C bond compositions in order to enhance

the electrochemical state in the active med{dimonghao Waret al., 2020a)

2.5.3 Factors affecting the formation of nitrogen functionalities

2.5.3.1 Feedstock materials

A raw biomass feedstock is a critical parameter affecting the physical/chemical
characteristics of biochar in terms of its functionality. There is a direationship
between the nitrogen content of feed material @imelfunctional characteristics of
biochar(Leng et al., 2019apPyrolysis temperaturand type of fed material are two
major parameters having an impact on the surface atgfgceactive groups,
hydrophilicity, stable nature, zeta potential and pH of biochar. Optimization studies
are achieved with the arrangement of these factors éctdble most gal-oriented
technigugHassan et al., 2020 is possible to generate biochar by using diversified
sources including crop and forest residgiewood chip, lgae, sewage sludge
manures, organic municipal solid wastésng et al., 2020)However, not the entire
nitrogenous feed sources show the same capacity to generate the biochar nitrogen.
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The selection of feed material becomes crucial for the intrinsic nitrogen addition into
biochar whichhas been discussed previousBrotein nitrogen, such as amide
(RINR2)- groupcontaining amino acid arginine, can featly generat@ Bkt other
gases during pyrolysifLeng et al., 2019a)Among the sources, microalgae are
approved to have a high amount of nitrogen content andttireuibiochar produced
from microalgae geta greater nitrogen load compared to other feedstock types.
Microalgae conta a significant amount of pyrrolic and pyridinic types of nitrogen
(13.94%), also these functional groups are converted intdi C, pyrroline,
pyridine, quaternary nitrogen (6-82.93%) found in biochafLeng et al., 2019)
Sewage sludge and animal manure are other tyg@erafiss hawng a high nitrogen
content due to their polyacrylamide content and therefore prannabee interactive
region for electrostatic cooperati@@honghao Wan et al., 2020a)

2.5.3.2 Carbonization processes

Slow and fast pyrolysis are conventionally performed techniques in biochar
production andare affected by a heating rate, residence time, and temperature.
Besides, flash carbonization and gasification are certain thermochemical operations
referred to apyrolysis alternatives. Biochar can be classified asroduct in these
processes, along with biofuel. Biochar quality and functionality are highly
contingent on the noted carbonization process in line with its operating parameters
( Many ™ , WhHleDslo® pyrolysis treatebiomass favors the solid (biochar)
portion by 35 wt. % and fast pyrolysis employed biomass forms 70 wt. % of the
liquid (biofuel) portion, gasification yields 85 wt. % of gaseous (biogas) fraction
(Mohan et al., 2014 Electrical and microwavassisted heatgpyrdyses are also
carried out for carbonization purposes. Conventional electric heating decelerates the
heating rate, which provides an effective means for the thermal gradient in a raw
(biomass) feedstock. The importance of controlling the thermaiegriaaises from

the release of pyrolysis gases creating irregular microstructure agahd# product
quality. In general, the thermochemical process decreases the nitrogen functionalities
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content in biochar. WHICl)e cloieaemtyrstabige mper at ur
nature, recalcitrance and heating value of biochar; biochars generated under low
temperatures (0400 AC) vyield | arger mass,
diversified surface functional groups. Therefore, it can be said that §i@lyqs

provides more biochar yielgwhich is rich in surface functional groups compared to

fast pyrolysis and gasificatiq@hodake et al., 2021Qn the other hand, microwave

heating is a promising alternative to conventional electric heating bataupports

chemial reations by providing heat for the reactants, strong vibration and breakup

of chemical bonds, and improving thertleemical processes, which positively

affect the structural deficiency in biochardeed, there is a demerit in terms of mass

production of biochar through microwaveassisted pyrolysis of biomass.
Nonetheless, the microwave heating method currently gains more consideration for

porous carbon developmemstuch as activated carbgdeqing Wan & Li, 2018)

Synthesize of N/@nriched microwave heated porous carbon is experiencétby

and Li(2018 and it isclaimed that; i) it has more C/O deficiengyhich positively

influences the active sites for N/O introduction, ii) microwave hegtased porous

carbon has more potential to simultaneously introduce N/O components by

electrophilic aromatic substitutiosgmultaneously.

2.5.3.3 Operating parameters

In the carbonization process, certain factors influence the quality and yield of biochar
thatinclude: temperature, heating rate, and residence time (that are readily regulated
operating parameterdlong with reactiorpressure, gas atmosphere and flate
(Xuanmin Yang et al., 2020)

As the heat of the carbonization process increases, the ash content also
simultaneously increases|lfawed by a decrease in theldiad in biochar due to the

loss of some portion of nitrogen. It is reported that pyrolysishigrella algae
feedstock at 600 and 900 AC corresponds to

respectively, indicating the loss of Bt a higher temperature. Carbonization
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temperature also impacts thefiictional group formation because it causes the
breakag of chemical bonds and their impacts on biochar functionality. Higher
temperatures derived biochar terid be more stable despithe existing unstable
components. Apart from that, double bonds are converted into single bonds or rings

and create more die complexitiegLenget al., 2019a)

In general, C@and N> atmospheres are applied for thermochemical conversion of
bio-feedstock to produceidrhar. The doping method with nitrogeontaining
compounds such as Nk$ referred to create-finctionality on the biochar surface.
Excluding NH;, provided gas atmospteeslightly impacts the amount and kind of

nitrogen functional groups of biocharath her t emper atures (800
at | ower carbonization temperatures, |l es
contributes a diversified range of-fiinctional groups and nitrogen content. The
inorganic type of nitrogen, such as NN, is moreefficient for doping purpose
underthe CO; atmosphere instead obBir at lower temperaturéseng et al., 2019a;

Yuan et al., 2018)The nitrogen content under Nkitmosphere and different
temperaturesare monitored byhang et al. (2014 and Lian et al.(2016; it is
demonstrated the nitrogen content becomes more than thatiand$ supplied

air. Yet,the CO, atmospheralso provide®eneficial effects for the generation of N
functional on biochar. The formation afino acidsN (amideN) is achieved by the

relation of CQ for the primary (RNH>), secondary (2RNH) and tertiary amines

(3RiN) (Leng et al., 209a).

Pyrolysis pressure hasreegligible impact on the nitrogen content of biochar. In
reference to carbonization temperature, the trend of nitrogenous species formation
remains almost stable, showirggslight increasing and then decreasing trend.
Pressue indicates an influential property on the forms of nitrogen functionalities.
More significant amounts of exogenous nitrogen bring along the polymerization and
ring condenation of nitrogen functionalities to evolve more stable nitrogenous parts.
High presures combined with the high temperatures improve the conversion of
pyrrolic-N structure to pyridinidN and quaternariN structuregLeng et al., 2019a;

Maliutina et al., 2018b)However, an excessive amount of pressure supply causes
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the gasification of some nitrogen groups, yielding HCN and &itd hus decreasing
the N amount in biochar compositigheng et al., 2019aj. Yu et al., 2018)
Nonetheless, pyrolysis of biomass under a pressurized mmdst beneficial to
collect the combustible gases (syngas) in that transporting syngas required a

pressurized vessel.

When the impact of the rise in the residence pyrslisie coincides with the high

carbonization temperature, this favors the decomposiand loss of nitrogen

species. On the contrary, lower carbonization temperatures increase biecaar N

with the rise of the exposure time period. It is noted thatete of breakdown of

inorganic nitrogercontaining parts (ammonid and nitratesN/nitritesN) proceed

under 200 AC, nitriles under 250 AC, amide:¢
type of nitrogen (W Ghemetdh Q@W7;ReBgetat,2qQi®)y at ur e

The logic behind the decrease nitrogenous species in biochar due to thermal

conversion relies on thact that the breakdown of nitrogen functionalities and the

deficit of unstable (volatile) constituent$he impact of residence time dhe

nitrogenfunctional groupgan fluctuate with different temperatures. This issue has

been explored bZhellappan et al2018, by preparing lmchar ata carbonization
temperature of 400 A Quasindeased fromhte4h tieme of e x p«
nitrogen content increased from 0.56 to 0.64%. On the contrahg @rbonization
temperature at 600 AC,wesrantained,hhe nittogee nt i ¢ al c
content decreased from 0.71 to 0.68%hellappan et al., 2018)

Other parameters can be exemplified as heating and air supply rates, which influence
the amount of nitrogen in the biochar. It is investigated that the rise in heating rate
from 1 tio?faldds thd Biochar nitrogen load, increasing from 0.41 to
0.57%, respectively. The increase in the air supply rate from 0.0012 to 0°012 m
influences the nitrogenous componefitst positively from 0.57 to 0.89% and then
negatively to 0.66%Abbas et al., 2018; Leng et al., 2019a)
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2.5.3.4 Influence of pre- & post- treatments

Pretreated feedstock materials and piwstited biochar are strongly interlinked lwit

the physcochemical characteristics of biochar. Applied -fpestmodification

methods can be altered concerning the type of feed source and the intentional
application area. The pteesatments can be grouped into three physical, chemical,

and biologicamethodsCrumbling and washing/drying processes havepbrgsical
induced effects on biocharodés properties;
change biochar composition chemically, while the application of microorganisms
encounters biological pitreatmem through nitrification. On the other hand, post
treatment applications areovered mainlyby physical and chemical alteration
operations. Magnetizing and removing causticity are some examples of post
application(Xiang et al., 2020)Heteroatom (i.e., nitrogen) doping techniques in

order to ceate Nenrichment in the biochar can be achielgdn-situ addition and
postaddition after the pyrolysis process. The diversity within the doping techniques
arises from the time of introduction, which is basically the nitrogen source
interference with immass feedstock and bioch@honghao Wan et al., 2020a)

Various modification techniques create a diversified range and forms of active
functionalities that are responsible for the physicochemical alterationg biochar
interface( Ch a ¢ - ,n2028)tFor axdample( G¢ z e | e tpostaréated the2 0 1 7 )
weed derived biochar by oxidizing with nitric acid with the purpose of remediating

the methylene blue contaminant from agueaolution and the obtained
carbonaceous composition displayed the following alterations: minimized BET
interface area and pore volume, enhanced oxygen and nitrogen active forms, and rise
in the biochardéds acidity. Trodifiediéothary | en e
ultimately showed remarkable progress from 39.68 to 161.29'mg g

Postpyrolysis treatmenis an effective strategy for the optimization of biochar
structure and surface properties in the purpose of enhancing its clarification
efficiency and environmental advantage&cid/based treatment, HN&oxidation

and magnetic modification are commonly referred examples of thestgrtstent
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techniquesApplicability and accomplishment of treatments are \WWeked with the
pollutant type such ag@anic/inorganicgcationic/anonic, hydrophilic/hydrophobic,
polar/nonpolar, ambient properties, and targeted remediation. Therefore, it is stated
that postpyrolysis treatments need to be optimized for various applications and
feedstockgYan et al., 2018)Biochars after pogpyrolysis treatment possekigh
specific surface aredjierarchicalpore structure, hydrophilic surface functional
groups and excellent electrical camtivity (Chenglong Li et al.,, 2018)These
references from the literature can be referred as effective studies uga th@ost
treatment as a modification techniq@¥an Vinh et al., 2015)(X. fei Tan et al.,
2016) (Dai et al., 2017)Thus, both the preand postreatment methods have their
individual performance enhancements in the certain applications with a common
advantage of improved physicochemical properties of biochresaction between

biocharbased nitngen functionalities and OP#horate

254 Reaction = mechanisms  between  biochdrased  nitrogen
functionalities and OPPg¢phorate

The interaction of the Moped biochar with contaminanis dependent on the type
of nitrogen functional groups. lgeneral, it is metioned that the increase in the
overall nitrogen content and density of influential nitrogen functional groups in
biocharis favorable for an efficient contaminant removal actiibeng et al.,
2019a)

The removal efficiency of the OPPs such Malathion Parathion Diazinon
Tribufos is also associated with the amount of nitregentainng components in
biochar(Shen & Fan, 2013; F. Yang et al., 201Since organic compounds are more
exposed to nucleophilic composition arising from their eleeticm
macromolecular nature, adsorption ofamg contaminants is carried out from the
pres e nit attract i on-basennteraction oy sitrogerc sources on
bi ochar. El ectron diffusion with the

formation of positive electron gaps are also the reduétnoaddition of nitrogen
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precursors. Thesevelutions demonstrate a powerful inclination for binding the
electronrich aromatic ring structures such as organic pollutants. The researchers
stated that there exists a beneficial trend in between the graghtontent and
adsorption actiofizhonghao Wan et al., 2020b; L. Wang et al., 2018)

AOPs perform the mineralization of organophosphates with the helpesftive and
oxidizing instruments (peroxides and ozone). Complex composition (highly
amorphous character) and mstoichiometric character (secondary loading ability
and powerless electwatalysis ability) of biochar and alike materials prohibited the
consideration of these materials as AOP activat@grenghao Wan et al., 2020b)
Pyridinic-N and graphitieN contents in biochar correlate well with the improved
catalytic reactiongY. Xie et al., 2020)Unpaired electrons brought by pyridific
provide enclosed radicals in order to hold th&®kcompounds with their higlevel
electredemanding propertieuan et al., 2018)Differently, graphitieN placed

into a pristine hexagonal unit in biochar gradually transmitddtse inteaction of

local carbon approaching electranceptor oxyanions (®;'Y) (Zaeni et al., 2020)

The pesencef N and C atoms creates an electronegativity divergence. This allows
the adsorption of peroxide molecules on positively charged neighbor C atoms
following an acceptance of donelectron from N. Cooperation of adsorption and
activation processes carridsetpotential of decreasing the surface charge of the
peroxide GO cooperation needed to be broken dd¢@nan et al., 208; Zhonghao
Wan et al., 2020b)The first developed graphitic-tloped biochar (at 908 ) was
found to have a highly stable carbon structure with its-léghl conductivity fothe
electrochemical interaction both towards peroxydisulfate (PDS) activation and
adsorption of organic contanants (Zhu et al.,, 2018) This remarkable
electrochemical potential of -sontaining biochar provokes an intagtO, and
electron transmission in order to degrade organic contaminants througaadicah
pathway(Oh et al., 2018)Greatemperoxide GO bond length in PMS (HGDSQ')
molecules and their unsteady asymmetric composition when it isazechwith the
symmetric PDS'Q3SO OSQy') molecules enables them more prone to electrophilic

attack(D. Wu et al., 2020)The relationship between nitrogen species pmusition
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and catalytic stability of biochar gains more attention. The graphitic type exhibits
better catalysis potential and resistaticen the pyridinic and pyrrolic forsnof
nitrogen(Zhonghao Wan et al., 2020b

2.5.5 Factors affecting removal of OPP&horate

The effectivity of biochar for the adsorption or degradation of organophosphates is
affected by some critical factors. Physicochemical properties of bipitduding

pore structure, pH and surface charge,odification of biochar, and
hydrophobicity/hydrophilicity propertiesare considered as important factors
controlling its performance teemediate the environmental contamingimsYang

et al., 2020)

2551 Pore structure

Interface extent, porous structuand diameter of these pores are parameters of
biochar pore structure anare regarded as dominant physical factors affecting
interactons with organic contaminan(iSuliman et al., 2016)he extent of interface

and pore distributions highly correlated with adonization temperature. Seeking

an optimum heat level is critical to understand the connection between carbonization
temperature and the physical characteristics of biochar. A suitable pore structure
enables the immobilization of contaminants in the mediun general, an increase

in carbonization throughout biochar production leads to enhanced performance due
to upgraded pore structure and surface @fesang et al., 2020)Another parameter
influencing the pore structure is the type of feedsta®kganic and inorganic
components found in a raw feedstock influence the physical characteristics of
biochar and its remediation capability. Among the feedstock types, microalgae are
proven to have a high amant of nitrogen content. Thus, nitrogen loadilcroalgae
derived carbonaceous adsorbent becomes more significant than the other types

(Maliutina et al., 2018a)Pore structurenodification with an activating agent is an
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acceped technique to modify biochar for enhanced removal/adsorption capability.
Pore modification develops the meand micrepore formations and also maintains
better adsorption for organic contaminants. Wlitke micrepore entities are
favorable for thephorate penetration, mesoand macrepores promote the
penetration ofphorateby creating pathwaysZhenhao Li et al(2020 prepared a
nitrogenenriched casonaceous material with urea precursor and activated it by
KHNOs. The framework as observed using the scanning electron microscopy
(SEM) showed that nitrogeloaded biochar had a more condensed porous interface
compared to pristine biochar, which carrisdader and untied composition. The
reason for the improvement was explainedalfast reaction with urea as an N
precursor and KHN®as an activating agent. Contrarily, nitrogen overload (>10%
w/w) into biochar displayed inhibiting properties for the pgeaerationZhenhao

Li et al., 2020) Pore volume is a factor affecting the absorbance performance of
biochar and certain physical and chemical techniques are being promoted to enhance
its presenceThe temperature, holding period, gas flowrate and chemical additives
(KOH, NaOH etc.) are used as pore volume modification technigiesH. Chen

et al., 2021)lt is reported that the SEM analyses display tinier biochar sizes with the
acceleratingopyrolysis tempeature which supports the idea of increasing surface
area and creating more of crevices or pores. Development in the water holding
capacity is one of the results of increased porosity. Increased pore volume is an
encouraging parameter inethbiochar adsption activities by serving a large

available capacity for contaminarfts. Yang et al., 2021)

2.5.5.2  Surface functional groups

Surface functional groups are the active spots eimtierface obiocharthatarrange

the characteristics and catalytic activities. Biochar is acknowledged as a complex
heterogeneous structure loaded by various functionalitiesgargonyls, hydroxyls,
phenols, carboxyl, nitriles, peptides, quinonasidnes, pyrore and free radicals

etc.). Comprehensive information on the surface functional grtagqigatesthe
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selection ofgoatoriented AOP. Pyrolysis temperature and time, type of feedstock,
pretreatment and modification methods are controf@ogors for theformation of
functional groups. Currently, the connection between the active sites and interaction
mechanisms with contaminants take most of the attenk@ving the inherent
physicochemical properties behindmong heteroatoms doped, noiggen shows a
remarkable trend. It is stated that planar grapihtiand pyridinieN are favorable

types of nitrogen functionalities for electrocatalytic activities. Current reseanch
functional groups pays attention to evaluating auxiliary paramet&®is such as
O-containing functionalities, free radicals, metals content, auked heteroatoms

(X. Zhou et al., 2021)These active sites provide advanced surface properties
including hydrophilicity, surface charges and ion exchange featuhdle the high
surface area and greater porosity support the adsorption performance. Biochar
functional group give an outstanding capability in the environmental remediation

applications of contaminated soffS. Xu et al., 2021)

2.5.5.3 pH and surface charge

Nitrogen enrichment into biochar adds alkaline characteristic, which contributes
radicals to hold positively charged metal(loid)s on the carbonaceous interface. As
such, the highest level of adsorption efficiency of nitrogenous bicmtars at
lower pH conditions (pH<7(Zhonghao Wan et al., 2020t very low pH values
(pH<3), the removal ability of biochar becoshesser due to the competitive anionic
metals or metalloids by loading of"libns into the nitrogen source. Therefore, the
continuous rising of pH value from very acidic conditions to moderately acidic
conditions progressively enhances the formation of active functional groups and
captures the effectivity of the sorbent frorde. The zeta potential of biochar is a
representative component of remediation activity with respect to pH impact. If the
zeta potential value is positivéhe biochar interface holds mostly cations. In
consideration of the charge state tbe contaminant,zeta potential gives an
indication to determine probable repulsion and attraction between the contaminant
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and adsorbentYouhua Fan et al., 2020Feedstock materials and pyrolysis heat
levels also affect the pH and surface charge of biochaaagiohked to its removal
performance of organophospha(Bs Liu et al., 2018)Base cations like Ca, Mg, K

and Na from raw biomass create an alkaline condition in biochar and can be
supporive for the formation of G, OH, and CQ? throughout pyrolysis operation
(Gong et al., 2019)An increase in the pyrolysis temperature shows a direct
relationship with the increase of ash content and contributes to biochanigtkal
(Leng & Huang, 2018)On the ther hand, the surface charges are generated based
on the available functional groups on biochar. The significance of the surface charge
arises from the generated electrostatic attraction, which enables the adsorption of
contaminants by biochalY. Yang et al., 2020) Nitrogen loading modification
accompanies a more complex electron structure, which attributes to a higher surface
charge shift supporting electrochemical action. Main nitrogen precursors are
observed to be pyridine and pyrroline typenidfogen active forms neighboring
oxygen, while graphite nitrogen stimulates movement of elec{@msnghao Wan

et al., 2020h)

2.5.5.4 Surface modification for the enhancement of active sites

Biochar without modificaon, i.e., pristine biochar, is found to be less efficient for

the optimum removal ability of environmental contaminants. Thus, scientists pay
appreciable attention to biochar modification meth®isH. Huang et al., 2021; Y.

Yang et al., 2020)There are chemical and physical modification methods as well as
the produetion of biocharassistechanomaterial§(Y. Li et al., 2020) While physical
activation techniques include steam or gas energizing, chemical additions such as
NHs, HCIl, Ho'SQy, HsPQy, KOH, and NaOH refer to chemical modification
techniques that boost the surface modification of biochar and enhances the active
sites and @ontaining functional groups on biochar surfé8ejia Liu et al., 2018)
Recently, biochabased nanomaterialeave attraced more consideration by

scientists as itheir stable carbon comtt greater specific surface area and porosity
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for reducing the concentration of environmental contaminants such as
organophosphatd€. Di Dong et al., 2017;fz& Li et al., 202Q)Heteroatom doped
biochar has also been utilized for the removal of contaminawvits Fentonlike
systemqR. Z. Wang et al., 2019 here are @ne weltestablished and promising
modification techniquessuch as the production of nanoscale carbonaceous pellets
or graphendike structured complexes; however, they are considered expensive and
objectionable due to nanomaterial toxicity. In this rdgaritrogen enrichment
becomes a cosffective and environmetitiendly approach to modify biochar
material (Zhenhao Li et al., 2020)The research range in the nitrogioped
carbonaceous materialil§ect is extremely broad and the discussions are mostly
agreed upon the improvement in the interface action and renmapaadity of biochar

for OPPs. Chemical nitrogen modification on biochar can be achieved by the
addition of various Nsources such as maenine, urea, ammonium chloride or
ammonium nitrate. A study conductedgsera et a2021) proved thathe Nload

at the surface of respected biocharstheen incremented 8.3%, 3.9%, 2.3%, 2.9%
with the doping of melamine, ammonium l@fide, ammonium nitrate, urea,
respectively. In the previous study, while melamine addition provided the highest
portionof pyridinic- and pyrrolieN (35.2% and 36.8%), modification carried out by
urea gavehe highest amount to the graphiid by 26.6%.Apart from nitrogen
addition, B, P, and S are different alternatives to introduce heterogeneity for the
biochar modificabn. The catalytic activity of carbonaceous material can be
controll ed by systematizing the heterogene
However, it was investigated ying et al.(2020 that the sudlr enrichment into
biochar demonstrates a contradictory property upon the catalytic degradation, and
the reason was linketo the deficiency in the -@ctive forms and shortage of the
specific surface area. Another strategy developed to overcome thetis@para
problem offine-grainedbiochar from aqueous media is magnetization. Magnetic
property on carbonaceous material isated by adding metal atoms such as iron,
cobalt, nickel or their combinations with oxygen. It has been demonstrated that the

magnetied char can be an outstanding tool in terms of heavy metals and organic
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contaminants remediation from an aqueous pds®ong et al., 2018; Yi et al.,
2019) Thus, effective contaminant sequestration and immobilization in
environmental systems are wedlated with the insight of the interaction

mechanisms between biochar and contaminants.

