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SMT = Sulfamethazine
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SMX = Sulfamethoxazole

AI’" = Aluminium ion
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E2 = 17B-estradiol
E3 = Estriol

E1 = Estrone

EE2 = 17a-ethynylestradiol

4tBP = 4-tert-butyl phenol

BPA = Bisphenol A

HNO3 = Nitric acid

H2S0O4 = Sulfuric acid

fBC = Functionalized biochar

CNT = Carbon nanotubes

MWCNTs = Multiwalled carbon nanotubes
SWCNTs = Single walledcarbon nanotubes
PCPs = Personal care products

AGRs = Antibiotic resistant genes

ECs = Emerging contaminants

Kow = Octanol-water partition coefficient
BC = Biochar

AC = Activated carbon

SEM = Scanning electron microscope

EDS = Energy dispervise spectroscopy
XRD = Powder X-ray diffraction

BET = Brunauer-Emmett-Teller

FTIR = Fourier transform infrared spectroscopy

XPS = X-ray photoelectron spectroscopy



PO4* = Phosphate

CI" = Chloride ion

NOs™ = Nitrate ion

SO4* = Sulphate ion

CEC = Cationic exchange capacity
H/C = Hydrogen/carbon ratio
HNO3 = Nitric acid

NaOH = Sodium hydroxide
NaBH4 = Sodium borohydrate
Mary = Dried mas

Muvm= Weight of volatime matter
Mzt = Fraction of fixed carbon
Mash = Weight of ash

Na2COs= Sodium carbonate
CH30OH =Methanol

C2HsOH= Ethanol

NaHCO3 = Sodium bicharbonate
KClI = Potassium chloride
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AICIl3 = Aluminium chloride
CH3-CO-CHs = Acetone

C=C = Carbon-carbon double bonds
K2HPO4 = Potassium biphosphote
MgSO4= Magnesium sulphate
PHEN = Phenanthrene

PABA = para-amino benzoic acid
DNB = /,3-Dinitro benzene

EDA = Electron donor-acceptor
EDD = Electron-donor-donor
CAP/CP = Chloramphenicol

TAP = Thiamphenicol



FF = Florfenicol

EM = Erythromycin

RTM = Roxithromycin

SD = Sulfadiazine

SM = Sulfamerazine

SP = Sulfapyridine

TC = Tetracycline

CTC = Chlortetracycline

OTC = Oxytetracycline

DXC = Doxycyclinehyclate

NFC = Norfloxacin

CIP = Ciprofloxacin

OFC = Ofloxacin

CARB = Carbodox

LNCM = Lincomycin

TRMP = Trimethoprim

WWTPs = Wastewater treatment plants
DWTPs = Drinking water treatment plants
STPs = Municipal sewage treatment plants
pKa= Acid dissociation constant

MBR = Membrane bioreactor

AOPs = Advanced oxidation processes
UV = Ultraviolet

TiO2 = Titanium dioxide

COD = Chemical oxygen deman
PPCPs = Pharmaceutical personal care products
-OH= Hydroxyl group

-COOH = Carboxylic group

-NH2 = Amino group

-CH = Alkyl group

-CO = Ketonic group

-COOR = Ester group

ZnO = Zinc oxide



UF = Ultrafiltration
O/C = Oxygen/ carbon ratio
N/C = Nitrogen/carbon ration
CAHB = Charge assisted hydrogen bonds
E? = Redox potential
ZV1 = Zerovalent iron
nZV1/ Fe® = Nonosized zero valent iron
IMbBBC600 = Bamboo derived functionalized biochar (fBC-1)
TGA= Thermogravimetric analysis
Ka = Distribution coefficient
BJH= Barrett-Joyner-Halenda
DI= Deionised water
PFO = Pseudo first order
PSO= Pseudo second order
IDM = Intraparticle diffusion
Omax = Maximum sorption capacity
Ki= Langmuir fitting constant
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CeHs = Aryl group
AG = Free energy change
Kaw = Water dissociation constant
TDS = Total dissolved solid
I6/Ip = Raman spectroscopy D and G band ratio
k = Rate constant
NO= Nitroso
HOAM = Hydroxlamino
m/z = Mass to charge ratio
DO = Dissolved oxygen
RP = Reverse phase
C18=18 C-12
Vis = Visible
LC-MSqton) = Triple quad liquid chromatography-mass spectroscopy
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ESI = Electrospray ionisation

PTFE = Poly tetraflouro ethylene

MP-AES = Microwave plasma-atomic emission spectroscopy
IC = Ion chromatography

EAA = Electon acceptor-acceptor

ApH = pH change

LOD = Limit of detection

CMs = Carbonaceous materials

HOCs = Hydrophobic organic contaminants

"H NMR = Proton nuclear magnatic resonance spectroscopy
0 = Chemical shifts in NMR

PMM = Polanyi-Mane Model

Cs = Solubility of compound

Sv= Sorbed volumn

proc= Density of HOC compounds

Krup = Hexadecane partition coefficient

2,4-D = 2,4-Dichlorophenoxyacetic acid

MCPA = 2-methyl-4-chlorophenoxyacetic acid
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ABSTRACT

