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Abstract
Reducing the risk for water biota by adsorption of pharmaceuticals and heavy metals
using a fixed-bed column with a novel biochar
Mehdi Heidari, 2020

Pharmaceuticals and heavy metals derived from point sources and non-point sources find their
ways into water bodies. One of the important sources of such pollutants is wastewater or effluents
from wastewater treatment plants. The presence of pharmaceuticals and heavy metals in the water
bodies causes irreversible damages to flora, fauna and human health. Risk assessment plays a vital
role in identifying the pollution intensity. The adsorption process is one of the most appropriate
processes in eliminating such pollutants from wastewater. In this study, a fixed-bed column is used
to verify the feasibility of using a novel biochar material to remove organic (pharmaceuticals) and
inorganic (heavy metals) compounds. This study was conducted in 3 phases. In the first phase, the
pollution intensity of pollutants in wastewater effluent was evaluated by risk assessment formulas.
In the second phase, the impact of the initial concentration, flow rate and bed depth on the
laboratory-scale adsorption column performance were investigated. In the third phase, the Adam-
Bohart model was used to design the large-scale fixed-bed column. Moreover, the pollution
intensity of pollutants was determined. The results clearly indicated that the presence of
venlafaxine and heavy metals in wastewater effluent poses adverse effects on aquatic and marine
organisms. The adsorption of venlafaxine, Ni, Pb and Cu on biochar in a laboratory-scale column
was observed as well as in the larger-scale column. Increasing the initial concentration and bed
depth along with decreasing the flow rate caused the adsorption capacity to be on the rise. The
removal over 90% of venlafaxine, Ni, Pb and Cu was found at the breakthrough point where the
adsorption capacity was increased from 0.8 to 5.4 mg/g for venlafaxine, from 1.92 to 18.24 pg/g
for Ni, from 3.84 to 30.72 ng/g for Pb, and from 2.88 to 24 ng/g for Cu. The large-scale column,
tested on real effluent at wastewater treatment plant, confirmed the feasibility of using biochar to
eliminate 95% of venlafaxine and 90% of Ni, Pb and Cu at the breakthrough point. The adsorption
capacity at the breakthrough point was 3051.406 ng/g for venlafaxine, 24.364 ug/g for Ni, 0.1296
pg/g for Pb, and 7.115 pg/g for Cu. The pollution intensity of venlafaxine, Ni, Pb and Cu to aquatic
and marine organisms decreased from a high to low risk due to the utilization of novel biochar in

the fixed-bed column.
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Chapter 1: Introduction



1.1. Problem statement

Pharmaceuticals and heavy metals derived from different point sources and non-point sources are
eventually carried by rivers into water bodies including oceans, seas and lakes (Fakhraee et al.
2015; Heidari 2019; Karbassi and Heidari 2015; Vaezi 2016). The accumulation of such pollutants
in the aquatic and marine environments has been on the increase which poses a serious threat to
the flora, fauna and human health (Heidari 2019; Karbassi et al., 2013; Valikhani Samani et al.,
2014). Pharmaceuticals and heavy metals have been detected in the liver, kidney and gill of fishes.
DNA damage, impairment of reproductive capacity, oxidative stress, cell death, hair cell death,
delay in maturation, reduction in fecundity, mortality etc. are considered as deleterious impacts of
pharmaceuticals and heavy metals (Duarte et al., 2020Gautam et al., 2018; Ghosh et al., 2018; Li
et al., 2018; Liu et al., 2018; Mezzelani et al., 2020; Nunes et al., 2020). One of the important
sources of pharmaceuticals and heavy metals is wastewater or effluent of wastewater. As a result,
the elimination of these pollutants from wastewater plays a vital role in enriching the condition of
water bodies. There are diverse processes including adsorption process, biological process,
filtration, advanced oxidation process and chlorination, and the combination of different processes
which can be used for water purification and wastewater treatment (Abazari 2019; Fang et al.,
2018; Liu et al., 2018a; Nasseh et al., 2019; Xu et al., 2018a; Zhang et al., 2019b; Zhu et al., 2017,
Zhu et al., 2015). Among such methods, the adsorption process is well-known for simplicity of
operation and cost-effectiveness (Ahmed et al., 2017a; Appavu et al., 2018; Mandal et al., 2019;
Okoli and Ofomaja, 2019; Tien et al. 2018). Batch and column studies are considered as two ways
to adsorption studies. The data gained from a batch study is limited to the laboratory scale and thus
cannot be applied in industrial systems. Nevertheless, the column study provides data for direct
applications in industrial systems. In the last few years, the adsorption of pharmaceuticals and
heavy metals on the different adsorbents in the fixed-bed column has been conducted (Abdolali et
al., 2017; Alimohammadi et al., 2016; Bakar et al., 2019; Guocheng et al., 2011; Hajilari et al.,
2019). On the other hand, the results have indicated that the risk of such pollutants in water bodies
is high. As a consequence, comprehensive investigations on utilizing appropriate adsorbent in the
column and the column performance should be conducted in producing a pivotal remedy to
eliminate pharmaceuticals and heavy metals from different types of wastewaters or effluent of

wastewaters.