2.5.5.5 Hydrophobicity/hydro philicity

Physicalbased alteration methods such as the carbonization temperature rate and
duration cause critical changes in the surface characteristics of biochar.
Hydrophobicity/hydrophilicity is one of those changes affected bypipdied heat

treatmeat conditions(Clurman et al., 2020)A study on the determination of the
effect of heat t r gdeopholeciythydropilicity dareed but oc har 6
by Mortazavian et al(2019 indicated that the simple heat treatment process under
ambient laboratory conditions lessened the hydrophobicity of biochar for the
breakage of its hydrophobicCi H active forms and supported its hydrdjaiity for

the activation of hydrophilic C = O aeé components. The increase in C=0 and C

T O bands is associated with oxidation of biochar surface and subsequent generation

of active adsorption parts, thus promoting the adsorption of pesticidestiby ac
functional groups (Fahmitehad, 2018)bherbf@e, thes s ur f
decline in the macrgcale components ibiochar and so the decline in polarity

formed fromthe rise in carbonization heat escalate the hydrophilicity of the char
interface. However, the biochar and organic contaminant interactions are primarily
based on hydrophobicity, which can be further ggdmi f i - d campl ex at i o
electrical relation, ashH-bond formatior(Y. Li et al., 2020) Furthermore, supplied

gas in the carbonization process is another piogl parameter affecting the
physicochemical chargaristics of the resulting char. It was noted4heng et al.,

2020 that the modification induced by the g@tmosphere resulted in higher

porosity, norbiodegradattity, hydrophilicity and polarity compared to niggen gas

supply and the obtained biochar was an effective agent in the Cr penetration process.

For this reason, the physical modification parameters must beowgalhized
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depending on the specific requirent of the targeted contaminant. Nitrogen addition
into biochar can increment the hydrophilicity with the aim of providing interaction
with metals and generate meligland compleXZhonghao Wan et al., 2020&) the
study of Yu et al. (2018, highly adsorptivenitrogenbased biochar managed a
surface complexation with its graphiit content and hydroxyl groups found at the
surfaceLing et al.(2017) used a hydrophyte as a hydrophilic feedstimckemove

Pb () with an efficiency of 893mg/g. The componentshat took role in the

adsorption process were described as pyriehhipyrrolic-N and C=0.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Sewage sludge feedstock sample

This study used sewage sludge collected ftamTatlar Municipal Wastewater
TreatmenPlant (WWTP) in Ankaras a feedstock matat. In order to keep all the
feedstock homogeneous and synchronous, only one collection has begntdcime
was at the initial stage dhe study. The feedstock sample was obtained from the
dewatered sludge cakn the WWTR which is the product fronthe final sludge
dewatering unit in the plant. The collected sludge ¢eld<25% dry solids.

The dudge sample was spread into large containers under the open ambient
atmosphere overnighffterward incompletelydried sludge cake was put the
oven (lDduwkeyy 4 8AC one by one in smaller
sample was kept ithe oven until it waghoroughy dried which was concluded in

1-2 overnights. After all the sludge sample was dried, it wasgssed in a grinder.

This operation was prmed in order to make the particulates homogeneous and

finer in terms otheir morphology.

At the end ofthe drying and grinding processes, the feedstock sample preparation
has been concluded with the abseofomoisture and coarse materials content. From
this point on, dried anground sludge sampkewill be called agiRaw sewage sludge
(Raw .SS) o

3.2  Phorate as a psticide studied

In this study,phoratewas used as studied organophosphorus pesticidée

chemcal and physical properties ghoratewere given inthe Sectior2.2.3 U.S.
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EPA classifiesphorateas a highly toxic commercial produ@t.S. EPA, 2013)
phorateanalytical standard (Sigmaldrich, U.S.A.) has a molecular formula and

molecdar weight as @H170.PS and 260.38 g, respectively.

The reasorfor pharate pesticide choice was its highly preferred commercial use
among organophosphorus pesticides (OPPs) whrehapplied on agricultural
products to prevent insects. It has been foaschazardous for mammals, birds,
aquatic species and endangered speclesinhibits the secretion ofthe
Acetylcholinesterase enzyme and causes hyperactivity, convulsions, paralysis and
deathasaresuitBi ri ki k.et al ., 2018)

3.3  Experimental methods

3.3.1 Biochar production experiments

The RAW SS was used as a feedstock in the biochar production. Different
operational parameters and modification techniques agpéedon theRAW SS

and 34 different biochar samples were preparede Téxperimentalconditions
appled inthe prepaation ofthe biochar samples and the codes usetth@naming

of the prepared biochar sampéstabulated ifTable3.1. Most of the moditations

and hydrothermal treatmemxperiments were carried out on bioclsmples
produced at 708 ®ecause increase in the pyrolysis temperature decreases the yield
of produced biochaiXiaoxiao Zhang et al., 2020y herefore, 90@\ ®iochars were

not considered as an effective strategy. On the other hand, incrementing pyrolysis
temperature also brings enhanced physicochemical characteristics such as specific
surface area, porous struct, mineral content, thermochemical stabilirnfiation

of surface functional grouR. Xie et al., 2021)Since the enhanced atacteristics

encourage the removal of phorat@) A @vas considered as an efficient temperature.
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Table3.1. Modification and operation details of produced biochar materials

DRY DRY
t WASH®
# BIOCHAR HT? (>24 | ACTIVATE ® | PYROLYSIS* (>24 CODES
(h)? (pH 6-8)
h) h)
Raw
HCI 0.01
0 Sewage N 95 RAW SS
Sludge
N HCI0.01
1 300 95 BC300
atmosphere N
N HCI0.01
2 500 95 BC500
atmosphere N
N HCI 0.01
3 700 95 BC700
atmosphere N
N HCI 0.01
4 900 95 BC900
atmosphere N
HCI 0.01
5 KOH® 0.5:1 80 700 N 95 KOH0.5BC700
HCI 0.01
6 KOH 1:1 80 700 N 95 KOH1BC700
HCI 0.01
7 KOH 2:1 80 700 N 95 KOH2BC700
HCI0.01
8 Urea 5% 80 700 N 95 U5BC700
HCI 0.01
9 Urea 10% 80 700 N 95 U10BC700
HCI 0.01
10 Urea 15% 80 700 N 95 U15BC700
KOH1 + HCI0.01
11 80 700 95 KUBC700
Urea 10% N
HCI 0.01
12 Water 210 2 80 N 95 HC210
HCI 0.01
13 Water 210 2 80 300 N 95 HC210BC300
HCI0.01
14 Water 210 2 80 500 N 95 HC210BC500
HCI 0.01
15 Water 210 2 80 700 N 95 HC210BC700
HCI 0.01
16 Water 210 2 80 900 N 95 HC210BC900
HCI 0.01
17 Water 210 2 80 KOH 0.5:1 700 N 95 HC210BC700KOHO0.5

1 Hydrothermal temperaturd\(

2 Hydrothermal residence time (h)

3 Applied activation chemical

4 Pyrolysis temperaturé\(L

5 Washing with 0.01 N Hydrochloric acid
5 Potassium hydroxide
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Table3.1(continued)
HCI0.01

18 Water 210 2 80 KOH 1:1 700 N 95 HC210BC700KOH1
HCI 0.01

19 Water 210 2 80 KOH 1:2 700 N 95 HC210BC700KOH2
HCI0.01

20 Water 210 2 80 Urea 5% 700 N 95 HC210BC700U5
HCI0.01

21 Water 210 2 80 Urea 10% 700 N 95 HC210BC700U10
HCI 0.01

22 Water 210 2 80 Urea 15% 700 N 95 HC210BC700U15

KOH1 + Urea HCI0.01
23 Water 210 2 80 700 95 HC210BC700KOH1U10
10% N

HCI0.01

24 Urea 10% 210 2 80 N 95 U10HC210
HCI0.01

25 Urea 5% 210 2 80 700 N 95 U5HC210BC700
HCI0.01

26 Urea 10% 210 2 80 700 N 95 U10HC210BC700
HCI0.01

27 Urea 15% 210 2 80 700 N 95 U15HC210BC700
HCI0.01

28 Urea 10% 210 2 80 KOH 1:1 700 N 95 U10HC210BC700KOH1
HCI0.01

29 Water 210 4 80 700 N 95 HC210BC7004h
HCI0.01

30 Water 210 8 80 700 N 95 HC210BC7008h
HCI0.01

31 Water 210 16 80 700 N 95 HC210BC70016h
HCI0.01

32 Water 230 2 80 700 N 95 HC230BC700
HCI0.01

33 Water 190 2 80 700 N 95 HC190BC700
HCI 0.01

34 Water 170 2 80 700 N 95 HC170BC700

3.3.1.1 Pre-modification of biochar samples

Each biochar production experiment was initiated3Byg of raw sewage sludge.
Further treatments were performed on this 30 g of raw sewage sludge. Potassium
hydroxide (Merck, Germanylrea (Merck, Germany) analcombination of both

(KOH +urea) were appd as premodification chemicals. Different doseave been

put into usesuch as 5%, 10%, 15% of urea and 0.5:1, 1:1, 2:1 of KOH. 10% urea
was prepared by solubilizing 5 g urea in 50 mL deionized water (Millipore, U.S.A.).
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Therefore, 30 g of raw sewageidge sampleand 50 mL ureavater solution were

putin a quartz boat for 40% urea prenodified sample. The solution was dried at

80AC |

n the

0 vV e mpyrabysise 5%nandy 1% urdaenkere prepared

accordingly with this logic. Irthe case of KOH,15 g solid KOH was added in

consideration of 30 g vasewage sludge f@0.5:1 mass ratio. In order to solubilize

and mix KOH withthe sludge sample, small dropé UPW were added intdhe

mixture witha Pasteur pipette. All of KOH liquefied with the atidn of moisture

and it was added onto 30 g of raensage sludge sample. The solution was dried at

80AC i

3.3.1.2

n the o

ven overnight

Pyrolysis process of biochar samples

before

pyrolys

Samples to be subjected to pyrolysis (raw sewage sludge without mibaiifjcaea

premodified samples, KOH prmodified sanples and urea + KOH piraodified

samples) were individually taken into quartz boat for biochar production. Pyrolysis

experiments were performed in theplit-type tube furnace (Protherm ASP

12/100/1500, Trrkey) Figure3.1) underan oxygenfree environment.
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Figure3.1. Split type tube furnace used in thgrolysis experiments
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All the pyrolysis experiments have been carried out under nitrogen gas in order to
provide an inert conditn. Loaded quartz boats with biochar materials were taken
into thequartzboatinside the tube furnace. Both inlet and ouglates were locked

and the high purity nitrogen gas cylinder was started to give nitrogen gas into the
tube furnace. fle emperatue has been set to 300, 500, 700, A0CThe heating

rate of 10A Cper minute was adjusted for all experimental runs for biochar
production at various temperatures. At the termination of the pyrolysjstiran
charred samples were kept andesiccator ovemght filled with silica gel.The
comparison between the appeamnt theRAW SSsludge and pyrolyzed biochar
sample is demonstratedhiigure3.2. As it can be seelthere is a clear change in the
surface texture and appearaneténNeen the Raw SS and pyrolyzed biochar sample.
The texture of biochar sample is more homogeneous due to grinding with 115 mesh
size. Also, the color becomes darker when the sludge was pyrasmedd byhe
destruction of connective and netructural oganic constituents (i.e.,
hemicellulose), formation of colored degradation products from hemicellulose and
extractives, formation of oxidation products (i.e., quinones) and increase in carbon

content(Yuxing Fan et al., 2021)

() (b)

Figure3.2. The visual difference between @AW SSand (b) pyrolyzed biochar
sample
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3.3.1.3 Washingand drying of producedbiochar samples

The washing process giroducedbiochar samples were performed by using
hydrochloric acid @.01 N. HCI) (Merck, Germany) in order to remove additional

inorganic substances akdep the final pH in the range éutral The solution was

filtered byavacuum filtration unit paired with the pump.five 5) e m f i | t er wa
used in the filtration process. Residues of each filtration process were dried in the

ovenat9%A C overni ght .

3.3.2 Hydr othermally treated biochar production experiments

3.3.2.1  Pre-modification of hydrothermally treated biochar samples

Two types of samples were generategijrothermally treated biocheprepared with
water, andhydrothermally treated biochsprepared with ur@solutionThe aldition

of urea solutionvas accounted agpre-modification technique and the portions were
set to 5%, 10%, 15% as in the ymedified biochar scenario. Watbased
hydrothermally treated biochaamplesvereprepared by adding 30 g of raw sewage
sludge and 50 mL of deionized watwhile 10% ureebasechydrothermally treated
biochas were prepared by adding 30 g of raw sewage sludge and 5 mg of urea
solubilized in 50 mL deionized water. Loaded hydrothermal synthesis autoclave
reactors were put in the furnace (Lenton 3826, U.Kydrothermally treted
biochas were collected from autoclave reactors after cool dowthemvater. They

were putinanoven at80AC t o el i mi nat e moielésiccater cont e

overnight.

3.3.2.2  Torrefaction/hydrothermal treatment process

The torrefaction processvas carried outat 210A C  f ousinga hydrothermal
synthesis autoclave reactor (Toption -HJ0, China). Different torrefaction
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parameters have proceeded in thedrothermally treated biochagoroduction
experiments. In Sample HC210BCA®d) HC210BC7008h,rel HC210BC70016h,

time was set as a process parameter and the autoclave reactors were kept in the
furnace for 4 h, 8 h and 16 h, respectively. In Sample HC230BC700, HC190BC700
and HC170BC700, torrefaction temperature was set as a ppara@sseter and the
autoclave reactors were kept in the furnace for 2 h each under 230, 190 an€170
respectively. Autoclave reactors were puafarnace and produced watieased and
ureabasechydrothermally treated biochewere dried imnoven at 8 A C .

3.3.2.3 Postmadification of hydrothermally treated biochar samples

Postmodification techniques were set up with the urea, KOH and combined urea +

KOH addition. The same methodology was followed with the-pasdification of

hydrothermally treated biochaamples. Differenioses have been put into usech

as 5%, 10%, 15% of urea and 0.5:1, 1:1, 2:1 of KOH. 10% urea was prepared by
solubilizing 5 g urea in 50 mL deionized water. Therefore, 30 g of vhaised

hydrothermally treated biochsample, 50 mL reawater solutiorwere put in quartz

boat for 10% ureaposho di fi ed sample. The solution was
overnight beforepyrolysis 5% and 15% urea modification were prepared

accordingly with this logic. Irthe case of KOH, 15 g solid KOkvas added in

consiceration ofa 30 g watetbasechydrothermally treated biochaample for 0.5:1

mass ratio. In order to solubilize and mix KOH wathydrothermally treated biochar

sample, small drops were added ititemixture witha Pasteur pipette. Abf KOH

liquefied with the addition of moisture and it was added onto 30 g of vitsed

hydrothermally treated biochara mpl e. The sol uti on was dri ed

overnight before pyrolysis.

In the case of Sample ULOHC210BC700KOHL, it was thg poistmodified urea
basedhydrothermally treated biochaample which was performed by KOH 1:1
addition. 30 g of solid ®H was taken to moisturize with small droplets of deionized

water and added in®30 g ureabasecdhydrothermally treated biochaampe. The
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solutionwasdriedat8@C i n t he oven ov&hecdmpaison bef or

between the appearance of taesisewage sludgerea modified pyrolyzed biochar
sample, and KOH modified pyrolyzed biochar sanipléustrated inFigure3.3. As

it is illustrated, the change in aolis clear between the Raw SS, urea modified
biocha and KOH modified biochar. While the Raw SS conserves its original color
as brown, urea and KOH applied biochar samples were turned into bihckey,
respectively.The urea dopingn the pyrolyzed bichar materiataused no change

in the appearance because the singylelyzedbiochar samples were also black
which can be seen froigure 3.2 (b). However, it can beasly seen that KOH
addition changed the black biochar color into gilexan becaused by the alkali
treatment catalyzes the hydrolysis of lignocellulasd formation of more surface

oxygen functional group@1. Huang et al., 2017)

(a) () ©

:
i
=4

Figure3.3. The visual difference between @aw SS (b) urea modified pyrolyzed
biochar sample, and (c) KOH modified pyrolyzed biochar sample

3.3.2.4 Pyrolysis process of producedmodified hydrothermally treated

biochars samples

After all, the watetbased and urelaasedhydrothermally treated biochamwere
produced, posmodified and dried, they were taken into pyrolysis process excluding
Sample HC210rad U10HC210 as control samples fottbtypes of hydrothermally
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treated biochar Pyrolysis ofhydrothermally treated biocheawere performed in the

split type tube furnace (Protherm ASP 12/100/1500, Turkegue3.1) underthe
oxygenfree environment with the sanhegic as in the biochar pyrolysis. All the
pyrolysis experiments have been carried out under nitrogen gas in oddgetthe
produced biochar with nitrogen externallyLoaded quartz boats with biochar
materials were taken into the silica cylinder imsttie tube furnace. Both inlet and
outlet gates were locked and the high purity nitrogen gas cylinder was started to give
nitrogen gas into thaube furnace. fie Emperature has been set to 300, 500, 700,
900AC. Temperature riseiwasesmanag8doAL
stable for 6minat300AC i n AQ epy3r0dl ysis. The same
500, 700, 900A C p y r o | iments. $Vhea she mymolysis finished, the charred
samples were kept mdesiccator overnight filled with siliogel.

3.3.2.5 Washing and drying ofhydrothermally treated samples

The washing process gfroducedhydrothermally treated biochaamples were
performel by using hydrochloric acid(01 N. HCI) (Merck, Germany) in order to
remove additional inorganic substanced keep the final pH in the rangeradutral

The solution was filtered bg vacuum filtration unit paired with the pumA.five

(5) e m f iads tsedrin the filtration process. Residues of each filtration process

were dried intheovenat 9%6C over ni ght .

3.4  Analytical procedure and advanced characterization

The weof analyticalcharacterizatiomethods for the detection physicocherital
propertes are the important steps of understanding their role in complex
environmental medium and biological systems as well as their impacts on organic
contaminants removal activity. Therefore, broad ranges of examining techniques
have been practidein order ® characterize and quantify thghysicochemical

propertiedn produced biochars afgdrothermally treated biochar
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All advanced analytical characterization methods utilized in this study rexgotiel
type of sample except for Electron Raegnetic Resonance Spectroscopy (EPR).
The EPRanalysiswill be detailly discussed ir3.4.8 For all the other analysis
techniques, produced biochar ahgdrothermally treated biochaamples were
grourd in order to obtain homameous and fine grain size compositidrhe
grinding process was c@omplished witha 115mesh size. Afterward, ground
samples were put in Eppendorf Tupehich is shown irFigure3.4. Each tube was
filled with approximatelyoneg. of char sampleThe Eppendorf Tubes ithe blue

rack are the samples ready toutdized in the advanced analytical analyses.

Figure3.4. Prepared samples for tadvanced analyticaéchniques

3.4.1 Elemental Analysis

The dtimate analysis is a conventional method for the understanding of elemental
distribution in biochar anthe elemental analyzer is one of the ultimatealyss
where the equipment pyrolyzes the sample at ¥9@The euipmentdetecs C, H,

N, S, O concentrationnked with their corresponding gases (i.€0;, SOQ)
discharged during the pyrolysiBhe study of Nzediegwu et §2021) revealed that
(N+0O):C ratio has a straight correspondence with the polarity indedeulities by
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the decreaing pyrolysis temperatre. Identification of present atoms and their

corresponding ratios point out the utilization field of the biochar.

Elemental analysis samples have been examined at the Central Laboratory of METU
in order to observe thelemental cmposition of producedchar samples. The
samples are in the shapeFafure3.4. The instrument (LECO, Elemental Analyzer

932) works witha small quantity of sample (~2 mg) for one analysis and analyzes
C, H, N, S, O elements syndmously.All the produced samples were sent to the

elemental analysis.

3.4.2 Brunauer-Emmett-Teller

BrunauerEmmettTeller (BET) is a universal method suggested by the European
Biochar Certificate (EBC) for surface area detectionrasespecific porgechnique
(Maziarka et al., 2021)Biochar with a greater surface area and porasiplies a
greater efficiency in sorption from solid and aqueous media. They are changeable

with the modification techniques andrplysis conditions.

The samples which havesaape ashown inFigure3.4 have been analyzed at the
Central Laboratory of METUFifteensampla were senfor analysis fron produced
biochars Preheating parameters fahe BET instrument (AUTOSORB.C/MS)
were determined as 280C  fhoThe d8sired analysis was basedt@micropore

sizedistribution andnultiple-point surface area.

3.4.3 Scanning ElectronMicroscopy

SEM analysis is achieved to find out the organic and inorganic composition of
biochar by providing the elemental distributi@hia et al., 2012)SEM is a cormon
method in materials science since it has particular bepglith as great resolution
ability for a broad range of materials. Physichemical properties are contributed

by the energydispersive Xray spectroscopy (EDX) and electron backscatter
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diffraction (EBDS) methods in SEM. The sample preparation step is a key point in
SEM analysis The interfaces to be analyzed must be tgghlity (Busch ¢ al.,

2021) Biochar elemental distribution can be characterized by SEM analysis coupled
with EDX. Utilization of SEMEDX after the sorption experiments is sensibléa

case of analyng the surface morphology. However, the inabilitfy organic
compunds makes the SEMDX disadvantageous in certain applications
(Yaashikaa et al., 2020ln some studies, it has been applied and remarked that the
SEM-EDX analysis coupled with FTIR imaging shows notable matchingtsefeul

the spatial classification of organic and inorganic ctustits(Chia et al., 2012)in

the case of biochar, SEM supports pore size identification because th&zgoie

what determines the sorption efficiency of pesticidés Jurface area and porosity
can be altered by the modification techniques or biochar production temperature. In
this regard, SEM brings out the applied activation and-tneatment differeces
created on the interfacial structure. Micropores and macesparre detectable by
SEM analysis as well as the porosity composition of biochar. It is commonly applied
that the SEM image before and after the sorption experiments in order to understand
the change in interfacial structure (j.e2xture, coarseness, pgity) (Yaashikaa et

al., 2020) It is also possible to distinguish the effect of external elemental doping
sources on biochar surface morphology. For example, urea, melamine, ammonium
chloride or ammonium nitrate areramonly applied nitrogen doping sources and
the profile generatefftom SEM analysis helps to compare the effectiveness added
from each sourceA highly porous structure servess a much more powerful

interface for the sorption of contaminafksasera et al., 2021)

The sample pregration step is a key point in SEM analyslse interfaces to be
analyzed must be higipuality. They were in shapwhich is shownn Figure 3.4.

17 samples of produced chars were sent to the Central Laboratory o) MET
containingone sample as Raw SS in order to compare the before/after results of
pyrolysis and torrefaction processes. The analysis was carried outF&ith
QUANTA 400F Field Emission SEM equipment with the proper coating under high

pressureThe matingis required 6r samples with no electrical conductivigd itis
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made with AuPd at a thickness of 3 nm. The magnification ratio was s£2Q00,
10000, 5000, 2000XOnly two samples (KUBC700 and HC210BC700KOH1U10)
were characterized by SEM coupled wHDX for the examination purpose of
specific elementdistribution at the surfacand the elements expected to be seen are
C, O,N, K, Si, Al, Fe, Zn.