In the last few decades, water pollution by different organic and inorganic species has become
one of the most critical issues in many regions of the world. The consumption of the
contaminated water is of major human health concern. The presence of antibiotics and EDCs
in the aquatic environment causes critical problems to human health and aquatic organisms.
The efficacy for removing antibiotics and EDCs in traditional wastewater treatment plants is
not satisfactory by considering technology, cost and overall performance. On the other hand,
adsorptive materials are cost effective and highly suitable for removal of antibiotics and EDCs.
In this study, different adsorptive materials such as biorchar, functionlaized biochar and a
biochar composite sorbent were prepared by the utilization of woody biomasses (bamboo and
eucalyptus) and scrap iron material. Biochar was prepared at 380-400 °C via pyrolysis process
and then modified using oH3POs to produce functionalized biochar (fBC) at 600 °C. The
functionalized biochars were named as fBC-1(prepared from bamboo) and fBC-2 (prepared
from eucalyptus globules). Finally, fBC-2 was used to prepare a biochar composite with zero-
valent-iron (synthesized from scrap iron). These materials were used to remove antiobiotics

and EDCs in single and competitive mode.

Single and competitive sorption properties and mechanism of functionalized biochar for

removing sulfonamide antibiotics from water:

Single and competitive sorption of ionisable sulphonamides sulfamethazine, sulfamethoxazole
and sulfathiazole on functionalized biochar was highly pH dependent. The equilibrium data
were well represented by both Langmuir and Freundlich models for single solutes, and by the
Langmuir model for competitive solutes. Sorption capacity and distribution coefficient values
decreased as sulfathiazole > sulfamethoxazole > sulfamethazine. The sorption capacity of each
antibiotic in competitive mode is about three times lower than in single solute sorption. The
kinetics data were best described by the pseudo second-order model for single solutes, and by
PSO and intra-particle diffusion models for competitive solutes. Adsorption mechanism was
governed by pore filling through diffusion process. The findings from pH shift, FTIR spectra
and Raman band shift showed that sorption of neutral sulfonamide species occurred mainly

due to strong H-bonds followed by n'-n electron-donor-acceptor (EDA), and by Lewis acid-
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base interaction. Moreover, EDA was the main mechanism for the sorption of positive
sulfonamides species. The sorption of negative species was mainly regulated by proton
exchange with water forming negative charge assisted H-bond (CAHB), followed by the
neutralization of ~OH groups by H" released from functionalized biochar surface; in addition,

n-n electron-acceptor-acceptor (EAA) interaction played an important role.

Competitive sorption affinity of sulfonamides and chloramphenicol antibiotics toward

functionalized biochar for water and wastewater treatment:

Competitive sorption of sulfamethazine (SMT), sulfamethoxazole (SMX), sulfathiazole (STZ)
and chloramphenicol toward functionalized biochar (fBC) was highly pH dependent with
maximum sorption at pH ~4.0-4.25. The Langmuir and Freundlich models well represented
equilibrium data in the order STZ > SMX > CP > SMT. Kinetics data were slightly better fitted
by the pseudo-second-order model than pseudo first-order and intra-particle-diffusion models.
Maximum sorptive interactions occurred at pH 4.0-4.25 through H-bonds formations for
neutral sulfonamides species and negative charge assisted H-bond (CAHB) formation for CP,
in addition to n-w electron-donor-acceptor (EDA) interactions. EDA was the main mechanism
for the sorption of positive sulfonamides species and CP at pH < 2.0. Sorption of negative
sulfonamides species and CP at pH > 7.0 was regulated by H-bond formation and proton
exchange with water by forming CAHB, respectively. The results suggested fBC to be highly

efficient in removing antibiotics mixture.

Chloramphenicol interaction with functionalized biochar in water: sorptive mechanism,

molecular imprinting effect and repeatable application:

Biochar and functionalized biochar (fBC-1 and fBC-2) were prepared and applied to
remove antibiotic chloramphenicol from deionized water, lake water and
synthetic wastewater. Results showed that chloramphenicol removal on biochar was pH
dependent and maximum sorption occurred at pH4.0-4.5. The sorption data of
chloramphenicol fitted better with the Langmuir isotherm model than the Freundlich isotherm
model with the maximum Langmuir sorption capacity of 233 uM g 'using fBC-2.
Chloramphenicol sorption on f{BC-2 followed the trend: deionized water > lake

water > synthetic wastewater. The presence of humic acid decreased the sorption distribution
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coefficient (Kd) while the presence of low ionic strength and soil in solution increased Ka value
significantly. The mechanism of sorption on fBC mainly involved electron-donor-acceptor
(EDA) interactions at pH <2.0; formation of charge-assisted hydrogen bond (CAHB) and
hydrogen bonds in addition to EDA in the pH 4.0-4.5; and CAHB and EDA interactions at
pH > 7.0. Additionally, solvent and thermal regeneration of fBC-2 for repeatable applications
showed excellent sorption of chloramphenicol under the same condition, due to the creation of
a molecular imprinting effect in fBC-2. Consequently, fBC-2 can be applied with excellent

reusability properties to remove chloramphenicol and other similar organic contaminants.