3.4.4 X-ray photoelectron spectroscopy

XPS is a quantitative analysis tool to determiserface elemental distribution
exising on the surface of biochar by usingay to transmit radiation into samples
and measuring the phe#dectronic energy. In the analysis of nitrogen doping
modification, XPS spdra show the increase in nitrogen contelifferentiating the

bulk contentand the surface content. Therefore, it is a beneficial technique to
understand the usage impact of different feedstock and doping méteodsetal.,
2019b) It is performed for the understanding of the binding energy of the C 1s, N
1s, and O 1s photoelectrons of biochar. Specific binding energies are authorized onto
various forms of nitrogen functionalities such as amide, pyridine, pyrrole,
alkylamine, secondary amide andalkylimide. Additionally, XPS approves the
binding of tertiary amines onto complex carbonaceous interface resulting from the
interaction of preoxidized carbons and organic amingkansen & van Bekkum,
1995)

Polarity is one bthe parameters obtained from the XPS results of surface atomic
componentsndicating the heterogeneous configuration of biodiZlreng et al.,
2020) However, XPS analysis caonly provide the correlation within atomic
content of various Montaining functional forms such as graphifxyrrolic, or

pyridinic.

XPS equipment (PHI 5000 VersaProbe) containingndhochromatic Xray anode

performed general screening and partial screening of our samples separately. In the
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partial screening analysis, the binding enesgweywas specifically afined for
each desired element: C, O, N, K, Fe. The defined ranges atkifigtable3.2.

Table 3.2. Selectedbinding energy ranges of specific elensrtompositiongor
XPS analysis

Element | Binding Energy Range(eV) References
Cls 2791 296 (Shchukarev & Korolkov, 2004)
O1s 52571 538 (Nohira, 2002)
N1ls 39271 410 (Rignanese, 1997)
K2p 29071 298 (Thermo Fisher Scientific, 2021
Fe2p3 700- 740 (Biesinger et al., 2011)
(Uhlig et al., 2001)

XPS spectra reveal the surface elemental composition and speciation of
corresponding elements on biocha@he speciation o$urvey spectra of Cls, O1s,
N1s, K2p, Fe2p3 is tabulaten Table3.3. The position changes of peaks found in
the XPS spectra of related samples indicataltezation in the elementahemical
states.The combination of individual speciation peaksms the spectrum of
analyzed elemdal composithn at the surface of biocharhe XPS analysis &s

performed for seventeen samples in the Central Laboratory of METU.
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Table 3.3. Binding energies of surface elemental functional groups enXRS
spectra

Component \ Binding Energies (eV) References
Carbon containing groups
Metal carbide 283 (Shchukarev &
CbC 284.8 Korolkov, 2004)
CbObC 286
ObC®O0 288.5
Metal carbonate 28871 290
Carbonpolymers
cocC 284.5 (Shchukarev &
CbC 284.8 Korolkov, 2004)
CboO 286
CbN 286
Coo0 2881 290
Potassium containingroups
KCI 292.9 (Thermo Fisher
KO« 293 Scientific, 2021)
K2p 293
K2pl1/2 296
Nitrogen containing groups
Metal nitrides 397 (Rignanese, 1997)
NSis (SisN4) 398
NSO 399.9
CbNH 400
NSOz 402
Nitrate >405
Oxygen containing groups
Metal oxide 52971 530 (Nohira, 2002)
Metal carbonate 531.51 532
SiO, 532.9
Organic C 533
ObF 535
Iron containing groups
Fe metal 700.7 (Biesinger et al., 2011)
FeO 709.6 (Uhlig et al., 2001)
FeCb 710.4
FeOs 710.8
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3.4.5 X-ray diffraction spectroscopy

X-ray Diffraction (XRD) Spectroscopy is a way to learn various crystalline

cC omp o und gy, which lsasigm ampact on the biochar properties ahdir
corresponding utilizations. In the XRD, the principle is based on that each crystal
refracts Xrays in a characteristic pattern, depending on the unique atomic
arrangement ofhe phase. These diction profiles for each crystal phase identify
that crystal, sort of like a fingerprint. XRD analysis method does not destroy the
sample during analysis and allows analysis of even very small samples. Qualitative
and quantitative investigations of rocksrystalline naterials, thin films and
polymers can be performed with XRD. Thus, it is the heart of characterization tools
for solid-state materials science. The petietoccurred in the XRD results graph
imply the diversified inorganic constituentshiochar such akalite, quartz, calcite

or salts of Ca, Mg, Mr(Sahoo et al., 2021)t is a quick and highly qualified
analytical methodn order to characterize compounds, while its ease of operation
and translation of results serve an uncomplicated template. Powder XRD is one of
the common methods used in sddicite materials chemistry and provides
gualitative, quantitiive information.Peak points display evolutionary symmetry,
precisely the size and the shape. Differently, peak intensities indicate the bulk
electrongThakar et al., 20B). XRD can sometimes be supported by the FTIR and
their combined data can be used for comparative pusiiBsekir et al., 2019)

Powder XRD samples have been analyzed in the Cedrdtabratory of METU
(Rigaku MiniFlex) before and after the first stage batch experimemtscreening
range of 10 0 A f or p. dvhild preXRIXWaB done for all samples, post
XRD has only been performed fdhe following three samples: KUBC700,
HC21MBC700KOH1U10 and WOHC210BC700KOHL.
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3.4.6 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is one of the qualitative
characterization techniques in order to detect the nitrogen functionalities in biochar
(C. Zhang et al., 2020l is accepted as a fast and wadiveloped method in biochar
guality assessmeniSajdak & KotyczkaMo r a (Es k aFRTIR 2itdizeBipfrared
spectroscopy in order to form an adsorption spectrum or sample emission. In this
regard, the surface availability of biochar gains imguar¢ for the analysis results.
Carbon structure and inorganic parts of biochar originate a deviation or an error in
the assignation of functional groups. Various peak positions of each bond structure
and their repulsive bond energies of different funetigroups significantly have an
impact and drive some deviations on the FTIR analjssg et al., 2019b)The

logic behind the FTIR reliesohg f unct i onal groupso6 absor bant
vibrational molecular spectroscqmyhich differs within the range of 400 and 4000

cml. Characteristic absorbance band of lipids, proteins and carbohydrates enable the
FTIR to analyze its compositidivieng et al., 2014)it is suggested that when FTIR
spectroscopys combined with multivariateraalyss, time becomes an advantage
during the preparation of biochar samples. Recently, studies on the quantitative
accuracy of infrared spectroscopy peaks have culminated in peak separation
operations for the overlapping bar@ajdak & KotyczkaMo r a s k aOnth€ 0 1 8 )
other hand, if the heat supply in the pyrolysis process is very highg@0A C) , t he
FTIR spectrum can have small specific pgalsiions for biochar functionalities.

This mismatching is caused by the destruction of surface functional forms at elevated
temperaturefCheng et al., 2020} TIR analysis shows the decline in the amount of
meso/macro pores and active forms adding to polarity derived from the pyrolysis
operdion kept at elevated temperatures (88@C ) , ing thel penetration and
elimination intensitiesf biochar(J. Li et al., 202Q)High heat in the pyrolysis drags

the H/N scaleto be dropped due to the generation witrogencontaining

compositions throughout the pyrolysis operation. FTIR results approve this
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phenomenon by demonstrating remarkable nitrogenous heterocyclic ring peaks in
the GN spectrgM. Zhang et al., 2014)

Infrared adiaton (IR) impacts surfaces through the actions of light absorption, light
reflectance from the surface, penetration of light before scatter@tear of those

at the same time. Scattered centers can be casually aligneldis way the
phenomenon becomeésotropic and produces a diffuse reflectance. Collection of
scattered light is achieved and transferred into the IR detector, in which the

absorption of chemical functional groupstcurred/Accardo et al., 2014)

The surface functional groups and surface chemistry of biochar materials can be
characteded by the use of FTIRpsctroscopy. FTIR reveals the distribution of main
functional groups at the surface of biochar in a defined wavelength rangg (cm
(Yousafet al., 2021) In Table 3.4, the main interfacial functional groups the
wavelength range of 4004000 cmto n b i

ocharos.surface ar

Table3.4. FTIR spectra of main functional groups

Wave numbers | Functional groups Compounds References
(cm)
400750 CbC str et c|Aromaticrings
850900 CbH Aromatic hydrogen
103061080 CbO reghhg and Et hanol ( (Yousafetal,
deformation 2021)
12301250 CbObC st r e|Aryl-alkyl ether
linkage
13501430 OH bands Acid
1373 CHs Methyl (Dehghanzad et al
2016)
14801510 C © C etghing Aromatic rings (Yousaf et al.,
2021)
15501700 CO90 str et c|Carbonyl and
ketone (Yousaf et al.,
17301740 bCOOH Carboxyl acids 2021)
28003000 C-Hn stretching Alkyl/aliphatic
30003750 bOH st r et c|Acid, methanol
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Table3.4 (continued)

13001460 CbN Alkyl radical

1550 CON Amide (Dehghanzad et al
2016)

1568 NbH + CbLN | Amidell

1616 bBCBO (ur ealAmidel (Ederer et al.,

2265 NCOb Urethane carbonyl 2017)

3321 NbH Amines

3420 NHs Ammonia (Dehghanzad et al
2016)

The FTIR equipment in Bsironmental Engineering Department (Agilent Cary 630)
with the diamondAttenuated Total Reflectance (ATR)chnologyis very practical

in theanalysis of both liquid and solid samples. Its portability and ease of operation
allowed the analysis of all sanggl in 1 dayThe analysis wavelength was kept in
between 400 4000 cm' with 32 timesscanning For each sample minimum of

0.5 mg is enogh to run the equipment without having a problem. Samples to be
analyzed were taken from tlgppendof tubesin apowder formwhich is shown in
Figure3.4.

3.4.7 Thermogravimetric analysis

TGA explores the pyrolytic behavior and thermal stability of biochars. Its logic relies

on the determination of weight loss over time depending on the tempeiiaturThe
temperature parameter is controllable and it mostlyea®ges with a constant rate.

The thermal reaction takes place under various atmospheric conditions such as
compressed ambient air, nitrogen, oxygen, corrosive gadsesnalysisshown in

a TGA curve consistof they-axis as mass change ahe x-axis as temperature or

time. TGA curve is a useful tool for the characterization of biochar samples through
the specific decomposition forn{Stylianou et al., 2020)The tiermal stability of
carbonaceous materials is another parameter that can be assessed by the TGA
analysis. The minimized slope in the TGA curve indisdlhe presence of negligible

weight loss and this means the material is thermally stable under applied temperature
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and gas atmosphere. Therefore, TGA analysis can be applied for materials
characterization, degradation and sorption mechanisms, reactigitsirorganic

and inorganic load in the sample. It is common to combine TGA analysis with IR
spectroscopy and gas chromatography techniques if the analyzed matter contains
volatile compoundsThe @mbinationof infrared spectra into TGA enables the
analyical identification of gases resulted from the sample degrad@emy et al.,

2020)

The analyses werdone usinga PerkinElmer, Pyris Inodel TGA equipmentThe

TGA program was operated within 501010AC wi t h aA Q/amien .o fDaz
monitoring was set as secondstween points with a value of 0.lh the TGA

equipment, the mass holder pan requa&sry small quantity of soligghase mass

and this value is the initial mass value in the resilt® samples were taken in

powder form which is shown irFigure3.4.

3.4.8 Electron paramagnetic resonance spectroscopy

EPR allows the samples to be detected in trace amofimaterials by measuring

the spins of unpaired electrons. Additionally, deficient sites in the crystals can be
detected with EPRmalysis. EPR, also called Electron Spin Resonance (ESR), is a
branch of spectroscopy concerned with electromagnetic madiafusually
microwave frequency) that causes transitions between magnetic energy levels of
electrons with unpaired spins. The ESRcsmemeter works in Xand Qbands with

a 10" magnet. Electrochemical and special flat cells are available that can be used

room temperature studies. There are also liquid helium cryostats to be used with the
standard Xband cavity so that the measurensetan be made fromAK t o r oom

temperaturéMazur, 2006)

Threebiochar sampkewerecharacteried in the EPR analysjsvhich are KUBC700
(Sample No.11) HC210BC700KOH1U10 (Sample No.23) and
U10HC210BC700KOH1 (Sample No.2&)d their properties are listedliable3.5.
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Table3.5. The analysis details ofAR

# | mocmarcone | US| TAGENT | MEASUREMENT (e
11 KUBC700 60 DMPO 30
23 HC210BC700KOH1U10 60 DMPO 30
28 U10HC210BC700KOH1 60 DMPO 30

Sampl es6 prepar at i on20 whadeinizedwater iatotlee b y
different 250 mLbeakersone for each sample (11, 23, 28fter 20 mg of related
biocharwasadded to beakers, they wesenicatedor 60 secin order to separate
colloids. When the sample was taken to be analyp®dPO wasadded ad waited

for 30 sec to radiate. The prepared samples are illustrafeglire3.5. The spin trap
5,5-dimethyt1-pyrrolini N-oxide (DMPO) (Merck, Germany) was used to trap the
generated radicals for this study biyHESpectroscopy.

20 mL
deionized water

g KUBC700
\/ \/ \/ I 20 mg pC210BC700KOHIUL0
U10HC210BC700KOH1

60 sec 60 sec 60 sec  Reaction Time

Figure3.5. The sample preparation of the EPR analysi
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3.4.9 Gaschromatography-massspectroscopy

Gas ChromatograpMass Spectroscopy (GEMS) is a unique analysis for the
identification of particular organic agpositions generated from pyrolysis operation
and attached onto the carbonaceous sur{@mnti et al., 2014)Degradation
products ofphoratecan be detected by the use of -GIS. In this study, GEMS
(Agilent 8860 GC, U.S.A.) was utilized for the qualification of degradation products
of phaatecouple with MS detector (Agilent 5977B Turbo Pump MS, U.S.A.). The

operational method parameters are liste@iahle3.6.

Table3.6. GC-MS method parameters fphoratedegradation products analysis

Parameter Value
Carrier gas Helium
Volumetric flow rate 2 mL/min
Inlet temperature 250/C
Mode Splitless
Pressure 9.954 psi
Injection source GC ALS
Total Flow 65 mL/min
Thermal aux temperatur 281/C
Injection volume lem
Agilent HR-5ms 350C
Column Part numberi90915433
30 m x 0.25 mm x 0.26m
Average velocity 37.132 cm/sec
Hold-up time 1.3466 min
Flow program 1 mL/min
Initial temp, 90AC for 2 min
Ovenprogram 6AC/min to 1504C for 5 min
5AC/min to 2204C for 5 min
6/C/min to 2904C for 2 min
Run time 49.667 min
Solvent delay 3 min
EMV mode Relative
EM voltage 1482
MS source 230AC
MS quad 155AC
Actual EMV 1485.35
Gain factor 0.46
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In the experiments, reverse phase hydrophobic C18 cartridge (Afj2462052,
500 mg/6 mL/4& mU.S.A.) have been used in order to eliminate the watsed
content and sustain ngrolar compounds. Ag¢enitrile wasutilized asa solvent. The
samples were prepared in 2 mL screw top-I@€ vials. The experiments were

carried out with four differeraamplesvhich are listed imable3.7.

Table3.7. Samples performed in the @@S analysis

Sample No | Description
1 Phorate (1 ppm3olution’
2 Phorate (1 ppmgolution+ 100 mg KUBCDO
3 Phorate (1 ppmgolution. + 100 mgHC210BC700KOH1U10
4 Phorate (1 ppm3solution+ 100 mg U10HC210BC700KOH1

3.4.10  High-Performance Liquid Chromatography

Produced biochar andydrothermally treated biochaamples were subjected to
batchremovalexperimets in order to examintheir phorate remal efficiencies.
The general logic of batch experimemsnsists of addinga known amount of
biochar/hydrothermally treated biochaample to a fixed volume afliquid solution
containing an initial concentratiasf phoratepesticide. The prepared sotrt was
agitated with the use afshaker (Zhicheng ZHW>200B, China).

For batch experimentse phoratestock solution has been prepatechavea 100

ppm concentratiorThe censity ofthe phoratgesticide solutn is 1.16 g/mLIt was

calcul ated that 8.6 €L from the original p h
preparel00 mL of 100 ppnphoratesolution. The remainder of the solution was

filled with Acetonitrile to reach 100 mL in order torm a calibratio curve

71 mg/L of phorate solution was prepared with the use of Acetonitrile as a solvent. To prepare 1 ppm
phorate solution in a 2 mL screw top @4S vial, 0.02 mL froml00 ppm phorate solution and 1.98
mL of Acetonitrile solution were added into the 2 mL vial.
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(R?=0.9999) in HighPerformance Liquid Chromatography (HPLC) (Agilent
Technologies Inc. 1260 Infinity Il, U.S.A.), 1 ppm, 0.75 ppm, 0.5 ppm, 0.25 ppm,

0.1 ppm, 0.05 ppm and 0.02 ppm solutions were run in HPLC vils.final

solutons were filterd througha0 . 22 e m nyl onthesHPtQanatyss f i1 | t e
before putting into vialsThe trend othecalibration curve is presentedkigure3.6.

The HPLC method developed for the concentration analysis is listeabie3.8

50
45
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35 y = 46.615x + 0.0767

30 R] = 0.999¢
25
20

15

Peak Area

10

0 0,2 0,4 0,6 0,8 1 1,2
Phorate Conc. (ppm)

Figure3.6. Calibration curve fophoratepesticide

Table3.8. Operational conditions fguhoratepesticide in HPLC

Parameter Details

Mobile Prase 75% Acetonitrilei 25% Deionized Weer

Injection Volume and Flow 2 0 &nd0.5 mL/min

Rate

Retention Time 8 min

Detector ZORBAX Eclipse Plus C18 LC column

Detection Wavelength 210 nm

Column Temperature 40A C

Column Type InertSustain C18 colon @1 250 -@m)
Reverse phase
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3.5 Batchremoval experiments

The batch removal experiments were carried out in two stddestage batch
removal experiments were conducted on the Raw SS anéritseed biochars.1%

stage batch experiments were initiatedhvihe prepared stock solutievhich was
explained inSection3.4.10 100 mL batch solutions contain 1 mL o®@ppm
phorate solution which was taken frorphorate stock solution and 99 mL of
deionzed waterresulting in 1 ppnl mg/L) phoratesolutionas a batch experiment
standard concentrationlO0 mg of eachbiochar samples were added to its
corresponding beakeAll batch experiments were performedar250 mL open,

glass cylindrical beaker having an internal diameter aighhef 0.7 cm and 0.95

cm, respectively. The shaker was set to a speed of 200 rmuieethe wellmixed
conditions for all the reagents in the solution. The temperatuheshaler was set
to5AC under mixing conditi imaistervaSdefe0,sampl es
t=1 min, t=5 min, t=10 min, t=30 min, t=1 h, t=2 h, t=3 h, t=4 h and t=5 h from
prepared and mixed solutionghe specific time interval samples were put into the
HPLC vials.The final solutions were filtered througl® . 2 2 ¢ nyringg/filteo n s
for the HPLC analysis before putting into vialBhe phorateconcentrations of

corresponding samples were determined with the decal#oration curve.

Among Raw SS andts produced34 biochar samples with different operational
parameters ah modification techniques, certain biochar materials showed
outstanding performances ihe 15t batchremovalexperimentsThe results of this
selection will be explained in detail 8ection4.3. Therefore, from this poindn, the
experiments were continued with the specifignee samples;Sample No.11
(KUBC700, Sample No0.23 (HC210BC700KOH1U1p and Sample No.28
(U1OHC210BC700KOHL These efficient samples were further analyzed under
various tempetares, biochar doses, pH values, reusability tests and real wastewater
experimentations. Téh experiments performed with the consideration of these

specific parameters will be namas 29 stagebatch experiments.
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3.5.1 Effect of temperature

The condstage obatch experiments were performed under different temperatures
for the removal ofphoratei.e, 30AC, AG5 aAd. 4B thoedbiochdr
samples were run in each temperature value andttiere wereninetemperature
dependent batch experiments atal. The emperature was adjusted by the settings

of the shaker witla 200-rpm speed.

All the temperaturelependent batch solutiomgere prepared as 100 mL in 250 mL
beakers100 mL batch solutions contain 1 mL ddQppm phoratesolution which

was takerfrom phoratestock solution and 99 mL of deionized watessulting in 1

ppm phoratesolution 100 mg of eaclthree biochar samples &re added to its
corresponding beaker. Then, they were operated und®GBQ A G 5 afQ. 4Toh e
samples were taken &t0, t=1 min, t=5 min, t=10 min, t=30 min, t=1 h, t=2 h, t=3

h, t=4 h and t=5 by filtering them through 8.22¢ nsyringe filter andransferring
theminto HPLC vials.

352 Effect of biochar dose

Another parameter tested in the second stage of batch experiments was the change
in the added biochar dose in a solution, 28.mg, 500 mg, and 1500 mg. Each of
threebiocha samples wasrun in each biochar dose valu&hus there werenine

biochar dosageependent batch experiments in totdle Bmperature was adjusted

to 25 A @y the settings of the shaker wit200-rpm speed.

All the biochar dosagdependent batch solahs were prepared as 100 mL in 250
mL beakers100 mL batch solutions contain 1 mL o®d@ppm phoratesolution
which was taken fromphoratestock solution and 99 mL of deionized waresulting

in 1 ppmphoratesolution 100 mg of eaclhreebiochar samies were added to its
corresponding beaker. The samples were takérOat=1 min, t=5 min, t=10 min,
t=30 min, t=1 h, t=2 h, t=3 h, t=4 h and t=%¥Wfiltering them through 8.22& m

syringe filter and transfeang theminto HPLC vials.
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3.5.3 Effect of pH

Different pH values were performed in the batch experiments for the removal of
phoratei.e, 3, 5, 7, 9, and 11. Each tfreebiochar samples asrun in each pH
value and thughere werdifteen pH-dependent bakcexperiments in total. In the
adjustment ofpH, 0.01 M KOH (Merck, Germany) and 0.01 M HCI (Merck,
Germany) solutions were used and the temporal pH chaveresneasured by the
portable pHmeter (OAKTON, U.S.A)).

All the pH-dependent batch solutions wemepared as 100 mL in 250 mL beakers.

100 mLbatch solutions contain 1 mL 00Q@ppm phoratesolution which was taken

from phoratestock solution and 99 mL of deionized watesulting in 1 ppnphorate

solution Then, KOH or HClwasadded in order to fintune the pH. 100 mg of each

threebiochar amples were added to its corresponding beaker. Theegpdndent

batch experiments were carriedoutund®k € and 200 rspaker.Sheeed i n t
samples were taken &t0, t=1 min, t=5 mint=10 min, t=30 min, t=1 h, t=2 h, t=3

h, t=4 h and t=5 by filtering them through @.22¢ nsyringe filter and transferring

theminto HPLC vials.

3.54 Reusability tests

The reuse of produced biochars dndirothermally treated biochavgere studied

performing a series of batch experiments for the removphofate The eusability

tests were executed for eachtloé threeselected samples (SampNo. 11-23-28).

The residues left from the batch experiment at pH 7 were selected for the reusability

tests. Eale ofthethreesamplaswastaken into seven different falcon tub&se tubes

were filled with Acetonitrile (Sigm& | dr i ¢ h, U.S.A., 099.9%) as
until 50 mL indicator line in order to eliminate tipdorateresidues left on the

biochar. The amples were washed for 5 min and 2 times at 5000 rpm speedGit 25

in acentrifuge (Thermo Fisher Scientific, U.S.A.). The liquid portion of sampées w

wasted and solid residues were taken into the ovenAtG0 over ni ght to be
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Dried samples were weighed and taken into the Reusabibgtch experiment. All
the reusability batch solutions were prepared as 100 mL in 250 mL beH@rsL

batch slutions that contain 1 ppm phoratesolution Then, weighted and dried

biochar samples were added to each beaker. The reusability batch experiments were

carried out unde25 AC and 200 rpm speed in the
taken at=5 hthroughot the experiments from eachtbethreesamples. At the end

of the batch experiment, the residue was collected and subjected to washing with
Acetonitrile in thecentrifuge(Thermo Scientific SR6R, U.S.A.) The residues left

at the bottom of falcontubese r e dri ed i n the oven at

The reusability tests were performed four times in the same lagidhe
aforementioned methahd the last dataas recorded for thé"cycle

3.55 Real wastewater experiments

Forrealwastewater experients,a wastewater sample was taken from Middle East
Technical University (METUWastewatef reatment PlanTheMETU Wastewater
Treatment Plant receives domestigstevater generated from dormitories, residents
and departments and tredtsvith a membram bioreactor (MBR) system. MBR
based treatment plants operate the combination of the biological process, i.e.
activated sludge and membrane filtration proceather han a clarifier. The
membrane filtration system commonly consists of-fme@ssure microfiltration or
ultrafiltration membraneAMTA, 2016). Inthe METU wastewatetreatment plant,
the MBR system useds of the typevacuumdriven MBR with ultrafiltration
membranes The wastewatersample to be used in phorate removal tests
collected from the effluent of the MBR treatment plant. Th&ahiCOD of the
sample was 85 mg/L with standard method 5R2MHach Method 8000 (Hach,
U.S.A.). ThepH and electrical conductivity (E@f wastewater used in this study

were measured as 7.91 al8¥0eS/cm, respectively.
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Threel L bottles of 1 ppm, 2 pprand 5 ppnphorate containingiastewateramples
were prepared with the addition phoratefrom its stock solution. Then, it was
shakedunder 4AAC and d a rTkesamplesrwere igken into comteation
measurement with HPLC.

The wastewater batch Istions were prepared as 100 mL in 250 mL beakers. 100

mL batch solutions contain 2 ppm phoratesolution which was taken from 1

Lsolution. Then, 100 mg of eactinree biochar samples were added tioeir

corresponding beaker. The wastewater batch expatgwere carried out undes 2

AC and 200 rpm speed i n t he0 &hmik &5 . The san
min, t=10 min, t=30 min, t=1 h, t=2 h, t=3 h, t=4 h and td#yfiltering them through

a0.22e mylon syringe filter and transferrindpeminto HPLC vials.

3.5.6 Data arrangement and statistical analysis

Data arrangemer$ used to optimize and conceptualize the analyfieaspectives
during theresearci{Thorne, 2000Q)In this study,optimization studies are achieved
with the arrangement of operational parameters, (sugface areasurfaceactive
groups, hydrophilicity, stable nature and pH of biochar) in order to select the most

goaloriented techniog

Regarding lie statistical analysis, triplicate samples were carried out in all batch
experimentgo sustain the recultivity and accuracy under control. The impact of
biochar dose, temperature, initial pH thfe solution, modification techniques,
variouscarbonizatiorprocesses and residence tiwmere illustrated in the graphs by
using Sigma Plot 11.0 (Systat software Inc., U.S.A.) software.

3.5.7 Laboratory devices and equipment

Laboratory devices and equipment utilized throughout the experimental period are
listed inTable3.9.
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Table3.9. Laboratory devices and equipment

Name Model / Country Intention of
Utilization
High Performance Agilent Technologies Inc.| Pesticide

Liquid Chromatography| 1260 Infinity 1I/U.S.A. concentration analysig
(HPLC)

Deionized water MilliporeMilli -Q Deionized water
purification system Simplicity 188/U.S.A. supply
Split type tibe furnace | Protherm ASP Pyrolysis process
12/100/1500/Turkey
Autoclave reactor ToptionHT-100, China | Hydrothermal
treatment process
Oven Dedeoj | u/ TuiDrying
Furnace Lenton 3826/U.K. Torrefaction process
Shaker Zhicheng ZHWY¥- Mixture of batch
200B/China solutions
Refrigerator Ar - el i k/ Tur |k Safe storage of the
samples and solutiong
pH-meter OAKTON pH 300 pH and EC
Series/U.S.A. measurement
Ultrasonic Stirrer FALC EN63%1/Italy Degassing of HPLC

mobile phase
Gas Chromatography Agilent 5977B Turbo Degradation

MassSpectroscopy (GC Pump MSU.S.A. intermediate products
MS) analysis
Themogravimetric PerkinElmer Pyris 1 Thermochemical
Analyzer (TGA) ModelU.S.A. stability analysis
Centrifuge Thermo Scientific SL16R| Washing and
Model/U.S.A. separation of liquid
and solid portions
Elemental Analyzer LECO-932U.S.A. Elemental analysis
BET Analyzer Quantachrome Btosorb | Specific surface area,
1C/MSU.S.A pore volume and pore
size determination
SEM equipment FEIQUANTA Surface morphology
400FU.S.A. identification
XPS equipment PHI 5000 Surface chemistry anc
VersaProb&apan speciation
XRD equipment Rigaku MiniFlexJapan Mineral composition

determination

FTIR spectroscopy Agilent Cary 630 with the| Surface functional
diamondAttenuated Total| groups identification
Reflectance (ATR)
technolog/U.S.A.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Characterization of the feedstock

The physicaland chemical properties of raw sewage sludge (Raw S larated

in Table4.1. The listed properties were collected from the advanced characterization
techniques achieved this study. The analgs of fundamentadlements (i.eC, H,

N, S, O, O/C, HIC, (O+N)/C, (O+N+S)/C) were assessed by the Elemental Analyzer.
The metallic elements were determined with Inductively Coupled Pidémsa
Spectrometry (ICAMS). The specific stfiace area, pore volume and pore size
distribution of the feedstock werealculatedusing BET Surface Analyzer. The
methodology of the aforementioned analysesdiscussed in Sectidh4.2

Sewage sludgés anutrientrich resouce. The feedstock used in this study showed

a high amount of nitrogen (3.6%) compared to other researches in the literature. For
exampleRen et al(2018 stated the nitrogen content in the sewage sludge as 1.97%
much lower than ouN-content.However, in the study athengjia Li et al(2018),
nitrogen content in the s@&age sludge was demonstrated as 4.,19%#%ich is
comparable with this studyin et al.(2016) also had a similar nitrogen percentage
which is 4.08%. Therefore, it can be concluded that sewage sludggrsgenrich
feedstock irproducingbiochar materialdn terms of specific surface area, the study

of Ren et al(2018 found 22.01 rag™ specific surfacarea, whileChen et al(2014
revealeda 2.3 nt g surface agaby the BarrettJoynerHalenda(BJH) desorption
surface arearlhe feedstock used this study had a lower surface area compared to
foundings from the literaturelH/C elemental ratiowhich is an indication of
aromaticity was determined as 1.60 in this study. In the literature, 1.73 ameB5
pronounced as H/C ratio from the studyZbfengjia Li et al(2018 andRen et al.
(2018, respectivelyThe HC ratio is reversely linked with the degree of aromaticity,
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so the lower the ratjdoecomes higher the aromatic composition. In that sense, the
sewage sludge used in this study reveals more aromatic compared to the litérature.
canalso betaken fromTable4.1 that the raw sewage sludge contains variousstype

of metal content in its composition.

Table4.1. Physical and chemical properties of raw sewage sludge (Raw SS)

Sample Unit RAW SS Sample Unit RAWSS

C % 30.9 Multiple-point BET m?g! 1.08E+01
H % 4.2 BJH Adsorption Surface Area m?g! 2.35E+01
N % 3.6 BJH Desorption Surface Area m?g! 1.22E+01
S % 0.8 External Surface Area m?g! 1.08E+01
O % 27.7 Micro Pore Surfacérea m?gl 2.90E01

Ash % 32.9 NLDFT Surface Area m?gl 1.08E+01
o/C - 0.67 BJH Adsorption Pore Volume ccg' 2.46E02

H/C - 1.60 BJH Desorption Pore Volume ccg* 2.00E02

(O+N)/C - 1.83 Micro Pore Volume ccgt 2.35E04

(O+N+S)/C - 2.00 HK Pore Volume ccgl 3.94E03

Mg mg g* 2.9 SF Pore Volume ccg® 4.05e03

Al mg g* 6.5 NLDFT Pore Volume ccg® 2.00E02

Ti mgg*  0.665 BJH Adsorption Pore Diamete ( j ) 1.54E+01
\Y mgg® 0.0165 BJH Desorption Pore Diamete ( j ) 3.76E+01
Mn mg g* 0.24 HK Pore Width (i) 6.28E+00
Fe mg g* 7 SF Pore Diameter (i) 1.12E+01
Cu mg g* 0.1 NLDFT Pore Diameter (i) 1.70E+01
Zn mg g* 10.4
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SEM was another referred technique in this study in order to characterize the surface
composition. SEM images the raw sewage sludge with 50600000, 5000,

2000X magnification are illustrated igure4.1. It can be seen from the image with
5000X that there is i approximatelyl 0  €z@d macropore at the surface of the
raw sewagsludge. It becomesuchclear at the 10000X magnificatioBince SEM
images give only the image where it is focused, it is difficult to integrdatethe

whole surfaceHowever, if we assume the macropores are abundant at the surface of
the feedstock, 1B explairs the lower surface area comparedhe literature.The
brighter sectionsnainly indicatethe presence of metallic content at that zone and
they exist at the surfacelt supports the miscellaneous metallic elemental
composition listed iTable4.1. The surface seems smooth rather than haioggh

and layeredstructure. This can be enhanced by the exertion of temperatuich

will be debated in Sectioh.2.1

Figure4.1. SEM image of raw sewage sludge (Raw SS)
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4.2  Characterization of the produced samples

42.1 Surface morphology and elemental mapping

The surface morphology and elemental mapping analyses of produced biochar
materials were performed byging SEM imagingcoupled with Energy Dispersive
X-ray Analysis (EDX). The SEM images were magnified at 50000X, 10000X,
2000X for all analyzed samples. EDX (2000X magnification) was carried out for
two different biochars which are Sample No. 11 and 23, KOBOO and
HC210BCDOKOH1U10, respectively.

Figure 4.2 shows the SEM images of pristine biochar materials pyrolyzed at 300,
500, 700, 900A CThe raw biomass hasmore uniform texture and less porosity
compared to pyrolyzed sampléSuizani et al., 2017)In the case of this study,
sewage sludge as a raw feedstock have a smoother surface morphology. Moreover,
theheating temperature and tiroEthe biochar resiges in the furnace areggiificant
paraneters of surface morphologfGuizani et al., 2017)With the increasing
pyrolysis temperature, the meso and macropores on the carbonaceous surface
become visible due to the loss of volatile campds, especiyl in the case of 900

AcC. I n the surface textures of BC300 and
macropores, they showed freshly emerged micropores. BC700 and BC900
represented piecewise clustie structures compared to lower temperatuiidsey
demonstateda clearermodification in the surface morphology with the formation

of meso and macropores on the carbonaceous composition. BC900 as a biochar
sample produced at the highest temperature exhithieadost significabnumber of

cracks ad decline in tle micropore structures. In all simple biochar materials, the

surface involved interconnections between existing micro, meso and macropores.
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BC300

BCS500

BC700

BC900

Figure4.2. SEM images of pristine biochar matesial

Figure4.3 depicts the SEM images of pneodified biochar materials pyrolyzed at
700AC. Pot assi um hoprdbinatiznioftveo chemicals aerezapplied
as a pe-modification technique for corresponding samples. KO walized in
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order to activate the biochar and improve the porosity in the carbonaceous material
as a commonly referred alkali activating agent. k@bldified biochars demonstrate

an enhanced porststructure enabling advanced adsorption of contami@uotet

al., 2021) When the KOH1BC700 sample was compawneth the BC700 from
Figure4.2, it was observed that the pores were more prominently and dispersedly
spread at the surface thfe carbonaceous texture. The impact of urea modification
from the SEM images can be observed from the correlation between BC700 and
U10BC700 fromFigure4.2 andFigure4.3, respectively. The pores in U10BC700
were not homogenously dispersegin the case of KOH1BC700. Doping of nitrogen
adds more deficient sites to the carbonaceous structure and it creategaisistah
alteration in the surface morpholo¢@uo et al., 2020)However there is a slight
increase in the grooves from the nitrogen doping of urea. From the modification
blend of KOH and urea, KUBC7aflsplays a prominently rough surface with small
micropores. KUBC700 is rich in porosity due to the heteroatom adddiuh the

pores are homogeausly spread due to the KOH activation.

50 um 10 pum 2 um

U10BC700 KOH1BC700

KUBC700

Figure4.3. SEM images of prenodified simple biochar materials
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Figure 4.4 presents the SEM images of hydrothermally @ddbiochars prior to

pyrolysis under temperatures of 300, 500, 700,A00. Hydr ot her mal tr e
subsequently pyrolysis at increasing temperatures created a difference in the surface
morphologies of related biochars. Hydrothermal chars have a gneageporosity

than bioclar materials. Additionally, nitrogen gas provided during the pyrolysis
experiment enhances the formation of micropdiieguezAlonso et al., 2018)

Supporting this statement, larger pore sizes emerged in the hydrothermally treated
biochar samples compared wiimple biochars withcorresponding pyrolysis
temperatures fronfigure 4.2. Moreover, as in the case of pristine biochars,
hydrothermally treated biochar materialso demonstrateallinear correlation with

the increasing pyrolysis temperature with a rising porosity

50 um 10 um 2 pm

HC210BC700 HC210BC500 HC210BC300

HC210BC900

Figure4.4. SEM images of hydrothermally treated biochars
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Figure 4.5 shows the SEM images of hydrothermally treated and-posiified

biochar materials pyrolyzed at 780C. Si nce ni smavegleficiendyopi ng add
to the carbonaceous surface, urea modificaéie a nitrogen source increased the

amorphous texture in the HC210BC700U10. KOH modification, on the other hand,

dispersed the pores homogenously through the sueaeeas the case Figure4.3.

When the activation process took place, concurretitére occurred the forming of

pores in the overall structure of the carbon material due to the more intensive release

of volatile matters as gas@2ari et al., 2014)Although the KOH modification only

itself did not form a signitant alteration, concurrent application of urea and KOH

resulted irnthegreatest porous structure in HC210BC700KOH1U10 overall.

50 pm 10 pm 2 um

HC210BC700KOH1

HC210BC700U10

HC210BC700KOHU10

Figure4.5. SEM images of hydrothermally treated grotmodified biochar
materials
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Figure 4.6 displays the SEM images of prand postmodified hydrothermally
treated biochar materials produced at 20Q . Whi | e GJQOGHodWe A 0 B
distinguished  porous structure with its vesicles and mesopores,
U10HC2DBC700KOH1was imaged as large aggregates. -Rredification with

urea increased the pore sizes and pore amounts. ULI0HC210BC700KOH1 had a very
bright SEM image and this ifghtes the abundance of organometallic complexes at
the surface. Unlike the other slinacale accumulations on a rough surface, here in
the ULOHC210BC700KOH1, larger and brighter cldiké structures imply the
strong connection between metallic elememd aarbonaceous surface. In these
types of views, the shiny parts are the resulthefgresence of metallic elements;

however, the carbon is embedded under those coverages.

50 pm 10 um 2 um

U10HC210BC700KOH1 U10HC210BC700

Figure4.6. SEM images of preand postmodified hydrothermally treated biochar
materials
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Sewage sludge is divefieid material and has a varied elemental composition.
Especially, Al, K, Si, Zn, Fe elements aracredidly abundant in the environment
and the sewage sludge is afsth in these contents. Since the surface of biochar is
highly amorphous and carbonacedts, carbon becomes reactive through different
elements and makearbonmetal composites. Thus, sewage sludge has been chosen
as a feedstock in order to have a l@lorganometallic complexes. In this regard,
SEM-EDX analysis gives an idea about the atamce and distribution of these
compositions on the analyzed surf§Cdia et al., 212) Although it is difficult to
comment on the quantity of elements or organometabimplexes, it gives an
outstanding qualification about the distribution and presence of these components.
We have chosen the analyzed elements by looking at thetively Couple Plasma
Mass Spectroscopy (ICGMS) results and the Al, K, Si, Zn, Fe contevire very

abundant in the composition.

SEM-EDX images were obtained for two samplesth at a magnification rate of
2000X.Figure4.7 illustrates the SEMEDX images of Sample No. 11 (KUBC700)
and Sample No. 23 (HC210BC700KOH1Ul16lere, the change in the elemental
composition can be observed with respect te anel postmodificaion with same
amount ofthe same chemicalgkight different elements were analyzed in the SEM
EDX analysis of two biochar sampleBhe tomogeneouslistribution of these 8
elements can be clearly seen from both two images. However, there are cumulative
aggegations at particular points. Brighter the representation indicates moosef
specific elements piled up at that poiNbtaly, in the case of Siion (Si), it has
been stated as an enhancer in the adsorption rate and cépddinyet al., 2021)in
Figure 4.7, the Si content of KUBC700 is comparativelgigher than
HC210BC700KOH1U10. Moreovethe Si accumulations were observed at the
brighter sections of KUBC700 Si imaging, while HC210BC700KOH1U10 had a

consistent partition throughout the surface with some absent points.

84



(OTNTHOX00.090T2ZOH) £2°0N aidwes (q) pue (00209NX) TT'ON 8|dwes jo sabew! Xa34A3S (e) L vainbi

- ot - o - - o - o - n

85




When the elemental distriban was considered irFigure 4.7, the plentiful
dispersion of selected elements (Al, C, Fe, K, N, O, Si, Zn) can easily be recognized
throughout the SEM images. Therefore, sewage sludge was agreed upon the richness
in metallic ingedients. They hadreaction with carbonaaially. Inthe ction (a) of
Figure4.7, the darker sites are more plentiful when it is compared with Section (b).
This implies the foundation of carbon at that po@n the other handection (b)

shows brighter composites on the surface and they are due to the presence of metallic
components at that sites. In this regard, organometallic complexes are likely to take
place and they are accumulated at larger partices sktowever, the g@earance of
brighter metallic sites in the SEM image does not indicate the lack of carbon content.
On the contrary, the carbon is embedded inside the organometallic surfaces. Section
(a) also includesdrighter parts; however, they are atar in size. Morever, in the

section (a), the structure is rougher and more amorphous, whiedtien (b) has

smooth form due to the pestodification with KOH. In the case of porosity, almost

no pore structure exists in tkection (a) with small size micropores.dpposition,

Section (b) containa larger size of poresn the scale of approximately 200 O m.
Therefore, it can be said that the porosity is enhanced and the surface is lower in the

section (b).

4.2.2 Elemental composition of biochar samples

Elemental composon of produced biochar and hydrothermally produced biochar
samples were assessed by the Elemehtallyzer. C, H, N, S, O contents of
materials are listed ifable4.2, Table4.3 andTable4.4.

Table4.2 shows the elemental analysis of Raw SS, pristine and modified biochar
materials. Studies revealed that the carbon content increases with the increasing
pyrolysis temperature, while hydrogen and oxygen cdrdemonstrates a reverse
trend by the rise in teperaturgXiao et al., 2018)The result®f this study affirmed

the mentioned statementdathere occurred an upward trend in carbon content from

Raw SS to BC900, while the hydrogen and oxygen had a downward trend in the
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same sample patterKiao et al.(2018 reported that the total nitrogen content in
biochars shows a minor increase autbsequendecrease by the rising pyrolysis
temperature. HEre, the sewage sludge as a feed material is rich in nitrogen
functionality. At300AC, t he pr o d u caraimodinegligitheancreaseh o we d
but afterwarda notable decline in fdontent has been obgedwith the increasing
temperature up to 908 CFurthermorethe KOH application unsurprisingly added
oxygen contento a considerable extent comparedhe BC700 sample. However,

a decrease in the-Gbntent was detected by the increase in exerted KQd¢.d
Although KOH chemical adds extra oxygimctionalities to the composition, a fall

can happen due toeleasingmore CQ and volatile compounds during the
thermochemical process. Moreover, the urea modification performed on the BC700
biochar sample diayed an expected increasing trend with theease in urea
loading dose. The most remarkable jump in the oxygen content was pointed in
KUBC700 sample by the combination of KOH and urea application due to

miscellaneous chemical interactions.

The atomic atios of corresponding elemental percentages wadmeilated with the
consideration of their atomic weights. Particular interest was given to O/C, H/C,
(O+N)/C and (O+N+S)/C. They collectively refer to the stability of biochar. H/C is
awidely used expregsn of aromaticity. There is an opposite relasibip between

the H/C ratio and aromaticityandit increases with decreasing H(B. Chen et al.,
2008) Higher pyrolysisémperatures result in lower H/C and O/C ratioshiochar

(Xiao et al., 2016)In the case of this study, both H/C and O/C atomic ratios were
consistent with this methodology. In this regard, the biochar materials produced at
higher temperaturésecome more resistant. The decrease in O/C iotasults in

more hydrophobic composition. Therefore, the mbeheating temperature forms
more hydrophobic structures. On the other hand, O/C implies the degree of aging or
undergone oxidization of bibar since the oxygen is promoted into the organic
carbonaceous composition in the environmental oxidation proc€s=es et al.,

2018) (O+N)/C ratio is another parameter in the chemical analysis of bidcaar

expresses the level of polarity. The polarity implication declines with the increasing
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pyrolysis temperature due to the weakening ofalgpolar sectiongB. Chen et al.,
2008) In this study, the trend in (O+N)/C ratios was downward fromB8@ t o 900
A Qwhich shows the polarity is higher in biocharsguced at lower temperatures.

Table4.2. Elemental analysis data of Raw SS, pristine and modified biochars

Sample %C %H %N %S 0% O/C HIC (O+N)/C (O+N+S)/C
RAW SS 309 42 36 08 277 067 1.60 1.83 2.00
BC300 334 35 37 08 186 042 123 126 1.44
BC500 377 14 28 10 156 031 045 1.04 1.18
BC700 434 08 17 12 82 014 022 055 0.64
BC900 474 06 08 14 32 005 014 0.22 0.27
KOH0.5BC700 25.4 13 1.3 0.8 195 0.58 0.62 1.26 1.32
KOH1BC700 206 1.0 13 1.6 182 0.67 055 1.19 1.26
KOH2BC700 18.8 1.1 04 0.7 17.8 071 070 1.13 1.15
USBC700 432 08 18 11 87 0.15 023 058 0.68
U10BC700 459 08 21 1.2 6.0 010 020 041 0.53
U15BC700 465 08 22 1.1 55 0.09 021 0.39 0.51
KUBC700 195 1.3 1.3 08 342 1.32 079 219 2.25

Table 4.3 represents the elemental analysis data of pristine andnmmbtied
hydrothermally treated biochars. When the elemental composition of hydrothermally
produced chars was compdrto those in the feedstock, their carbon contents were
increased and the oxgg contergawere decreased. It can be linked to the dehydration
and decarboxylation processes in which the hydrogen and oxygen scatent
significantly diminished from carbonaous composite and released as watgdD{H

and carbon dioxide (C{p(Fang et al., 2018)r'he oxygen content was observed to
be lower in hydrothermally produced materials tHangyrolyzed biochars since the
oxygenactive forms at the surface are morengifel in the biocharg¢Nzediegwu et

al., 2021) The impact of temperature trehydrothermally treated applicatiswas

the sameasthose in biochar materials. Carbotreased, whereas hydrogen and
oxygen decreased with the rise in temperattoef300AC t AC90Contrarily t
Table4.2, O-content escalated with the KOH loadingaai his canoccurfrom the
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fact that the organic content centrease withtte degradation of carbon. However,

the oxygen addition was lower compareKtOH-modified biochars. Urea loading

createdsimilar results in the nitrogen atomic content, while the combination of both

KOH and urea again displayed a notabée iin the oxygenontent.