Nano-Fe0 immobilized onto functionalized biochar gaining excellent stability during
sorption and reduction of chloramphenicol via transforming to reusable magnetic

composite:

The widely used nano-sized zero-valent iron (nZVI or nFe’) particles and their composite
material lose reductive nature during application, and the stability of transformed composite
material for repeatable application is not addressed to date. To shed light on this, nZVI was
synthesized from scrap material and immobilized on functionalized biochar (fBC) to prepare
nZVI-fBC composite. Comparative study between nZVI and nZVI-fBC composite on the
removal of chlorinated antibiotic chloramphenicol from different water types was conducted.
The results suggested that nZVI was solely responsible for reduction of chloramphenicol.
Whereas nZVI-fBC could be applied once, within a few hours, for the reduction of
chloramphenicol (29-32.5%) and subsequently sorption (67.5-70.5%) by transforming to a
fully magnetic composite (nFe3Os-fBC) gaining stability with synergistic sorption
performance. In both cases, two reduction by-products were identified namely 2-chloro-N-
[1,3-dihydroxy-1-(4-aminophenyl)propan-2-yl]acetamide (m/z 257) and dechlorinated N-[1,3-
dihydroxy-1-(4-aminophenyl)propan-2-yl]acetamide (m/z 223). The complete removal of
3.1 uM L! of chloramphenicol in different water was faster by nZVI-fBC (~12-15 h) than by
stable nFe304-fBC composite (~18 h). Both nZVI-fBC and nFe304-fBC composites removed
chloramphenicol in the order: deionized water > lake water > synthetic wastewater. nFe3Oa-
fBC showed excellent reusability after regeneration, with the regenerated nFe3Os-fBC

composite (after 6 cycles of application) showing significant performance for methylene blue
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removal (~287 mg g !). Therefore, the transformed nFe304-fBC composite is a promising and

reusable sorbent for the efficient removal of organic contaminants.

Sorptive removal of phenolic endocrine disruptors by functionalized biochar:

Competitive interaction mechanism, removal efficacy and application in wastewater:

Sorptive removal of six phenolic endocrine disrupting chemicals (EDCs) estrone (E1), 17B-
estradiol (E2), estriol (E3), 17a-ethynylestradiol (EE2), bisphenol A (BPA) and 4-fert-
butylphenol (47BP) by functionalized biochar (fBC-2) through competitive interactions was
investigated. EDC sorption was pH dependent with the maximum sorption at pH 3.0-3.5 due
to hydrogen bonds and mt-m interactions as the principal sorptive mechanism. Sorption isotherm
of the EDCs was fitted to the Langmuir model. Sorption capacities and distribution coefficient
values followed the order E1 > E2 > EE2 > BPA > 4¢BP > E3. The findings suggested that EDC
sorption occurred mainly through pseudo-second order and external mass transfer diffusion
processes, by forming H-bonds along with n-n electron-donor—acceptor (EDA) interactions at
different pH. The complete removal of ~500 ugL ™' of each EDC from different water
decreased in the order: deionised water>membrane bioreactor (MBR) sewage
effluent > synthetic wastewater. The presence of sodium lauryl sulphonate and acacia gum in
synthetic wastewater significantly suppressed sorption affinity of EDCs by 38—50%, hence

requiring more fBC to maintain removal efficacy.

Sorption of Hydrophobic Organic Contaminants on Functionalized Biochar: Protagonist

Role of n-nt Electron-Donor-Acceptor Interactions and Hydrogen Bonds:

Sorption of five potent endocrine disruptors as representative hydrophobic organic
contaminants (HOCs) namely estrone (El), 17p-estradiol (E2), estriol (E3), 17a-
ethynylestradiol (EE2) and bisphenol A (BPA) on functionalized biochar (fBC-2) was
systematically examined, with a particular focus on the importance of m-electron-donor
(phenanthrene: PHEN) and m-electron-acceptors (1,3-dinitrobenzene: DNB, p-amino benzoic
acid: PABA) on sorption. Experimental results suggested that hydrogen-bond formations and
n-m-electron-donor-acceptor (EDA) interactions were the dominant sorption mechanisms. The
sorption of HOCs followed the order of E1 > E2 > EE2 > E3 > BPA based on the Freundlich

and Polanyi-Mane-models. The comparison of adsorption coefficient (K7) normalized against
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hexadecane-water partition coefficient (Kuw) between HOCs and PHEN indicated strong n-m-
EDA interactions. n-m interactions among DNB, PHEN and HOCs in methanol-d4 were verified
by the observed upfield frequency shifts using proton nuclear magnetic resonance (\H NMR)
which identified the specific direction of n- interactions. UV-vis spectra showed charge-
transfer bands for m-donors (PHEN and HOCs) with the model m-acceptor (DNB) also
demonstrating the role of m-n EDA interactions. The role of n-electron-donor and m-electron-
acceptor domains in fBC was identified at different solution pH. Therefore, n-n EDA
interaction together with hydrogen-bond formation were the key mechanism responsible for

sorptive removal of HOCs.
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