The comparison between H/C ratio of biochars and hydrothermal biochars signifies

the variation in carbon stability and aromatic{fyzediegwu et al., 2021 Here,

Table4.2 andTable4.3 showaslight divergence in the H/C ratio with slightly lower
H/C atomic ratios irhydrothermally treated biochar Since the oxygen content is
lower in hydrothermally treated biochar the O/C ratios were slightly lower

compared to biocharsThe plarity index demonstrated the same logic with

increasing temperature.

Table4.3. Elemental analysis data of pasbdified hydrothermally treated biochars

Sample %C %H %N %S O% O/C H/C (O+N)/C (O+N+S)/C
HC210 338 47 50 09 250 055 166 1.69 1.93
HC210BC300 384 33 38 07 149 029 101 1.02 1.21
HC210BC500 399 16 33 15 142 0.27 047 0.96 1.14
HC210BC700 457 16 23 13 73 012 041 0.50 0.63
HC210BC900 488 05 08 09 58 0.09 0.13 0.38 0.42
HC210BC700KOHO.5 256 0.8 2.0 1.7 112 033 0.38 0.77 0.86
HC210BC700KOH1 231 10 04 05 137 045 0.583 0.87 0.90
HC210BC700KOH2 214 13 03 04 147 052 0.70 0.93 0.95
HC210BC700U5 46.1 10 35 13 56 0.09 0.25 0.41 0.61
HC210BC700U10 467 11 35 16 4.1 0.07 0.27 0.32 0.52
HC210BC700U15 449 08 39 12 53 0.09 021 0.41 0.63
HC210BC700KOH1U10 244 15 16 05 309 095 0.71 1.99 2.05

Table4.4 lists the elemental analysis data of-predified and other hydthermally

treated biochars. The residence time and heating temperature operational parameters

of the hydrothermal process affied the elemental composition. The hydrothermal

process was operated under W ,

oxygen content dropped in a similar logic with glysis temperature. Supportive to

Al 0anAC23When the

temperature was increased was observed that the carbon content raised and the
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the study oKrysanova et al2019, the maximum carbon percentage and minimum

oxygen percentage were recognizethwhe hydrothermal treatment under 28C .

The residence time, on the other hand, was performed under 4, 8, amd 16

Differently than the literature, the carbon content decreased by the higher residence

time, while the oxygen content showed an incrdéitk & Magdziarz, 2017) This
can be happened because of the differendbeafieed material. Since the various

feedstocks contaiadiversified range of organic and inorganic fractions,céudon

and xygen content fluctuate from one study to another.

Table4.4. Elemental analysis data of pneodified and other hydrothermally treated

biochars

Sample %C %H %N %S O% OIC H/IC (O+N)/IC (O+N+S)/C
U10HC210 31.1 41 44 09 289 070 157 1.92 2.13
U5SHC210BC700 414 09 19 12 145 026 024 0.95 1.06
U10HC210BC700 421 09 28 13 143 0.26 026 0.95 1.10
U15HC210BC700 429 09 29 13 140 024 024 093 1.10
U10HC210BC700KOH1 135 0.9 0.7 1.3 124 0.69 0.83 0.81 0.85
HC210BC7004h 452 08 28 15 88 015 021 0.60 0.76
HC210BC7008h 427 08 25 1.7 127 022 022 084 0.99
HC210BC70016h 414 16 22 1.1 158 029 047 1.03 1.15
HC230BC700 461 09 24 16 83 014 022 057 0.71
HC190BC700 438 08 24 15 92 016 022 0.62 0.76
HC170BC700 433 07 23 13 94 016 020 063 0.76
4.2.3 Porosity and surface area influenced by preand post modification

Specific surface area and porosity of biochars layatothermally treated biochar

were analyzed with Briauei Emmett Teller (BET) surface area analyzer and the

equipment works by consideringemat er i al 0s

nitrogen

adsor pti

capacity. BETsurface area, pore volume and pore size data of analyzed samples are

tabulated infable4.5, Table4.6 andTable4.7 , respectively.

Various examination methods (i.®ultiple point BET, BJH method cumulative

adsorption surface area, BJH method cumulative desorgtidace area;inethod
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external surfaceraa, tmethod micropore surface arean-local density functional
theory(NLDFT) method cumulative surface area have been used in the BET specific
surface area analysis and the specific surface areas determined by each method are
given in the columns ofable4.5. It is clear that the raw sewage slugdgéich is

the feedstock in this studigadalower specific surface area comparegyoolyzed
samples in each analysiethod. This supports the trend investegl in the literature
(Chatterjee et al., 2020)Since the heat releases volatile contents from the
composition of biochars, increasing pyrolysis tempeeahareases the surface area

by removing more volatile§ag et al., 2016)n this study, the pyrolysis temperature

was carried out under 300, 500, 700 and A00 . I't was observed
surface areaose by the pyrolysis temperature. So, the highest surface veasa
encountered in BC900 sample among simple biochars. KOH activation created a
significart difference in the specific surface area of KOH1BC700 and KUBC700
samples, while the urea doping generateelatively lower increase. KOH addition
enhanced the eathal surface area by 47% and 70%, respectively; urea generated
26% in the +method when the BC700 samples were taken into consideration. The
values support the idea that KOH modification enhances the surface area and
microporosity. Greater surface areainfercing with the improved porous

composition enables the material having a rich active @&gg et al., 2021)

In the case of hydrothermigl treated biocharsan increase in the specific surface

area can be recognized when they are compared with the pristine biochars produced
at the same temperaturdS. Tong et al., 2021)Vhen the hydrothermal operation

was applied on biochars, the increase was observed in both mptiiptemethod,

BJH adsorption/desorption methodxternal and micro pe surface area, and
NLDFT method. By the comparison of NLDFT cumulative surface area values;
BC300 sample showed a decline by 42%, BC500, BC700, BC900 risen by 37.5%,
27%, 37%, respectively. The greatest specific surface area haslissewed irthe
HC210BC700KOH1U10 sample, even outrunning the only modification with KOH.
Therefore, the greatest change was seen in the combined modification of KOH and

urea on hydrothermal treatment condisomhe comparison between KOH + urea
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modified biochar (KUBC700) ath hydrothermal char (HC210BC700KOH1U10)
demonstratea 42% and 52% increment in BJH adsorption and desorption surface

areas, respectively.

Table4.5. BET surface area ahe producedviocha samples

BJH

BJH

- NLDFT
. Method Method Method
Multiple _ ) ethod _ Method
. Cumulative  Cumulative icro
-point ) ) External Cumulative
Sample Adsorption  Desorption
BET Surface Surface
Surface Surface Surface
(m3/g) Area Area
Area Area (mg) a (M)
m m
(m?lg) (m?lg) ) ?
RAW SS 1.08E+01 2.35E+01 1.22E+01 1.08E+01 2.90E01 1.08E+01
BC300 1.60E+01 3.47E+01 1.77E+01 1.50E+01 2.18E+00 1.29E+01
BC500 5.05E+01 1.95E+02 3.08E+01 3.40E+01 1.64E+01 5.00E+01
BC700 5.72E+01 1.87E+02 4.25E+01 4.22E+01 1.49E+01 5.73E+01
BC900 8.91E+01 3.38E+02 6.09E+01 6.07E+01 2.83E+01 9.15E+01
KOH1BC700 2.27E+02 7.48E+02 8.26E+01 7.90E+01 1.48E+02 2.34E+02
U10BC700 6.94E+01 2.55E+02 5.43E+01 5.72E+01 1.21E+01 7.04E+01
KUBC700 3.80E+02 1.08E+03 1.48E+02 1.42E+02 2.38E+02 3.71E+02
HC210BC300 7.23E+® 1.83E+01 5.47E+00 6.67E+00 5.64E01 7.36E+00
HC210BC500 8.38E+01  2.75E+02 5.39E+01 5.50E+01 2.58E+01 8.02E+01
HC210BC700 7.76E+01  3.03E+02 5.30E+01 5.46E+01 2.30E+01 7.76E+01
HC210BC900 1.43E+02 5.13E+02 8.67E+01 8.65E+01 5.64E+01 1.47E+02
HC210BC70(KOH1 1.69E+02 4.59E+02 7.62E+01 6.80E+01 1.01E+02 1.68E+02
HC210BC700U10 5.97E+01 2.07E+02 5.39E+01 5.34E+01 6.32E+00 5.84E+01
HC210BC700KOH1U10 4.48E+02 1.30E+03 1.72E+02 1.66E+02 2.83E+02 4.36E+02

Various examination methods (i.BJH method cumulate adsorption pore volume,
BJH method cumulative desorption pore volummethod micropore volume, HK
method cumulative pore volume, SF method cumulative pore volume, NLDFT
method cumulative pore volume) have been used in the BETsaalyd the pore
volumes determined by each method are given in the colunirebtd4.6. It is clear

that the raw sewage sludgehich is the feedstock in this stuydyad a lower pore
volume compared tpyrolyzed samples in each analysis method. fE\s some

analysis methods (i.et-method, HK method, SF method), the pore volume was
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nearly zeroThe devatingtemperature in the pyrolysis process encouraged the-small

sized surface area and pore volume due to the deterioration of organic components

ard thedevelopment of cracks at the carbonaceous suftcsterjee et al., 2020)

In this study, increasing pyrolysis heat from 3®@o 900AC br ought al on

increase in pore volume in eaamadysis method.

In the case of modified samples (KOH1BC700 and KUBC700), KOH similarly
enhanced the pore volume evhapplied alone or coupled with urea. KOH created a
notable increaseof 68% (KOH1BC700) and 79% (KUBC700) ithe BJH
cumulative adsorption niigod, while urea increased the pore volume by 27%
U10BC700. Without any exception, an increase has been seahiaredysis when

the KOH or urea doped alonand combined doping generatad even further
increase in the pore volumes. It was simply exy@di byDehkhoda et al(2016

which the insertion of potassium elements coming fikedid expands the porgand

the additional roughness is added by the gasifying of carbon. The pore volumes of
hydrothermally treated biocharsiere higher than the pristine biochars at
corresponding temperatures. As it was the case in the surface arahlém.5,
hydrothermal application initiated a decrease in both surface area and pore volume
at 300A C. H o w e wvasra, clear inceement in the pore volume of BC500,
BC700, BC900 in each analysis method. It was argued in the literature that the
hydrothermal pranodification creates a significant improvement in porous structure
due to the enrichment of oxygémnctiond groups by the hydrolysis and dehydration
mechanims (Jain et al., 2014; S. Tong et al., 202I) support that, SF method
cumulative pore volume demonstrated an increase by 50%, 33% 33% in
HC210BC500, HC210BC700, HC210BC900, respectively. Modification performed
on hydrothermally treated biochaisowedasimilar trend with surface areaTiable

4.5. The largest pore volume has been observeitherHC210BC700KOH1U10

sample with the combination of modification chemicals in each analysis method.
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Table4.6. BET pore volume data of producbmcharsamples

BJH
BJH
Method HK SF NLDFT
Method
Cumulat t-Method Method Method Method
Cumulative
ive ) Micro Pore  Cumulat Cumulat Cumulative
Sample ~ Desorption ] ]
Adsorpti P Volume ive Pore ive Pore Pore
ore
on Pore (cclg) Volume  Volume Volume
Volume
Volume (cclg) (cclg) (cclg)
(cclg)
(cclg)
RAW SS 2.46E02 2.00E02 2.35E04 3.94E03 4.05E03 2.00E02
BC300 4.20E02 2.50E02 4.10E02 2.40E02 1.18E02 4.02E02
BC500 7.70E02 4.09E02 7.06E03 2.08E02 2.11E02 5.23E02
BC700 8.45E02 5.37E02 6.48E03 2.36E02 2.40E02 6.21E02
BC900 1.26E01 7.19E02 1.22E02 3.69E02 3.75E02 8.66E02
KOH1BC700 2.46E01 1.13E01 6.15E02 9.25E02 9.36E02 1.71E01
U10BC700 1.08E01 6.50E02 5.09E03 2.83E02 2.88-02 7.62E02
KUBC700 3.88E01 1.86E01 9.97E02 155601 1.57E01 2.80E01
HC210BC300 1.61E02 1.12E02 1.48E04 2.88E03 2.95E03 1.26E02
HC210BC500 1.17E01 6.61E02 1.14E02 3.46E02 3.52E02 8.29E02
HC210BC700 1.15E01 6.27E02 9.97E03 3.21E02 3.26E02 7.72E02
HC210BC900 1.89E01 1.05E01 2.42E02 5.91E02 6.00E02 1.31E01
HC210BC700KOH1 1.94E01 1.12E01 4.35E02 6.93E02 7.03E02 1.49E01
HC210BC700U10 9.96E02 6.76E02 3.12E03 2.48E02 2.53E02 7.28E02

HC210BC700KOH1U10 4.54E01 2.11E-01 1.18E01 1.83601 1.85E01 3.22E01

Various examination methods (i.8JH method adsorption diameter, BJH method
desorption pore diameter, HK method pore width, SF method pore diameter, NLDFT
method pore diameter) have been used in the BET analgsishe pore sizes
determined by each method are given in the columi&abfe4.7. Increasing the
combustion temperature brings along the decomposition of organic structures and
generatingnore microporous arrangemeii@Ghatterjee et al., 2020Although the
differences in the pore size date were abvious, which creates an obstacle to
comment on the results, comparatively cleapactswere observed on the KOH
modified samples. It has been revealed that the KOH addition dramatically enhanced
the specific surface areas and pore volumdabie4.5 andTable4.6, respectively.
Here,in Table4.7, KOH drove the formation ahicropores compared to unmodified
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samples and so that this situation caused a decrease in the pore size data. In more
detail, when KOH1BC700 and KUBC700 were compared with their defaultisamp
(BC700), the pore size in the NLDFT method decreased by 76%7a%d
respectively. In terms of urea modification, pore size in the NLDFT method
decreased by 69% in U10BC700.

Table4.7. BET pore size data @roduced samples

BJH Method  BJH Method HK NLDFT
] ] SF Method
Adsorption Desorption Method b method
ore
Pore Pore Pore ) Pore

Sample ) ] ) Diameter )

Diameter Diameter Width Diameter
(Mode)
(Mode) (Mode) (Mode) (i) (Mode)
|

(i) (i) (i) (i)
RAW SS 1.54E+01 3.76E+01 6.28E+00 1.12E+01  1.70E+01
BC300 6.25E+00 3.80E+01 6.27E+00 1.12E+01  1.79E+01
BC500 6.54E+00 3.79E+01 6.28E+00 1.11E+01  1.56E+01
BC700 6.04E+00 3.81E+01 6.33E+00 1.10E+01  5.30E+01
BC900 6.19E+00 3.80E+01 6.33E+00 1.11E+01 5.30E+01
KOH1BC700 5.91E+00 3.81E+Q 6.23E+00 1.08E+01  1.27E+01
U10BC700 6.97E+00 3.78E+01 6.33E+00 1.12E+01  1.56E+01
KUBC700 6.08E+00 3.83E+01 6.33E+00 1.11E+01  1.26E+01
HC210BC300 6.99E+00 2.41E+01 6.38E+00 1.12E+01  1.56E+01
HC210BC500 6.08E+00 3.79E+01 6.33E+00 1.11E+01  1.56E+01
HC210BC700 6.21E+00 3.78E+01 6.33E+00 1.12E+01  1.56E+01
HC210BC900 6.67E+00 3.83E+01 6.28E+00 1.11E+01  5.30E+01
HC210BC700KOH1 6.10E+00 1.92E+01 6.23E+00 1.09E+01  1.27E+01
HC210BC700U10 6.89E+00 3.81E+01 6.33E+00 1.12E+01  5.30E+01
HC210BC700KOH1U10 6.08E+00 3.80E+01 1.05E+01 1.93E+01  1.22E+01
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4.2.4 Change in mineral composition of produced biochar samples

The change in the mineral composition of produced biochar sanwdes
characterizedby XRD. XRD diffraction patterns of analyzed samples are gimen
Figure4.8, Figure4.9, Figure4.10, Figure4.11, Figure4.12, Figure4.13 andFigure
4.14.

Figure 4.8 demonstrates the XRD diffraction pattern of the Raw SS and pristine

biochars. XRD patterns revealed that various kinds of crystalline structees

present in both raw feed material and pitlbiochars. Concerdéiochars and

the feedstock showed a ty@idddal Howeadr patthe
hump got narrower through BC900. While thwst apparenpeak was seen at

2d=29A as Calcite in Raw SS anat BXBODGA Quar
in higher tenperatures where the altite intensity decreased gradually with

increasing temperature and showed its lowest tension in BC900. Quartz peaks
correspond to 2d=20, 26, 36, 56, 68, 73 and
2 d = 2 8 Was thenlowest intsity in Raw SS and highest intensity in BC900. This

means the rise in pyrolysis temperature favored the formation of Graphite in the

amorphous structure. Another crystal structhetappeared ithe XRD diffraction
pattern is the Syite (KCI). lttookd ace at 2d=35A and showed de
Raw SS compared to pyrolyzed samples. The reason is explainéd ¥gng &

Wang, 2021as thebiochar materials that are not greated prior to the combustion

process maintain the chloride and wegeluble potassium salts from the feed source.

Hereby, the raw material supports the aforementioned idea by havgher

dersity of Sylvite in thg study. kO can behesecond indication of not piteeated

feedstock since its tension increased by the decrease in pyrolysis temperature and
appealed as highestin Raw SSOK was af firmed by the peak at
(KHCO:s) occurred at lower range degrees, whereas the Aluminum oxide showed its

presence at higher theta degrees.

96



—— Raw SS m Quartz © Kalicinite (KHCOs)

BC300 A Kaolinite 0 Aluminium oxide
BC500 A Calcite @ Manganese Phosphate
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Figure4.8. XRD diffraction pattern of the &v SS and pristine biochars

Figure 4.9 illustrates the XRD diffraction pattern of pmeodified biochars. XRD

patterns revealed thatliversified number of inorganic structures reside in modified

biochar samples. The pattern demonr at ed t hat the Calcite
prominent among other crystalline structures in KOH modified samples, whereas the
Quartz (2d=26A) was dominant in urea mod
increased witlthe increase in applied KOH dogesimilar trend was noticed in the

formation of Quartz by the increase in urea dose. In the case of KOH doping, the
structure became rich in2R and Kalicinite (KHCG@). Besides, Quartz crystalline

structure showed more ggence in the urea doped biocharsCal ci t e at 2
surprisingly came up more intensified in tneamodified samples. The combined
modification of KOH and urea, on the other hand, did not show particular peaks
except the br oad-3Hl#hmpecognzapie peaks af Calcied = 1 8
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Quartz became weaker when the chemicals were applied combined. However, it can

be deduced that KUBC700 carries the characteristics of both modification chemicals.

KOH0.5BC700 = Quartz © Kalicinite (KHCO3)
KOH1BC700 A Kaolinite I0 Aluminium oxide
KOH2BC700 A Calcite @ Manganese Phosphate
U5BC700 ¥ Graphite ® Sylvite (KCI)
U10BC700 V K20 A CaMg(CO3)
U15BC700
—— KUBC700
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Figure4.9. XRD diffraction pattern opremodified biochars

Figure4.10 depicts the XRD diffraction pattern of hydrothermally treated biochars.

Pyrolyzed and not pyrolyzed hydrothermal biochars displayed a recognizable Quartz

peak

at

2d=26A

adhpeakst HC210BG 908 tue fo thé iacnelse f i e

applied temperatur@ariyar et al.2020) Moreover, Calcite also became prominent

at

2 d #he XRD pattern and its tension escalated by the rise in the pyrolysis

heat. However, whdtas been revealed iRigure4.8 as the steep peaks of Calcite at

2d=29A

di d

not

0 C C u rthey were ehyesmah gothpal@d h e r ma |

peaks in biochars. Another difference betwéegure 4.8 and Figure 4.10, the

not i

ceabl

e crystallographic
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hydrothermal chars and the peak gotgipirby the increase in pyrolysis temperature.
Throughout the XRD diffraction specirthe patterns of hydrothermally treated
biochars and pyrolyzed biochars were very similar; however, the samples presented
amorediversified range of KO, Aluminum oxide CaMg(CQs)2 in Figure4.10.

—— HC210 = Quartz © Kalicinite (KHCO3)
HC210BC300 A Kaolinite I Aluminium oxide
HC210BC500 A Calcite @ Manganese Phosphate
HC210BC700 ¥ Graphite ® Sylvite (KCl)
HC210BC900 Y K:0 A CaMg(C03)2
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Figure4.10. XRD diffraction pattern of hydrothermally treated biochars

Figure4.11 establishes the XRD diffraction pattern of postdified hydothermally
treated biochars. The related samples showed a similar pattern withogriged
biochars inFigure49. The pattern demonstrated that
most prominent among other crystalline structures inHK@odified samples,
whereas the Quartz (2d=2 6sAmplewths inténsitni n a nt
of Calcite increased with the increase in applied KOH daAssimilar trend was

noticed in the formation of Quartz by the increase in urea dose. Differdmltrend
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had an exception in HC210BC700KOHO0.5 because it showed a reablgnpeak

of

of low dosage of applied KOH. Similarly, the recognizable peaks of Calcite and

Quart z

and Graphite at

2d=26A and

28 A,

esrecially Quartz became weaker when the chemicals were applied combined.

Howevae, it can be deduced that HC210BC700KOH1U10 carries the characteristics

of both modification chemicals.

—— HC210BC700KOHO0.5
HC210BC700KOH1
HC210BC700KOH2

—— HC210BC700U5
HC210BC700U10

—— HC210BC700U15 V K20
HC210BC700KOH1U10
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Figure4.11. XRD diffraction pattern of posmodified hydrothermally treated

Figure 4.12 interprets the XRD diffraction pattern of urea -mnedified
hydrothermally treated bioctarAs it was seen frorhigure 4.9 and Figure4.11,

urea application encouraged the formation of Quartz crystalline structure. Wéhile

clearest peaks in UHLLC210 were Quartz and Calcite, Graphite compositiceby
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increasing the urea dose. Exclusively, the Graphite peak intensitythi
U10HC210BC700KOH1 sample surpassed the tension of Quartz and Calcite.
Although the combined application of KOH and ureaswachieved both in
HC210BC700KOH1U10 and U10HC210BC700KOH1 samples at the same dosage
level, the difference between XRD diffractiontjeans can be clearly seen from the
comparison ofFigure 4.11 and Figure 4.12. In U10HC210BC700KOH1, both
Quartz, Graphite and Calcite levels were increased when the urea was applied prior
to the hydrothermal process. Further, it can also be deductedRrgune4.12 that

the intensity of Kalicinite (KHC@) is lower than in HC210BC700KOH1U10
(Figure 4.12). This affirms that thepotassiuracontaining groups were not likely

dominant in the sample.
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Figure4.12. XRD diffraction pattern of urea pmmodified hydrothermally treated
biochars
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Figure4.13 exhibits the XRD diffraction pattern of hydrothermally treated biochars

with various residence times. The spectacular peak appeared in thespatierh

bel ong

t o

Qu ar t zthedntend® of thebaktz strudtare granlualey r |

expanded and reached the greatesh&@HC210BC70016h sample. This explains

the crystal structure gets intensified with tirfle Yang et al.,
br odddr

became

progressively

the peak demonstrated a decrease by the increase in time.
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Figure4.13. XRD diffraction pattern of hydrothermaltyeated biochars with
various residence times

Figure4d.14 reveals the XRD diffraction pattern of hydrothermally treated biochars

with various temperatures. The recognizable peaks appeared in compliance with the

Quartz, Graphite ahCalcite. There oeored a jump in the intensity of Quartz and

Graphite in HC230BC700 as the highest hydrothermal temperature. It can be said
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that most crystalline structures in the XRD diffraction pattern seemed not affected

by the increase or decreaséhydrothermal treatent temperature. Only, Quartz and

Graphite held an outrageous riseheHC230BC700 sample.
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Figure4.14. XRD diffraction pattern of hydrothermally treated biochars with

4.2.5

various tempetares

Change insurface functional groups

In this study, the surface functional groups on produced biochar samples were

characterized with FTIR in the range between-40m00 cm'. The analyzed infrared

spectrum of all biochar samples showed an enrichmiefinctional groups. The

infrared absorbance spectrum was filled with main surdacet i v e

CbO,

3.4.

CbObC,

CbN, bCON,
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groups

as

b C9O,zathh€i@dnsity CbHnN ,
850, 985, 1200, 1387, 1588, 1610, 2300, 2860, 3263 and 3465respectively.
The spectrum demonstrated a very similar trend with the literature list€dble



Figure4.15illustrates the FTIR spectra pfistine and modified biochars. From the

infrared absorbance spectrum, the alteration in the spectnasitytalong pyrolysis
temperature in all aforementioned bondages
CbHn bonds apparentl!l y 00and B@O@Oeltis thkedcase n BC500,
because at lower temperatures, the active functional groups can be easily
distinguishedwhereasat higher temperatures, most of the groups are diminished

(Janu et al., 2021 herefore, the loss of studied functional groupsebserved by

the rising pyrolysis temperature. On the other hand, the modified biochar samples

with potassium hyaxide (KOH) and urea behaved simijawith BC700 exceptor

few points. Ithec ase of KOH doping, the absorbance i
and bCOBO bonds oxygepcongamirgrunctiongl groupsegradually

increased with the increase in KOH(dirag dose. Moreover, the absorbandemsity

of Cb N at! demdrstiatedmn mnexpected peak in KOH modification

spectrumsUrea modification resulted in a decline in the carbaggen bondages

due to the introduction of amino groufisu et al., 2021) A peak at 1387 crh

bel ongs to CbN did not s&oappl ipcatmi are,ntbwatl t
peak at985cmt hi nned out . N C Ob zaln®4t hbd no ciikgel and NH
in the single KOH orureab as ed modi fi ed bi ochar sampl
Exceptionally, the greatest KOHpplication dose which was in KOH2BC700

formed adlight i nt ensi fi cat i osnabsorancedN tiblwevarntie NH
combined modification technigue created a n
ar el ati ve i ncr ezabsoebances. It Nah beal the intédadtion of

variouskinds of elemental compositions introduced.
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Figure4.15. FTIR spectra of pristine and modified biochars

Figure 4.16 highlights the FTIR spectra ofriptine and modified ydrothermally

treated biochars. The trend in the infrared absorbance spectra of hydrothermally
treated biochars displayedvery similar pattern with pyrolyzed biocharskigure

4.15. Other than HC210 and ghtly HC210BC300, almost no peaks occurred for
CbHn, NbHzgarnodu pH Whil e NCOb did not sho
CboO, CbObC, CbN, b C abtiye fundb@aldies dostrtlieia c e
absorbance intensity compared to pristine biochafsignre 4.15. In the case of

single KOH loading, the impact occurred as same as in the pyrolyzed biochars. It

prominently enhanced t he absorbace pea
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Figure4.16. FTIR spectra of pristine and modified hydrothermally treated biochars

Figure 4.17 exemplifies the FTIR spectra of timeand temperaturearied

hydrothermal biochars and urea jmedified hydrothermal biochars. The increase

in the hydrothermal temperature lessenedtheabsorb e i nt ensi t vy

f NbH a
e d
it did not create a clear difference in any other spectra. Application of KOH and urea

togethe i n HC210BC700KOH1U10 developed

he

of

and CbO f unct icohanged werg a minopssale arid lthiss can be due to
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the increase in hydrothermal temperatureghbcase othe hydrothermal operation

time, longer residence time encouraged the infrared tensi@toH , CbO and
bC90O groups, whi | e NGpthenanger reseleneertimee | 'y af
Urea premodification applked onto HC210 sample (U10HC210) formed a prominent

CbN pat 4387 crit which was much weaker in HC210 Figure 4.16. In
UlOHC210, the spectra of ceCallks wetald3q CbOb
intensified. Hydrothermally treatebiochar samples with increasing ureagosed

reduced the intensities of $aice functional groups as a result of the exertion of
pyrolysis at 700A CJanu et al., 2021)For instance, the apentCb N p e a k
dissipated in pyrolyzed samples (USHC210BC700) and slightly increased by the

urea dose. Moreover, it can also be deducted Figumre4.17that the peaks f N b H

and NH faded away from the spectrum of urea-predified andhydrothermally

treated biochar materials. KOH addition in ULOHC210BC700KOH1 added a modest

i ntensitysobC®BH, CEN, CbObwhjichhatalobeend CbH
observed irFigure4.15andFigure4.17.
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Figure4.17. FTIR spectra of timeand temperatureraried hydrothermal biochars
and urea prenodified hydrothermal biochars
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4.2.6 Thermochemical stability of produced biochar samples

The thermochemical stabilityf produced biochar samples was characterized by the
use of Thermogravimetric Analyz€fGA). In this study, samples were categorized
into severparts, illustrating their thermochemical differencewéght loss (%) and

derivative weight (mg/min).

Figure 4.18 depicts the thermochemical properties of the feedstock and related

pristine biochar samples pyrolyzed under 300, 500, 700 andA9D0 Particul ar
weight loss points were observed at differaarmhperature intervals. This can be

explained by the presence of various carbonaceous fractions such as volatile organic

C (30200 AC) , | abiCl (800380 A4@,ni ¢ ncl udCragd al i phat.i
carbohydrates, predominantly cellulose), recalcitrant org@ni(s80i 475 A C,

including aromatieC, predominantly lignin and recalcitraf), refractory organic

C (475600 A C; i nc | -coddensayl fopns lbfylipids and aromdtiy and

inorganicC (600 1000A C; i nc | u d i(Zomoza et al.p2016)a theecasy

of Figure 4.18, low-tenmperature pyrolyzed biochars (BC300 and BC500) have

higher number of peaks compared to raw sewage sludge. The reason for this is the

occupancy of diversified recalcitrant components. However, BC700 and BC900

dispayed fewer peaks due to enhanced homogestiucture and/ieremore stable

by nature. In a clearer explanation, the sharp peateeéfaw SS were observed at

350AC, A6 anAC54BC300 di d rnheRaw8S apmarently at e fr om
since it also hagieaks at 33A C, A4C4 Gan A C .8 2B C5 0 Avery steepv e d

peak at 430AC with the disappearance of pea
BC900 were observed to have peaks at B00 and&dC560espectively. T
configurations approved the fact thla¢ number of peaks decreaseth an increase

in pyrolysis temperature and the value of peaks shifts towards higher combustion
temperatures due to the remaining resistant components after py(dtysisza et

al., 2016) While the Raw SS losts 15% of weight at 346\ C ; BC300, BC500,
BC700 and BC900 achieved the same weight loss percentage (85%)atC340 4 4 0

AC, AC1 mnAC58m0espectively.
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Figure4.18. Thermochemical properties of R&® and pristine biochars

Figure 4.19 interprets the thermochemical properties of-madified biochar

samples with urea and KOH chemicals in different doses. Since the pyrolysis
temperature is 7086C i n al | sampl es, particul ar we
with respect to applied modifitan techniques. Almost all the peaksHigure4.19

occurred at the same temperature interval betweeri &8DAC due to t he
pyrolysis temperature. However, tpeaks of U5BC700, U10BC700, U15BC700,

and KUBC700 were considerably sharp, while KOH0.5BC700, KOH1BC700
KOH2BC700 showed broader peaks. In terms of weight loss, the biochar samples

with urea modification showea more recatitrant nature because their siggant

weight losses appeared at higher temperatures than the other modified biochars. To
illustrate, the weight loss percentage of corresponding samples &t G5Figure

4.19 are as follows: K®I0.5BC700 (93%), KOH1BC700 (93%), KOH2BC700

(92%), USBC700 (98%), U10BC700 (97%), U15BC700 (97%), KUBC700 (90%).
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Figure4.19. Thermochemical properties pfemodified biochars

Figure 4.20 clarifies the thermochemical properties of hydrothermally treated
biochars under the same temperature intervals 306, 500, 700 and 908 C) . I n
similar manner with pristine biocharsetiweight loss periods were distinctive from
each othedue to the variation in pyrolysis temperatures. The number of peaks can
be ordered asHC210>HC210BC300>HC210BC500>HC210BC700>HC210BC900.
The peaks shifted towards higher combustion temperatures iurte lsegic with
pristine biochar materials. The suddesticiase in BC900 #he very initial stages

of combustion implies the presence of volatile matter in the saf8plkéhou et al.,
2019) Almost no changés observed in HC210 when it is compdr® Raw SS.
Therefore, it can be said that theraigery slight change when the hydrothermal
treatment is applied preliminarily. While the Raw SS lost its 85% of weight at 340
AcC; HC210, HHIC2 1DBCBAD,3 IIG210BC700 and HC210BC900
achieved the saeweight loss percentage (85%) at 22C, A3C4 0A4C2 0ARC2 0
and560AC, respectively.

110



85

Weight Loss (%)

25

100

70 +

55 +

40k — T

HC210
HC210BC300
HC210BCS500
HC210BC700
HC210BC900

Derivative Weight (mg/min)

-20

0.0 TS r—tE e T

05+

HC210

HC210BC300
- HC210BC500
HC210BC700
HC210BC900

e
< e ead

< -~

100 200

u + U t +
300 400 500 600 700 800 900 1000
Temperature (°C)

t t+ f t + t + t
100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure4.20. Thermochemical properties of hydrothermallyatesl biochars

Figure4.21 shavs the thermochemical properties of posidified hydrothermally
treated biochars with urea and KOH chemicals in different doses. Since the pyrolysis
temperature is 708 C i n a | hrticaa weight éoss,poings were analyzed
concerningapplied modiication techniques. Almost all the peaks-igure4.21 are
shaped at the same temperature intervelden 440i 520AC due t o t
pyrolysis the peaks HC210BC700KOHO.5,
HC210BC700U5, HC210BC700U10,3210BC700U15 were considerably sharp,
while HC210BC700KOH1, HC210BC700KOH2, HC210BC700KOH1U10 showed

broader peaks. In terms wkight loss, the biochar samples with urea modification

h e

temperature. However, of

showeda more recalcitrant nature because their significant weightdcsspeared
the other Surprisingly,
HC210BC700KOHO0.5 also got involved in thiend and displayed resistance

at higher temperatures than modified biochars.
compared to othd€OH-modified samples. To illustrate, the weight loss percentage
of corresponding anples at 350A C Figure 421 are as follows:

HC210BC700KOHO0.5 (97%), HC210BC700KOH1 (93%), HC210BC700KOH2
(91%), HC210BC700U5 (99%), HC210BC700U10 (98%), HC210BC700U15

(98%), HC210BC700KOH1UL(90%).
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Figure4.21. Thermochemical properties of pasbdified hydrothermally treated

biochars

Figure 4.22 illustrates the thermochemical properties of urea-npodified

hydrothermally treated biochars with urea in different doses. idddity, there is a
KOH posttreatment in UL10HC210BC700KOHL1. Ithough there are minor

differences between applied urea doses, the samples displayed outstanding

thermochemical stability by thecreagd combustion temperature. Three different

dosed urea maiied samples showed peaksagiproximately thesame temperatea

( A5A0)

and

t he

peaks

slightly

s. Omn thet e d

other hand, UL0HC210BC700KOHL1 did not particularly form a sharp peak except
very small peak at 508 C .

leWttost of the components were removed in urea
modified sample, UL0HC210BC700KOH1 held up to 84% of its mass which is due

to the presence of hardly degradable inorganic components.
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Figure4.22. Thermochertal properties of urea pmaodified hydrothermally
treated bochars

Figure 4.23 interprets the thermochemical properties of hydrothermally treated
biochars with various residence times. The default hydrothermal treatment lasts for
2hat210AC. Besides, different hydrother mal
4, 8 and 1&). Thepeaks of 2, 4, 8 and Itbiochars were occurred at 460, 480, 470

and 440A C, respectivel y. The residence ti me
weight losses. While the particular weight loss points of 2, #,s&amples were

decreased 13%, 22%, 20%,pestively; the sample hydrolyzed for h&howed a

steep loss with 28% by weight ambst significahl oss (4846 %) among o
modified hydrothermlebiochar samples.
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Figure4.23. Thermochemical propeés of hydrothermally treated biochars with

various residence times
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Figure 4.24 represents the thermochemical properties of hydrothermally treated
biocharsatvarious temperatures. The default hydrothermal treatment was carried out

under 210A C.. Besi des, di fferent hydr ot,her mal t el
170, 190 and 238 T The peaks were shaped around 48 and t hey showed
similar trend in weight Iss curves. The respective losses for HC170BC700,

HC190BC700, HC210BC700, HC230BC700 were 18%, 16%, 12%, 23%,

respectively. Therefore, it can be said that there occurred mtaregend by the

hydrothermal temperature increase in this study.
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Figure4.24. Thermochemical properties of hydrothermally treated biochars with
various temperatures

4.2.7 Change in surface chemistry and specien

The change in the surface chemistry and speciation of produced biochdessamp
were characterized the-pay Photoelectron Spectroscopy (XPXPS-derived
surfaceelemental configuration of analyzed sampigdabulated inTable 4.8.

Samples were studied in terms of C, O, N, Fe and K atomic contents.

The surface elemental composition of sewage sludge as the feedstock was
characterized in terms of its abundant carbor8g6).and nitrogen (4.4%) content
A gradual decline washserved in the interfacial-@nd Ncontent of biochars with
increasedpyrolysis temperature while the-&@ntentincreasedin corresponding

samples. It can be due to the fact ttie# oxidation proces adds more oxygen
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functional g r o u pae(Abdoul Magil etlali, 20R1HSmcedhe s u
XPS analysis shows only the interfacial elemental composition of analyzed samples,
the decline in the carbon as a result of XPS anaiysist a good indication dhe

total sample carbon trdnFor instance, thelemental analysigesuls in Table4.2

and Table 4.3 stated the carbon content of BC900 and HC210BC900 were 47.4%
and 48.8%, respectively. They were ookethe highest carborontentsin all
analyzed biochar samples. However, the XPS results contraveseldlu and
presented the reverse idea. In order to support XPS analysis, SEM images can be
referred because the images stibeisurface of samples from a microscopic scale.

In gener§ darker parts show thdominant carbomegions where the brighter parts

correspond to metallic species presence.

Iron showed its highest level in BC900 and K kept steady its amount in pristine
biochars. The addition of KOH increased the iron corigr2ai8% (KOH1BC700)
compared to Raw SS. Ohe other side, urea doping (U10BC700) supported the
external nitrogen addition bwn increase of 55% than BC700. However, the
combined application of KOH and urea kept the K and N content in theamgg

and did notreate a substantial difference in tlemental composition. In the case

of hydrothermally treated biochars, temperature created the same logic in the
elemental results by decreasing thea@d Ncontent, increasing the-@nd Fe
content, and keeping th&-content stable. The peKIOH-modificaion on
hydrothermally treated biochar (HC210BC700KOH1) caused a rise by 99% when it
was compared with BC700. Moreover, the oxygen content in HC210BC700KOH1
became the seconehighest oxygen concentrated biochar stefa after
U10HC210BC700KOH1 (O=75.7%). Asated in pyrolyzed biochars, urea doping
created a noticeable increase hydrothermally treated biochars by 41%
(HC210BC700U10). The elemental composition of-pgad postureamodified
samples was at the minowvéd in HC210BC700U10 and U10HC210BC70the
lowest carbon and oxygen content were observelatJ10HC210BC700KOH1
sample. When we investigatedrigure 4.6 in the SEM analysis,
U10HC210BC700KOH1 showed a miita composition at thesurface and
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organometallic interactions occurrbdtween carbon elements and metallic content.
Therefore, the results of XPS supported the SEM images and the carbon can be
embedded inside the organometallic compositions.

Table 4.8. XPS derivedsurfaceelemental configuration of analyzed biochar and
hydrothermally produced biochar materials

Surface elemental distribution (%)

Sample Cls Ols NIs Fe2p3 K2p
Raw SS 718 234 44 03 01
BC300 692 260 43 04 01
BC500 511 440 41 07 01
BC700 506 461 19 13 01
BC900 385 579 13 22 01
KOH1BC700 32 579 01 05 63
U10BC700 558 391 42 08 01
KUBC700 366 592 19 09 14
HC210BC300 689 261 47 02 01
HC210BC500 678 273 47 01 01
HC210BC700 565 395 22 17 0.1
HC210BC900 554 404 22 19 01
HC210BC700KOH1 192 718 07 10 73
HC210BC700U10 598 363 32 06 01
HC210BC700KOH1U10 426 541 12 10 11
ULOHC210BC700 632 319 39 09 01
U10HC210BC700KOH1 162 757 01 10 7.0

The XPS spectra of analyzed samples separated by specific categories are showed in
Figure4.25, Figure4.26, Figure4.27, Figure4.28 andFigure4.29. The spectra were
divided into five differehsections (i.e.C1s, K2p, N1s, O1ls, Fe2p3) for each figure

in order to narrow down theurfaceelemental configurationghe specific binding
energies of surface elemental configunasiavere taken fromable3.3 and matckd

with the results in this stud@ne key point is teaonsiderthatthe surface elemental
configurationsdo not have tdully match with the XPS spectra of corresponding
samplesdecause whil&XPS spectra give individugleaks for individual elemental

configurations In contrastsurface elemental distributions indicate the percentages
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of defined elements (C, O, N, Fe,.KJowever, there are miscellaneous typé
elements foundtahe surface fothe biochar and the percentagd<sC, O, N, Fe, K
change when they are exclud@&therefore, the surface elemental distribution is not
a good indicator of individual peaks in XPS spectra.

Figure4.25illustrates the XPS spectra of Raw SS and pristine biochars. The intensity
of the C1s peak decreased frarmaw sewage sludge to BC500, but it showed an
increase in BC700 and BC90he position of peak shifted to the rigind side in
BC500, BC700 and BC90®Vhile theC1lsbhinding energgesof Raw SS and BC300
were determined as 283 gWhich corresponds to metal carbide, the shifted peak
positions ofBC500, BC700 and BC90€an be attributed t€ BC at 284.8 eVIn

terms of ptassium, o distinguishable signals appeared in samplse feed
material used in this study wasi@rogerrich material. The intensity of Nlis seen

as the highest in the Raw SS, then it continuously decreased by the pyrolysis
temperature.The bindingenergies ofnitrogercontaining groups increased and
created a shift in their positioithe nitrogen component waetermined as Ni
(SisN4) with 398 eV for Raw SS, BC300 and BC500, while BC700 and BC900 with
their positional deviation were assigned t8i}D (399.8 eV)a n d GEIODHY),
respectivelyOxygen and iron demonstrated the reverse trend so that thesifie:n
towards 900A CThe XPS signals oRaw SS, BC300, BC700 and BC900 were
located at 530 eV (metal oxide), while it was slightly shifedardsthe right-hand

side in BC500 which corresponds to 532 eV (metal carbonai@o noticeable
peaksof Fe2p3deconvolutionhave been observed as Fe2p 3/2 and Fe2p 1/2. The
iron elemental configuration increase by the rise in pyrolysis temper&tlni

Raw SS and BC300 intensities showed up at around 710 eV, they were associated
with FeCb. Thepositional deviation in the XPS iron specof BC500, BC700 and
BC900moved to slightly higher binding energpproximately 711 eV (E6s).
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Figure4.25. XPS spectra of Raw SS and pristine biochars

Figure 4.26 represents the XPS spectra of modified biochar with potassium
hydroxide (KOH) and urea chemicals. The C1ls spectrunregmodified biochar
showed the highst peak, while the single KOH application and combined
application created the sanmensity levels but at a lower level thame urea
application.The carboncontaining component iisedas metal carbide with 283

ev inthe KOH1BC700 sampl&XPS spectrum. However, the peak signals deviated
towards the right-hand sideto ~285 eV C &) in U10BC700 and KUBC700
biochars This shift also occurred in the-$pectra ofFigure4.25. K2p configuration

has its met intensified peak in KOH1BC700 and it was followed by KUBC70O0. It
was expected by the addition of K element onto the surface of bibelcause
U10BC700 biochar did not demonstrate any signak OH-appliedsamples, the K
elemental signal was observad®83 e\, which canbelinked with KO« from Table

3.3. U10BC700 did not show any difference compared to its pristineoreisi
BC700. Urea addition showed its prominent alteration in ULOBC700 and its intensity
in N1s configuratiorwas the greatest among the oth&#hile KOH1BC700 and
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KUBC700 emerged their nitrogen signals at 297 eV (metal nitrides), urea modified
sample U1BC700 intensified in between 4004 0 1 e V 2)( TGebntehsityof
oxygen deconvolution had the most featlneeaks in all modified biochars.
Although the tension in U10BC700 was also high, KOH1BC700 and KUBC700
showed the greatest levelthe oxygen signals shifted towartie right-hand side

in order of KOH1BC700, UaBC700, KUBC700 at 532 eV (metal carbonalé)e
Fe2p3 spectra peaks of analyzed sampldsgare 4.26 were lower compared to
BC700 in the modified biocharkon signals did not creagesignificant difference

in positional means, so they both formedatl eV (FeOs).
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KUBC700
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Figure4.26. XPS spectra of modified biochars

Figure 4.27 reveals the XPS spectra of hydrothermally produced biochars. Cls
spectra affirmed higher level of configurational peaks compared to those in the
pristine biochars. The dexsingC1ls order was followed in the hydrothermal
biochar samples from 300C t @ CEh&edwere no obvious shifisatoccurred

and C1s signals of hydrothermal biochaere around 284285 eV.The jump was
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observed in K2p composition belongs to HCROTO0O.In terms of potassium, no
distinguishable signals appeared in samplsogen spectra had higher tension in
HC210BC300 and HC210BC500 since the higher tempe&staffect the nitrogen
content reversel(S. Xu et al., 2021)'he N-signals of HC210BC300, HC210BC500
and HC210BC700can be assigned to NSiSisN4) with 398 eV, howevera very
small righthanded shift was formed in HC210BC900 #iiscdpeak corresponded to
400 eV o)(Taethemtl in Gcontent showed similar characteristics with the
pristine biochars and the intensstimcreased by the pyrolysis temperatbrg their
levels were low compared to pristine biochars producdldestame temperatures.
O1s signals of HC210BC300 and HC210BC700 samples locat&BateV (metal
oxide), while the positions of HC210BC500 and 24OBC900 appeared at 532 eV
(metal carbonate)ron spectrum displayed relatively larger peaks in the samples
prodwced at elevated temperatures (HC210BC700 and HC210BC900), while lower
temperature biochars were almts same with each othedC210BC300 ample
showed its iron peak af709 eV (FeO), while the other hydrothermal temperatures
appeared at 710711 eV (FeOg).

HC210BC300 Ote
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Figure4.27. XPS spectra of hydrothermally produced biochars
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Figure 4.28 exhibits the XPS spectra of pasidified hydrothermally treated
biochars. The greatest C1s configioaal peak seen in HC210BC700U10 and the
other two samples had lower Cls peak levels compared to HC210BC700.
Specifically, the C1s peak of HC210BC700KOH1 was very low compared to other
biochars No noticeableshift in Clsdeveloped in the related biochardathe peaks
were located at 288284 eV.In contrast single KOH modification had the highest
K2p level of intensity whilecombinedapplication formed a lower but appreciable
peakand single ureastayed far behind that levelhat wasan expectable resul
because in the single KOH applicatidime formatiorwould result in a Kdensified
composition andthe combined application of KOH and urea would create
comparatively lower potassium ratidbout positions of potassium signals, the
peaks of HC210BC700BH1 and HC210BC700KOH1Ulérelocated at 293 eV
(K2p). The N1s spectrum order from highest to lowest was as follows:
HC210BC700U10>HC210BC700KOH1U10>HC210BC700KOH1. Thus, the
combined chemical modification did not create that much impact as it wasggie

urea applicationThe shift appeared in the N sagjrof HC210BC700U10 biochar at
398 eV (NS4 (SisNa)), while the KOH containing samples showed up ati3867

eV (metal nitrides)One of the greatest oxygen intensity level among all analyzed
samples blonged to HC210BC700KOH1 as a resulasfngle KOHmodification.
KOH application also affected the Ols peaktleé combined modified sample
(HC210BC700KOH1U10) compared to its unmodified version (HC210BCB00)

the impact was not as high as in theggnKOH doping.The oxygen signal of
HC210BC700KOH1U10 shifted to the rightind side and had532 eV (metal
carbonate) compared to other sampleBigure4.28. In terms of iron, theravere

not prominent differences between samsphsl three postnodified hydrothermally
produced biochar iron tension were lower than in HC210BCT@e. positional
deviation was formed towards increasing binding energy from HC210BC700KOH1
(709.6 eV)<HC21BC700U10(710.4 eV)< HC210BC700KOH1U1@711 &/).
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Figure4.28. XPS spectra of poshodified hydrothermally treated biochars

Figure 4.29 shows the XPS spectra of prand posimodified hydrothermally
produced biochars. In tesmof C1s spectrum, the highest intensity seen in urea pre
modified biochar (U10HC210BC700), while KOHlded hydrothermal biochars
showeda lower level of tensions compared to HC210BC70fe peak was located
at284evVCEC),whi |l e modi f i e dappsasedg P86 s\OGEOG).gnal s
K2p spectra of analyzed samples were demonstrated expected results and KOH
modified samples acquireghigh level of intensitiesAs it was expected, the KOH
modified biochars (HC210BC700KOH1 and U10HC210BC700KOH1)
demonstratedhigher intensity levels and their peaks positioned ati2283 eV

(KOx) (Table3.3). Since any peaks could be observethaother two samples, no
positions could be detected as wéllls configuration increased the intensity of
U10HC210BC700 compared to its unmodifierersion, whereashe pre-urea
modified sample (U10HC210BC700KOH1) surprisingly had the lowest peak of N1s
spectraWhile HC210BC700 and HC210BC700KOHuochars had their peaks at
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397 eV,ureamodified biochars shiéd slightly andverelocated at 399 400 eV.

The highest oxygen level as observed in combined modified samples
(ULOHC210BC700KOH1). Although HC210BC700 and U10HC210BC700 showed
a moderate level of peaks, they were compared lower than KOH modified sample
Oxygen peaks of aBamplesverepositioned at 530 531 eV (metal oxide)n the

iron case,other than HC210BC700KOH1 biochar material, other modified and
unmodified samples showed moderate iron intensities which were locatediat 710

711 eV (FeQ) or FeOs.
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Figure4.29. XPS spectra of preand posimodified hydrothermally produced
biochars

4.2.8 Identification of biochar basedfree-radicals generated for phorate

degradation

Detection ofbiocharbasedreeradical generation was investigated by the Electron
Paramagnetic Resonance (EPR) Spectroscopy. The methodology usedEPRh
analysis was given in Secti@¥.8 In this fudy, oxygenrcenteredeactive species
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were examined in KUBC700, HC210BC700KOH1U10 and
U10HC210BC700KOH1 biochar sampl@he spin trap 57alimethyt1-pyrrolini
N-oxide (DMPO) (Merck, Germany) was used to trap the geneoaigpbrrcentered
radicals by PR gpectroscopy.

Liao et al. (20149 suggested that theising pyrolysis temperatur@ositively
influencesthe BPR peak intensities. However, the pyrolysis temperaturthef
selected three biochar sampleasthe same as 708 CTherefore although it has
been considered that 708 Cis an elevated temperature, change in pyrolysis
temperature is na valid parametein this EPRstudy.Moreover,fOH radicals are
strongly attracted by the freadicals in biocha(Liao et al., 2014)A0H and/sQy
radicals take part in the degradation of organic pollst@sta removal mechanism.
However, they show dissimilarities withinetin reaction techniques. As sucdh @
engages in the hydrogetiom abstraction reaohs along with electrofiransfes,
while A8Qu only undergoes the electraransfer mechanism@shraf et al., 2021)

In this study, DMPO trapped thleydroxyl and sulfate radicalsom aqueous
solutions As a result, the EPR spect@entainedMPO-OH and DMPGSQ; signals

in three different biochar sampléghe magnetic field (Gdf the spectrumin which

the radical signals are investigated were defiae®20i 329. DistinguishedEPR
peaks were observed for all three biochar sampl&sgure 4.30. The intensity of
the peaks in the EPR spectra indicates the produatioount of oxygen focused
free-radicals forphoratedegradation Abbas et al., 2020)The clear EPR signals
were attributed tdOH andA5Q, asoxygencentered free radicalsvhile the noisy
peakswere stated as transition metals in the literat(lto et al., 2014)In this
study, since the intensities of the transition metals were veratmpreserd as
mg/kg amounts, they wergnored.Relaed oxygencentered free reactive radicals
wereproduced during the pyrolysis and their concentrations were enhanced by the
hydrothermal treatmenEnhanced free radical concentration indicates the reactivity
of the sampléMujtaba Munr et al., 2020)4 signas for OH and 4 gynals forA0,

in each sample spectruemergedand their intensities decreased with the order of
U10HC210BC700KOHLHC210BC700KOH1U10and KUBC700 biochars.The
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augmentation in the free radicals is explainedhgycleavage of weak bonds in the
biocharafter hydrothermal treatmemind these weak bonds are further separated
from each other in the pyrolysis proc€Bs Zhang et al., 2016 his explains the
reason why KUBC700 showed the lowsgnal intensities fofOH and/SQ; free-
radicalsbecause no hydrothermal treatmesats operated for this sampla terms

of HC210BC700KOH1U10 and U10HC210BC700KOH1 samples, the
carbonization treatments exerted on the feedstock and the chemical ntiodifica
techniques are the same except for the application order. Urea modification was
applied prior to the carbonization opeoatiin UL10HC210BC700KOH1 while
HC210BC700KOH1U1@vas formed from the combined pasgiplication of KOH

and urea chemicalsThe reaon why the U10HC210BC700KOH1 sample
demonstrated higher intensgieould be due to the increased amorphous structure
by theureabased hydrothermal treatmetitcan be seen from the SEM image of
U10HC210BC700KOH1(Figure 4.6) that the sampleis in the form of larger
aggregates and pore sizes are prominently higece UL0HC210BC700KOHL1 is
the pyrolyss of ureabased hydrothermally treated char, pine-application of urea
enhanced porous structubeeaks the bonds and follows thayrolysis further
splitted up the remaining weaker bonSabsequent to pyrolysis, KOH modification
dispersed the pores mogenously and this blend created the greatest @il
intensity forAlOH and/sQu free-radicals.
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Figure4.30. EPR spectra of generated oxygen focusedradeals forthree
selected biochasamples

4.3  First stage batchremoval experiments

Results ofthe ' stage batch phorate removal experiments were discussed in this
section. The results were presented as phorate removal @t@g &nd phorate
removal efficiencies (%) for each biochar sample. The phoesnoval with respect

to its initial and final cooentrations were given ifiableA.1 in the Appendix.

Phorate removal ratios of 1 g/L pristine biocharsseAZC ar e Fgared8h i n
The increase in thpyrolysistemperature enhanced the removal ability of biochar
since BC900 ob&ined the lowest final concentratiomhe final phorateremoval
ratios (C/Co) at t=5h of BC900, BC700BC500, BC30avere0.15, 0.22, 0.8, 0.40,
respectively Although the sudden drdpappened in the first 30 min, the removal
gradually continedthroughout thexperimental time interval.
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Figure4.31. Phomte emoval ratios ofl g/L pristine biocharsit 5 A C

Correspondinghorateremoval efficiencies of 1 g/L pristine biochars &2C ar e
listed inTable4.9. It can be clearly seen that the removal efficiency showed higher
levels at the initid stages of batch sorption experiments, but they continued to
proceed up thphorateremoval. Since the biochar does and batch temperature were
constant in the ® stage experiments, here the variation between pyrolysis
temperature can be exarad inTable4.9. The removals at 1 min demstrated the
increasingphorateremoval ability of related biochars with the increase in pyrolysis
temperature. As such, 7.7%, 13.2%,928.and 37.8% removal percentages were
observed fo BC300, BC500, BC700 and BC900, respectivélythe end of the
batch experiment, BC300 removed the t@iabrate61.7%, while BC500, BC700,
BC900 extracted 70.7%, 79.6% and 87.3%tldd initial phorateconcentration
respectively These results apparentshowed that the increasing carbonization
temperature encourages the removal mechanigharbten the batch experiments.
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Table4.9. Phorate removadfficiencies(%) of 1 g/L pristine biochars at2A C

Time BC300 BC500 BC700 BC900
0 0.00 0.00 0.00 0.00
1 7.66 13.18 18.91 37.77
5 14.28 28.62 38.32 56.85
10 19.79 36.34 48.69 64.35
30 31.48 50.01 57.07 72.73
60 40.31 56.19 63.02 78.15
120 50.89 63.68 69.64 83.98
180 56.85 66.11 74.49 85.52

240 59.93 67.21 77.58 86.40
300 61.70 70.74 79.56 87.28

Figure4.32 demanstratesphorateremoval ratios of 1 g/L KOH and urea modified
biochars at 2 A CThree doses of KOH application, impacts of three doses of urea
application and combed modification techniques exerted on related biochars were
investigatedn thephorateremoval ratios in batch experimenisthecase of KOH,
increasingKOH: biochardose from 0.5:1 to 2:1At the final stage (t=5 h), 0.18%,
0.13% and 0.04% removal rasi (C/Co) were obtained with an increasing KOH
dosage order (0.5, 1, 2), respectiveDn the other side, Urea modification was
applied as 5%, 10%nd 15%The efficiency olureamodified biochar samplesas
increased with the increasing urea dose. Tiamgval ratios(C/Co) at the §' h were
accounted as 0.24%, 0.18% and 0.12% for U5, U10, U15 samples, respetovely.
make a comparison betweamdividual KOH and urea applications ogphorate
removal efficiencieghe most promising results were seethm highest application
dose of referred chemicals and the efficiencies were comparable with each other.
Most prominently, the combined application of 1:1 dosed KOH and 10% dosed urea
(KUBC700)generated an outstanding efficiency showing 1@bfirateremonal in

2 h.
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Figure4.32. Phorate removahtios of 1 g/L KOH and urea modified biochars &t 2
AcC

The dorementionedemoval ratios ofl g/L KOH andureamodified biochars at®

A C fartherdescribed ifTable4.10 concerningheir removal efficienciedt was
evident that the increasing chemical dose increased the percentagbordte
removal. This was valid both ithe case of KOH and urea modificati®. To
illustrate, the phoratepesticide removal efficiencies at t342 of KOH modified
samples 0.5, 1, 2) were determined as 75.1%, 81.4%, 91.7% and urea modified
samples (U5, U10, U15) were assessed as 74.9%, 77.3%, 84.1%. The illustration
implies tre fad that encourging impact of escalating chemical dosesptorate
removal in the batch experimenthe percentage incremsri the initial intervals

were more remarkahlerhich was due almost for all batch experiments. Particularly,
the KUBC700 sample deonstrated grat phorateremoval during the experimental

period It created a 64% removal at the first minute esmdoved 100% of initially
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addedphorateat the 29h. Therefore, this revealed that the combination of KOH and
urea modifications encouragedhet removal mdtanism compared to single
applicationsAbove all, the modification techniques by de@r coupled chemical
application generatedhore significantdifferences in thephorate concentration
compared taheunmodified sample (BC700).

Table 4.10. Phorate removagfficiencies(%) of 1 g/L KOH and urea modified
biochars at2A C

Time KOH0.5BC700 KOH1BC700 KOH2BC700 US5BC700 U10BC700 U15BC700 KUBC700

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1 26.85 32.14 45.82 29.06 30.16 4472 63.90
5 45.60 53.98 68.76 48.47 53.43 59.38 82.87
10 52.88 61.57 76.26 55.74 58.39 70.87 90.15
30 61.81 72.33 83.09 63.90 67.21 76.04 94.56
60 68.76 77.27 87.50 69.64 73.39 80.67 97.61
120 75.15 81.37 91.67 74.93 77.36 84.06 100.00
180 78.46 83.98 94.80 76.48 80.01 85.54

240 81.11 86.31 96.83 78.24 81.99 87.26

300 82.01 86.93 98.31 79.56 82.67 88.45

Phorate removal ratios of 1 g/L hydrothermally treated biochar2sah Care
presented ifrigure4.33. Thepyrolysis temperaturgcreasesn the hydrothermdy
treated biochars enhanced the ratdhephorateremoval process. Although the final
concetration ratios (C/G) were observed as relatively close to each other, the rate
between t=1 min to t=KA dissociatedrom each otheiFor exanple,phorateremoval

ratio (C/G) 0.2 was obtained for HC210BC300, HC210BC500, HC210BC700,
HC210BC900 at 102 min, 45 min, 24 min and 5 min, respectively. This indicates
that hydrothermally treated biochar pyrolyzed at higher teatpees (i.e.700A C ,
900 A Cachieved the same levelgiiorateremoval much earlier and faster than low

temperature pyrolyzed samples.
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Figure4.33. Phorate removahtios of 1 g/L hydrothermally treatdxibchars at 2
AcC

Table 4.11 tabulatesphorateremoval efficiencies of 1 g/L hydrothermally treated
biochars at 2AC. The resits showed that the removal efficiencies of hydrothermally
treated biochars were shown greater levespristine biochar at the same pyrolysis
temperaturesto exemplify thephorateemoval efficiency of BC300 at 1=min was
assessed as 7.7%, while tHE210BC300 at t=1 min had 39.4% removal. The
difference in all four samples with various pyrolysis pemature followed the same
manner throughout the batgberiod. Even though slight differences the
temperature, at the end of the battperimentsmore than 90% removal was

obtainedn all hydrothermal biochars.
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Table 4.11. Phorate removakfficiencies (%) of 1 g/L hydrothermally treated
biochars at 2A C

Time HC210BC300 HC210BC500 HC210BC700 HC210BC900

0 0.00 0.00 0.00 0.00
1 39.42 40.97 46.70 55.52
5 53.32 57.07 64.35 77.14
10 62.58 67.43 74.49 87.95
30 68.98 77.58 83.31 94.12
60 75.59 82.21 90.81 97.21
120 82.87 87.50 93.04 98.16
180 88.17 91.69 93.81 98.69
240 91.03 93.02 94.94 99.08
300 93.02 93.68 95.64 99.19

Figure 4.34 illustrates phorateremoval ratios of 1 g/L KOH and urea modified
hydrothermally treated biochars & & CThe scheme explains the impactvafied
doses of KOHurea,and their coupled application as a pogidification technique

on hydrothermally treated biochamilar resultsvere obtained with the outcomes
from Figure4.32. Esalating doses of single KOH and urea modification generated
lowerphorateconcentrations during the batch experimépiplied KOH dosages on
HC210BC700KOHO0.5, HC210BC700KOH1, HOZBC700KOH2 created removal
ratios (C/G) as almost 0.1, 0.02 and 0.aithe5™" h, respectively. Likewise, urea
doping with arincreasing dos@J5, U10, U15) resulted in (C#c= 0.2, 0.1, 0.04t

the 8" h, respectivelyThe observation between KOH ama:a modification showed
relatively similar results, but KOH gave more powerful results at a minor scale.
While the highest chemical doped biochar samples detnated the lowegthorate
conceftration at the end of the bateliperimentthe lowest dosed lbichar samples
stayed far behind thenMost prominently, the combined application of 1:1 dosed
KOH and 10% dosed urea (KUBC700) generated an outstanding efficiency showing
100%phorateremoval in30 min This time interval wa 2h in Figure4.32with post
modified biochars. Therefore, it can be concluded that hydrothermal treatment
encouragethe phorateremoval and modification techniqueddeed more onto that

efficiency.
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Figure4.34. Phorate removahtios of 1 g/L KOH and urea modified
hydrothermally treated biochars &2 C

Table4.12 classifiesphorateremoval efficiencies of 1 g/L KOH and @wenodified
hydrothermally treated biochars & A Clt can bededucted that more than 50%
removal efficiency in every sample was achieved in 5. mimerefore the biochar
samples performed their highgstorateremoval rates at the initial points of the
batch experiment®horate removal efficiencies related biochars revealed that the
single chemical dose (KOH or uregadsitively influencedhe removal capacities

but KOH modified samples displayed slightly better results than urea modified
samplesWhen the comparison wasack by considering the sailts inTable4.10,

it was seen that thphorateremoval efficiency of simple biochar with the same
modificaion technique showed lower percentages compared to hydrothermally
treated biochars iTable 4.12. To exemplify, while the KOH1BC700 sample
achieved 84% removal efficiepat the & hour,HC210BC700KOH1 had 94.7% at
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t=3 h. Although aminor impact can be added by the differe of pre and post
treatment order in the methodolqdlye reason clearly oarred from the exertion of
hydrothermal treatment. Extraordinary results were performed by
HC210BC700KOH2 and HC210BC700KOH1U10 samples by removing the
initially addedphorateconcentration 100% i8 h and 30min, respectively100%
phorateremoval perfamance was also obtained from KUBC700 im(d able4.10).

Table 412 Phorate removagfficiencies(%) of 1 g/L KOH and urea modified
hydrothermally treated biochars &2 C

e HC210BC700  10510BC700  HC210BC700 HC210BC700 HC210BC700 HC210BC700  HC210BC700

KOHO0.5 KOH1 KOH2 us u1o0 u1s KOH1U10
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
41.85 49.15 59.71 38.98 44.28 45.60 79.65
5 53.32 61.48 79.56 50.52 65.67 67.65 94.12
10 60.16 79.34 8971 57.07 73.72 78.24 97.78
30 69.64 85.96 94.56 65.67 81.11 87.72 100.00
60 76.45 90.15 96.55 73.17 85.96 93.24
120 83.31 92.69 98.42 77.16 88.83 95.89
180 86.78 94.69 100.00 78.24 89.45 97.65
240 88.50 95.89 79.78 90.83 97.65
300 89.16 98.53 81.06 91.32 98.31

Phorate removal ratios of 1 g/L urea-pnedified hydrothermally treated biochars
at 5AC ar e dRgurad.3b. ¥atiousurea dosages exerted on different
materials were studied in detdilis depictedhat the lowesphoratedecrease from
the initial concentration was achieved time U10HC210 sampleThe removal
patterrs of urea premodified hydrothermally treated biochars with various urea
doses (U5, U10, Ul5)ere almost identical throughout the battperimentand
they stowed much greater performance than U10HC2¥hile U10HC210 ended
up with 0.4 C/G, other three urea pmaodified materials (USHC210BC700,
U10HC210BC700, U15HC210BC70Mnalized the batch experiment GAD.04 at
the 3" h. Notably, the greatest performagc was carried out by
U10HC210BC700KOHL1 as 100phorateremoval in 30 minwhich was similar to
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HC210BC700KOH1U10. Therefore, it was deduced that the combined modification

with KOH and urea generates 100% removals among other biocharials.
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Figure4.35. Phorate removahtios of 1 g/L urea prenodified hydrothermally
treated biochars a6 C

Phorate removal efficiencies of 1 g/L KOH and ureamaaified hydrothermally
treated bicharsat3A C ar e sTaled.13fThegabults hae shown thathe
pyrolysis operatioratalyzes the removal performance of biochars. Therafceza,
modified and hydrothermally producéydrothermally treted biocharat 210A C
(U10HC210) showed the lowest performance sharing the role with BC300 among
other samples in this studin between urea prnodified hydrothermal biochars,
there were comparable outcomes and all three displayed more thanpbifate
removal at the end of the batch experimefise greatest efficiency was also
generated byhe combined modification techniqug&10HC210BC700KOH1) by
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having 100% removal in 30 min. The resuligere very similar to the
HC210BC700KOH1U1(@Table4.12) samplewhich unsurprisingly have almost the
same characteristick order to compare the effect of pend postmodification on
phorateremoval efficiencyTable4.12 andTable4.13 werereferred and t=30 min

was taken as a parameter. At t=30 nmin Table 4.12, the phorate removal
percentages of U5, U10, U15 samples were listed as 65.7%, 81.1%, 87.7%; while at
t=30 min inTable4.13, thephorateremoval percentages of U5, U10, U15 samples
were determiad as 85.1%, 87.5%, 91.3%, respectively. There can be observed a
slight increase when the pteatment was performed instead of posatment.

Table4.13. Phorate removadfficiencies(%) of 1 g/L KOH and uea premodified
hydrothermally treated biochars &2 C

Time U10HC210 U5HC210BC700 U10HC210BC700 U15HC210BC700 U10HC210BC700KOH1

0 0.00 0.00 0.00 0.00 0.00
1 18.47 51.11 55.52 57.84 79.83
5 35.67 67.65 69.64 73.17 95.26
10 48.02 77.58 78.46 81.55 98.58
30 54.86 85.08 87.50 91.25 100.00
60 58.39 92.64 93.24 94.87
120 59.71 94.96 95.29 96.48
180 60.60 95.27 95.81 97.41
240 61.26 95.78 96.14 97.98
300 61.48 96.70 97.07 98.18

Figure 4.36 displays phorate removal ratios of 1 g/L residence time varied

hydrothermally treated biochars & & CAlmost identicalphorateremoval patterns

have been achievday residence time variedydrothermally treated biocharghe

characteristics ofhe usual hydrothermal biocharethe production under 214 C

for 2 h. It can be deducted that the longer residence times generated more effective
phorateremoval ratios (C/g) buton a veryminor scale. At the end of the batch

experi ment s, whil e wusual hydr ot h e,rthmal bi ocha

samples stayed longer residence time achieved 0.0PaCte §' h.
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Figure4.36. Phorateremovalratios of 1 g/Lresidencdime variedhydrothermally
treated biochars abA C

Phorate removal efficiencies of 1 g/L residence time varied hydrothermally treated
biochars at 3 A C

perentages wer evaluated very close to each other and upgradehe same

ar e r Gable4ld &hd numaricalphorateefficiency

mannerThey all removed more than 95% of initially adgebrateat the end ofhe

batch experiments. Even though the negligible difference, the sample stayed for 16

h in thefurnaceresulted imamore efficient concamation decrease.
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Table 4.14. Phorate removakfficiencies (%) of 1 g/L residencetime varied
hydrothermally treated biochaas 5 A C

Time HC210BC7002h HC210BC7004h HC210BC7008h HC210BC70016h

0 0.00 0.00 0.00 0.00
1 46.70 46.92 48.47 47.58
5 64.35 65.67 68.54 70.52
10 74.49 76.92 79.34 81.11
30 83.31 83.98 86.40 88.17
60 90.81 92.14 93.24 93.02
120 93.04 95.22 94.78 95.00
180 93.81 95.89 96.33 95.89
240 94.94 96.77 97.21 96.99
300 95.64 96.99 97.21 97.65

Figure 4.37 shows phorate removal ratios of 1 g/L temperature varied
hydrothermally treated biochars a6 2A C The characteristics othe usual
hydrothermal biocharare the production unel r 210 A@ THeolowest2
hydrothermal temperature (17@ £ demonstrated the lowegthorate removal
performed compared to higher temperatures. ghrmrateremoval ratiogC/Co) of
HC230BC700, HC210BC700, HC190BC700, HC170BC700 samples were recorded
as 003, 0.05, 0.070.26. As a result, biochars produced temperatures higher than
210A @isplayed similar trends with slight differences, while the biochar produced
at 170A Gydrothermal temperature created a bigger difference aedaas the

lowest amonghem.
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Figure4.37. Phorate removahtios of 1 g/L temperature varied hydrothermally
treated biochars abA C

Phorate removal efficiencies of 1 g/L temperature varied hydrothermally treated
biocharsaP5A C a r én Tableslb. At the initial stagesall-temperature varied
hydrothermal biochars showed more than 50% removal and the pireahte

removal percentages were more than 90% in HC230BC700, HC210B&iD0
HC190BC700. The temperature ris¢230 A L added more skill to the usual

hydr ot hermal treat ed,whiethelowenteinperature (A@v al e f
A Tcreated a small negative impddbwever, HC170BC70achieved poophorate

removal performace andranked as thdourth-lowest performance biochar after

BC300, BC500 and U10HC?210 in this study.
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Table 4.15. Phorate removalefficiencies (%) of 1 g/L temperature varied
hydrothermally treated biochaas 5 A C

Time HC230BC700 HC210BC700 HC190BC700 HC170BC700
0 0.00 0.00 0.00 0.00
1 43.61 46.70 41.85 35.23
5 68.76 64.35 59.49 50.67
10 76.16 74.49 70.96 59.05
30 85.08 83.31 79.78 65.67
60 91.65 90.81 87.72 68.32
120 95.89 93.04 91.03 70.52
180 96.77 93.81 92.36 72.51
240 97.21 94.94 93.24 73.17
300 97.43 95.64 93.24 73.39

As a result of the %1 stage batch removal experimentsKUBC700,
HC210BC700KOH1U10, U10HC210BC700KOH1 biochar samples demonstrated
the greatesphorateremoval efficiencies oerall. HC210BC700KOH1U10 and
U10HC210BC700KOH1 removed 100% of initially appliedorateconcentration
at t=30 min, KUBC700 showed theame removal capability at t42 Phorate
removal efficiencies of other samples displayeslults likewiseand they endedp
the batch experiments with more than 80% removal from the initially exsntedte
concentration. Only the sampleshich are BC30, BC500, U10HC210 and
HC170BC700Qwere able to remove thpdorateby less than 70% and the operational
parameters and mddication techniques were explained as reasons tia
corresponding efficiencieghe conclusion from theslbatch removal results ag
the competence of combined application of KOH and urea cherpitéie biochar
activation to remov@horatefrom thesolution. The 2 batch removal experiments

were continued with these three promising biochar materials.
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4.4  Second stage batch removal expiments influenced by the reaction

parameters

Results of the P stage batch phorate removal experiments were discirssbis
section with varied temperature, applied biochar dose as wilé asusability and
real wastewater tests. The results were presented as phorate removaCraups (
and phorate removal etfencies (%) for eacbf threebiochar samplke The phoate
removal with respect to its initial and final concentrations were givaalmeA.2,
TableA.3, TableA.4 in the Appendix.

44.1 Effect of temperature on OPPs removal

The temperat@r was headedsone of the operational parameters in théstage
batch removal experimengéhieved with KUBC700, HC210BC700KOH1U10 and
U10HC210BC700KOH1 sampleshe usual batch removal was operated under 25
A Gn the F'stage experimenthe shaker Were the batch experiments were being
carriedout was set to the temperatures o#3@35A @nd 40A @nd their impacts

on phorateremoval were examined in thssction

Figure4.38demonstrates thdfect of 1 g/L KUBC700 on taphorateremovalunder
varying temperaturesKUBC700 totally eliminated the samples2rhours and4 h
under 25A @nd 30A CrespectivelyHowever,0.09 and 0.12horateremoval ratios
(C/Co) were achievetbr the experiments carried unde8&nd 4@\ Qrespectively.
Therefore, the conclusiothat can be taken from here is the negative impact of
temperature increase on tplhorateremoval. At higher temperatures, thers a
chance of low removal sinceome materialswvork effectively atthe lower
temperatres. So, KUBC700 showed enhanced performance At@Bhich means
the chemical activity to removphoratefor KUBC700 samples were escalated
around 25 30A C
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Figure4.38. Effect of1 g/L KUBC700 on thghorateremovalunder varied
temperatures

Phorate removal efficiencies (%) of 1 g/L KUBC700 sample at temperatude$25
30A €35A @ind 40A Gvere tabulated iTable4.16. The results have shown that
the rise in the batch experental temperature created a disadvantage fqutibeate
removal. While the expanents carried under lower temperatures could achieve the
total phorateremoval,the phorateremoval efficiency was dropped up to 91.9% and
88.9% at 35A Gind 40A @it the @d of the batch experiment (t=5 h), respectively.
The rate of the removal operatiogradually decreased with the increasing

temperaturesince the chemical activity of KUBC700 decreased.
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Table 4.16. Phorate mnoval efficiencies (%) of 1 g/LIKUBC700 under varied

temperatures
. . Temperature (°C)
Time (min) 25 30 35 40
1 63.90 57.07 53.10 52.11
5 82.87 74.98 68.76 65.56
10 90.15 80.65 72.51 70.85
30 94.56 86.95 75.59 74.07
60 97.61 92.29 79.12 78.46
120 100.M 95.31 84.42 83.51
180 97.12 87.33 86.58
240 100.00 89.93 87.44
300 91.89 88.89

In thecase otheHC210BC700KOH1U10 samplthe conclusions became identical
with the case irFigure 4.38 and the increasaithe batch operational temperature

lessened the decrease in the performahioesample performarmchas already been

known from the results ofistage batch experiment&igure4.34) and it had 100%

pesticide removal in 10 miWith the increase in the batch temperature frord 25

to 40A (the remainingphorateconcentration in the solion became highen Figure
4.39. HC210BC700KOH1U10 had the total pesticide removaBGnmin and 4h
under 25A @nd ® A CrespectivelyThe phorateremoval réios (C/Co) of biochars
performed under 38 Gind 40A Gveredeermined a$.06 and 0.9, which were
comparable with KUBC700 at the same temperatures.

143



LEa T . — e 25°%C
L ® 0,
oot | e e
08 _S_ S =S 40°C
07 £
0.6 +
o L
Q o5+ |
O o ‘E
04 + 1
63+ F&\
0.2 —E— @ ) Dy L \;%;_— e —%——~ — ~1X
01+ ® B )
. e $ -9 I
00 +
ey ey ,
0O 30 60 90 120 150 180 210 240 270 300
Time (min)

Figure4.39. Effect of 1 g/LHC21BC70KOH1U100n thephorateremovalunder
varied temperatures

Table 4.17 gives the details ofphorate removal efficiencies (%) of 1 g/L
HC21MBC70KOH1U10 samplainder25 A C30A C35A @nd 40A CThe impact

of incrementing batchemperature was unfavorable for thieorateremoval rate.

Therefore, the lowest value was observed as 81.9% removala€Z@is supports

the idea of having the best chemical performance at lower temperatures.
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Table 4.17. Phorate removal efficiencies (%) of 1 gHC210BC700KOH1U10
under varied temperatures

Temperature (°C)

Time (min) 25 30 35 40

1 79.65 68.32 55.30 54.97

5 94.12 76.70 64.35 65.55
10 97.78 82.87 70.21 68.61
30 100.00 88.39 77.09 73.43
60 93.02 80.92 77.02
120 95.40 86.27 79.21
180 97.78 90.38 80.24
240 100.00 92.39 81.60
300 94.80 81.87

U10HC210BC700KOH1 showed the same and highest performance with
HC210BC700KOH1U10 in thedstage batch removal exjiaents.The impact of

the operational batch temperature gave different resulBgire 4.40 and there
occurred desorption at 38 Cand 40A CIn some cases, the rising termgiare
increases the chance of desorption phenomenanWhe dissolutiomappensthe
contaminant tries to interact winthd bi och
sense, the concentration of contaminant carease where the dissolution occurred.
In this study, ULI0BC21BC70(KOH1 dissolved aB5A @nd 40A Cand thephorate
removal ratios (C/g) raised to 0.07 and 0.55, respectivelghe dissolution of
phoratestarted from t=41 and t=2h for 35A C a rPAdCrespéxtively. After these
points, phorateconcentration in the solution increased unté #nd of the batch

experiment.
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Figure4.40. Effect of1 g/L U10BC21BC70KOH1 on thephorateremovalunder
varied temperatures

Table 4.18 represents the timewigghorate removal efficiencies (%) of 1 g/L
U10HC210BC700KOH1 under varied temperaturedJ10HC210BC700KOH1

totally removedphoratefrom the solution under 28 Gn 30 min the sameasin
HC210BC700KOH1U10. However, at 38 C 35 A C 40 A Cthe efficiency
considerably decreasecompared to results iable4.17. Unlike KUBC700 and
HC210BC700KOH1U10, there occurred desorption in ULOHC210BC700KOH1 at
35A @ind 40A CThe highest removal (97.7%) was observed athtadder 35A C

while it was 70.5% unde40 A Gat t=2 h. After these removal percentagesre
obtained, the@horateconcentration in the solutiostartedto increase as a result of
desorption phenomena and they reached up to 93.2% and 45.6% at the end of the

batch experiments. Thishows thathe increasing batch operational temperatures
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derived the dissolution chance in ULOHC210BC700KOH1 and its chemical activity

decreased.

Table 4.18. Phorate removal efficiencies (%) of 1 gll10HC210BC700KOH1
under varied temperatures

Temperature (°C)

Time (min)

25 30 35 40

1 79.83 14.94 35.45 30.16
5 95.26 45.60 41.41 36.34
10 98.58 57.51 55.30 46.92
30 100.00 75.37 77.58 64.57
60 85.30 86.18 69.86
120 90.59 93.68 70.52
180 95.00 96.11 63.90
240 96.55 97.65 55.74
300 97.43 93.24 45.60

At the end of the® stage batchemovalexperiments undenixedbatch operational
temperatures, it can be concluded that the batch temperature has a reverse impact on
the phorateremoval. All three lmchar materials achieved 10Q8torateremoval at

25 A Chowever, the removal performance decreased by the increasipgrétune

from 25A @o 40A CAs an exceptiorthe ULOHC210BC700KOH1 sample showed
dissolution at 33\ @nd 40A @nd thephorateremoal efficiency at 40A Gessened

up to 45% at the end of the batch experiment. This suggests that these biochars
modifiedwith the combination of KOH and urea have thest significanthemical

activity at lower temperatures.

4.4.2 Effect of biochar dosage on OP&removal

Biochas with different doses were performed in the second stage of batch
experiments. The experiments were iaghd with three samples: KUBC700,
HC210BC700KOH1U10 and U10HC210BC700KOH1. The exert@dchar
dosages were 0.2 g/L, 1 g/L, 5 g/L d@flg/L. Theusualdose in théStbatch analysis
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was performed as 1 g/Therefore, lower and higher doses comparedgf.lisual
biochar dose were tried in order to see the influence of applied biochanrdtdse
phorate removal efficiency. The effecé of various KUBC700,
HC210BC700KOH1U10 and U10HC210BC700KOH1 biochar doses guhibraite
removal at 3 A Gare demastratal in Figure 4.41, Figure 4.42 and Figure 4.43,

respectively

The removal ophoratewith KUBC700 samplaffected by the exerted dose. From
Figure4.41, the low loading amount (0.02 g/100 mL = 0.2 g/Lused to remain

higher finalphorateconcentration in the soluticend achieved 80% remalat the

end of the batch experimenthile higher dosages (1 g/L, 5 g/L, 15 g/L) removed

100%phoratein 60 min.It can be easily deduced that the increasing biodbses

applied in theophorateremoval batch experimentsd an encouraging effect on the

performanceAs such,0.2 g/L dose biochar created the lowest performance and it

ended up the batch removal experiment pitlorateremoval ratio (C/@) as 0.2
while 15 g/L dosage demonstrated the higipdstrateremoval rate.
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Figure4.41. Effect ofvariousKUBC700 biochar dose on tiphorateremoval at 3
AC

Phorate removal efficiencies generated by the addition ofwhrsed KUBC700 at
25A @re tabulated ifable4.19. Applieddoses of 1 g/L, 5 g/L and 15 g/L performed
100% phorate removal at t=2nlith similar trendswhile the 0.2 g/L removed 81.3%
of initially added phorate at the end of the batch expent.
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Table4.19. Phoate removal efficiencies (%) eariousKUBC700 biochar dose at

25 AC
: . Biochar Dose (g/L)
Time (min) 02 1 3 15
1 20.23 63.90 67.43 74.49
5 39.86 82.87 88.39 90.81
10 50.23 90.15 91.47 94.56
30 62.14 94.56 94.78 97.43
60 69.42 97.61 98.09 98.53
120 76.04 100.00 100.00 100.00
180 79.76
240 80.89
300 81.33

In the case othe HC210BC700KOH1Ul1Gample, the removal pattern showed a

similar trend with KUBC700 and the performance was enhanced by the developing

dose loadeddowever, inFigure4.42, higher efficiencies were observéat 1 g/L,
5 g/L and 15 g/L compared to KUBC78C210BC700KOH1U1@vith mentioned

doses achieved 100% removal in 10 mihe low dosewhich is 0.2 g/l. also

showedpromisingperformance ahthe remainingphorateconcentration was 4% of

the initial phorate concentration at the final stagdherefore, 0.2 g/L of
HC210BC700KOH1U1Gample became more efficient thag g/L of KUBC700.
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Figure4.42. Effect of various HC210BC700KOH1U10 biochar dose omtierate
removal at 3A C

Phorate removal efficiencies generated by the addition of -vhrsed
HC210BC700KOH1U1Gt 25A Cire tabulated iTable4.20. Applied doses of 1
g/L, 5 g/L and 15 g/L pdormed 100% phorate removal at36=minwith similar
trends, while the 0.2 g/L remové&d.3% of initially added phorate at the end of the
batch experimentThe removal efficiency 00.2 g/L HC210BC700KOH1U10
showed better resultghen it is compared to B.g/L KUBC700 inTable4.19.
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Table 4.20. Phorate removal efficiencies (%) wariousHC210BC700KOH1U10
biochardose @ 5 AC

Biochar Dose (g/L)

Time (min) 02 1 3 15

1 54.64 79.65 80.01 85.96
5 70.52 94.12 95.00 95.97
10 81.77 97.78 98.02 99.02
30 89.27 100.00 100.00 100.00
60 94.12

120 95.91

180 96.19

240 96.55

300 97.34

U10HC210BC700KOH;lon the other hanébllowed the similaflow in thephorate
removal efficiency and it improved by the increasing dose. The dosages as 1 g/L, 5
g/L and 15 g/L totally removed the initially appliporateconcentration in 10 mijn

the same valuasHC210BC700KOH1U100.2 g/L applied biochar dose Figure

4.43 finalized the batch experiment with 90%horate removal which was
comparatively lower thahlC210BC700KOH1U10n Figure4.42. However, it was

still favorable performance when it is comparethviiUBC700.The slight increase

in biochar elimination performanceas observed by the increasing amount of

biochar applied.
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Figure4.43. Effect of various U10HC210BC700KOH1 biochar dose orptierate
removal at 5A C

Phorate removal efficiencies generated by the addition of -vhrsed
U10HC210BC700KOH1at 25A Gire tabulated ifiable 4.21. Applied doses of 1
g/L, 5 g/L and 15 g/L performed 100% phorate removal at t=30 min withasim
trends, while the 0.2 g/L removed.%% of initially added phorate at the end of the
batch experiment.U10HC210BC700KOH1 showedsimilar phorate removal
efficiencies at higher biochar doses wHC210BC700KOH1U1Q(Table 4.20);
however,0.2 g/L of ULOHC210BC700KOHIeliminated slightly less amount of

phorate from water.
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Table4.21. Phorate removal efficiencies (%) wirious U10HC210BC700KOH1
biochardose @ 5 AC

Biochar Dose (g/L)

Time (min) 02 1 3 15
1 32.81 79.83 83.01 86.18
5 42.07 95.26 96.03 96.77
10 48.47 98.58 99.20 99.61
30 60.16 100.00 100.00 100.00
60 71.84
120 80.89
180 86.67
240 89.71
300 91.69

All'in all, it can be said that these thragedhar samples applied as 1 g/L, 5 g/L and
15 g/L showed comparable results. However, KUBC700 removed the total applied
phoratein 60 min,HC210BC700KOH1U10 and U10HC210BC700KOH1 achieved
100% removain 10 mins Therefore, it is clear thatdrothermallytreated biochars'
performance wakigher than KUBC700which was simply pyrolyzedn the case

of lower dose (0.2 g/L), although all the biochars performed more than 80% removal,
HC210BC700KOH1U10 and U10HC210BAOKOHL1 eliminated 96% and 90% of

initial pharateconcentration, respectively.

4.4.3 Effect of initial pH on OPPs removal

The pH was placed as one of the operational parameters if%is¢éage batch
removal experiments achieved with KUBC700, HC210BC700KOH1&hd
U10HC210BC700KOH1 samples. The usual batemoval in the F' stage
experimentsvas operatedsingdeionizedwater, which has a pHbetween6 i 6.5.
The solution will be used in thé“%stage pHdependent batch removal experiments
wereadjustedas pH 3, pH 5, Ph 7, pH 9 and pH 11ldunding propeamounts of
0.01 M KOH and 0.01 M HCinto the deionizedwater solution The impact of
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various pH values ophorateremovalwasexamined in thisection. The expression
ofno6 pH a dindicatds e direcd use deionizedwater from the water
suppy (Milli -Q Simplicity 188/U.S.A). without any pH adjustment.

Figure 4.44 illustrates the impact of different pH valuem phorate removal
efficiencies with 1 g/L KUBC700 sample at 25CAs a result of the pH experiments,

no regulatrend was determine@he highephorateremaining in the solution at the

end of the batch experiments was observed in pH 11, then it was followed by pH 9,
pH 3, pH 7, pH 5The btal phorateremoval (C/Co=0) happened in the no pH
adjusteddeionizedwaterin 2 hours Desorption occurred in thelsition with pH 7

and aftert=2 hours,phoratestarted to dattach from KUBC700. Even though the
lack of regular treng] the results reveal that KUBC700 samplese theirbest
performance in betweeni56.5 pH soltion since it performed greater efficieirs

in the no pH adjusted solution and pH 5 solution

—&—— No pH adjusted
———v%—— 5pH
——A—-- 7pH
— &% — 9pH
11 pH
(o]
o
O
—H==Zger o
‘‘‘‘‘‘ - St s
! Il | Il ! 1 1 1 P T S T [l !
T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300
Time (min)

Figure4.44. Effect of1 g/L KUBC7000n thephorateremovalin pH varied
solutionsat 25A C
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The results illustited in Figure 4.44 are detailed concerningphorate removal
efficiency percentages ifiable4.22. The only 100%phorateremoval happened in

the no pH adjusted solution whichin between pH © 6.5. The removal efficiencies

at the end of the batch experiments were ordered as 89.9%, 97.2%, 91.9%, 85.6%,
81.9% fao pH 3, pH 5, pH 7, pH 9 and pH 11, respectivéty.pH 7 solution,
desorption occurred at t=2 hours and after, tiemhoved concentration lessened by

4% at t=5 hours as a resultmlforatede-attachment.

Table 4.22. Phorate removal efficiencies (%) of 1 ghUBC700 in pH varied
solutionsat 25A C

Time pH
No pH adjusted 3 5 7 9 11
0 0.00 0.00 0.00 0.00 0.00 0.00
1 63.90 3567 7096 71.18 5442 36.34
5 82.87 4560 88.39 7493 66.33 51.55
10 90.15 55,52 91.03 78.24 71.18 62.36
30 94.56 59.71 91.69 88.17 7295 70.08
60 97.61 63.24 9346 94.78 76.04 74.49
120 100.00 66.11 94,12 95.89 79.12 76.04
180 73.61 95.00 91.25 82.65 80.01
240 81.33 9655 90.59 84.20 81.11
300 89.93 97.23 9192 8561 8191

Figure4.45demonstratethe dfect of 1 g/L HC210BC700KOH1U1@n thephorate
removalin various pHsolutionsat 25A CThe higher removals were also seen in the
no pH adjusted solution and f#$olution They removed 100% dleinitial phorate

in 30 mins and 1 hour, respectiveBhorate removal ratios (CdlCwere relatively
lowerthan KUBC700n Figure4.44. They were determined as 0.14, 0.04, 0.03, 0.02
in pH 11, pH 9, pH7, pH 3, respectivelyThe lbwer C/G indicateslessphorate
remaining in the solution at the end of the batcpeexnent Therefore, tican be
obtainedhat the HC210BC700KOH1U10 sample showed higher performances than
KUBC700 in all pH ranges.
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Figure4.45. Effect of1 g/LHC210BC700KOH1Ul1®n thephorateremovalin pH
varied solutionsit25A C

Table4.23 lists phorateremoval efficiencies (%) of 1 g/HC210BC700KOH1U10

in various pHsolutionsat 25A C100% removal efficiencies were obtained in the no

pH adjusted solution and pblsolution in 30 mis and 1 hour, respectively. The
highest percentage obtained at the end of the batch experiments were recorded as
98.9%, 97.4%, 96.6%, 86.4% for pH 3, HoH 9, pH 11, respectively. This shows

that the increasing pH value lessened the performance tloé
HC210BC700KOH1U10 sample and the sample demonstrated its best performance
in the pH range 051 6.5. It formed a similarangewith KUBC700 inTable4.22
becausehey both work dfciently in the pH range betweeni %.5.
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Table4.23. Phorate removal efficiencies (%) of 1 giC210BC700KOH1U10 in
pH varied solutionat 25A C

Time pH
No pH adjusted 3 5 7 9 11
0 0.00 0.00 0.00 0.00 0.00 0.00
1 79.65 66.77 8530 70.96 81.11 66.33
5 94.12 7890 93.68 76.48 86.40 69.64
10 97.78 83.98 96.99 80.23 90.15 71.84
30 100.00 93.24 98.20 86.62 91.69 74.27
60 95.22 100.00 89.27 9258 77.14
120 96.11 92.36 94.12 80.01
180 97.43 95.22 95.44  81.58
240 98.18 95.66 96.33 82.54
300 98.86 97.43 96.55 86.40

In the case othe ULOHC210BC700KOH1 sample, the working performance in
various pH rangesis shown inFigure 4.46. Differently than KUBC700 and
HC210BC700KOH1U10 biochar materials, the performance was upgratiexino

pH adjusted solutigrmpH 7 and pH 11for U10HC210BC700KOH1 biochat.00%
phorateremoval was performed in 30 mind hoursand 5 hourg$or no pH adjusted
pH 7and pH 11solution, respectivelyHowever,phorateremaining in the solution
at the ed of the batch experiments in pH 3, pH 5 and pH 9 samples was thgher
HC210BC700KOH1U10 matwl in Figure4.45 and lower compared to KUBC700
material inFigure4.44 by looking atphorateremoval ratio§C/Co).
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Figure4.46. Effect of1 g/L UL0HC210BC700KOHDnN thephorateremovalin pH
varied solutionsait 25A C

The numerical values @horateremoval efficienciesredescribed ifrable4.24. 1

g/L U10HC210BC700KOH1 at 2% Cachieved 100% removal from the initial
phorateconcentration in thao pH adjusted, pH 7 and pH 11 solutiofkis gives a
broader range to work efficiently fireU10HC210BC700KOH1 samplelowever,
other pH valueswhich are pH 3, pH 5 and pH, @lso created davorable
environment for phorate removal and U10HC210BC700KOH1 accomplished

96.1%, 93.9% and 94.6% removal in related solutions, respectively.
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