1.2. Research objectives

The main objective of this study was to assess the feasibility of using a novel biochar for the

emerging pollutant removal at a wastewater treatment plant. The specific objectives were:

1. Assessing adsorption capacity of a representative pharmaceutical using fixed-bed column
Assessing adsorption of representative heavy metals on biochar in a fixed-bed column
Defining parameters affecting the adsorption efficiency

Designing a large-scale column based on a model

w»ok wN

Conducting risk assessment to aquatic biota before and after treatment
1.3. Organization of thesis

The thesis consists of five chapters. The problem statement along with research objectives were
described in chapter 1. A comprehensive literature review about the sources, effects, elimination
method and column study of pharmaceuticals and heavy metals were provided in chapter 2.
Sampling and analysis, installation of laboratory-scale column, design of large-scale column and
risk assessment methods were explained as method and materials in chapter 3. The results of
utilizing laboratory-scale column under various experimental conditions, designing of large-scale
column and risk assessment of pollutants are explained and discussed in chapter 4. Conclusion of

research novelty and recommendations for future work are provided in chapter 5.



Chapter 2: Literature review



2.1. Pharmaceuticals

Pharmaceuticals derived from various point sources and non-point sources are carried by rivers

into water bodies including oceans, seas and lakes (Fakhraee et al. 2015; Heidari et al. 2015;

Karbassi et al. 2016; Vaezi et al. 2014) (Fig. 1).
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Fig. 1 Conceptual model of the fate of pharmaceuticals in the water bodies
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Wastewater or effluent of wastewater is considered as one of the important sources of
pharmaceuticals. Pharmaceuticals are detected in low ng/L to high pg/L concentrations in waste
and surface water (Lonappan et al., 2019; Zhang et al., 2008). In the last few years the pollution
intensity of such contaminants in marine and aquatic environments has been on the rise (Farajnejad
et al. 2017; Heidari et al. 2017; Vaezi et al., 2016; Valikhani Samani et al., 2014). Pharmaceuticals
have been detected in the liver, kidney, gill of fishes etc. The presence of such toxic pollutants in
aquatic ecosystems has long lasting deleterious effects on flora, fauna and human health (Heidari

2019; Karbassi and Heidari 2015; Karbassi et al., 2014; Karbassi et al., 2013) (Table 1). As a

result, such pollutants should be removed from the environmental compartments.

Table 1 Effects of pharmaceuticals on marine organisms

the treatment of depressive disorder,
anxiety disorders, chronic pain

Citalopram etc.

group of drugs are used in treatment of
fungal infections.

econazole etc.

Pharmaceuticals Utilization Examples Effects
Analgesics Inhibition of individual pain pathways Opioids, non-
(local anesthesia), render a patient opioids etc. .
unconscious for surgical procedures DNA damage,. alteration
(general anesthesia), etc. of immunological
- - - - - - parameters (lysosomal
Antibacterials An‘an.tlbacFerlal as a type of . Clproﬂoxacm, membrane stability,
antimicrobial substance destroys baqerla Spectinomycin, granulocytes-
and suppresses the growth of bacteria. etc. hyalinocytes content,
phagocytosis activity),
Anticonvulsants Anticonvulsant as a drug can be used to | Brivaracetam, Inhibition of striking
the treatment of epileptic seizure, bipolar | Carbamazepine prey efficiency,
disorder and borderline personality etc. Inhibition of final
disorder. biomass, growth
inhibition, mortality,
Antidementia Antidementia drugs as a pharmaceutical | Donepezil, Foot detachment,
agents agent are approved for treatment of Galantamine etc. Spawning induction,
dementia. immobility, inhibition
fertilization, oxidative
Antidepressants An antidepressant drug can be used in Venlafaxine, stress, genotoxic

damage, transcriptional
changes in genes,

conditions and some addictions. Inhibition of striking
prey efficiency,
Antidotes and Treatment of some poisoning Acetylcysteine, impairment of endocrine
antitoxins activated charcoal system, impairment of
ete. reproductive capacity,
Antiemetics Antiemetic as a heterogeneous group of | Aprepitant, decrement of byssus
drugs can be used to treat various nausea | dexamethasone strength and energy,
and vomiting caused by motion sickness, | etc. inhibition of synthesis of
severe cases of the stomach flu proteins., inhibitiop of
(gastroenteritis) etc. synthesis of nucleic
acids, disruption of
Antifungals The antifungals as a large and diverse Clotrimazole, mitotic spindle, cell

death, inhibition of DNA
replication etc.




Pharmaceuticals

Utilization

Examples

Anti-inflammatory
agents

Anti-inflammatory drugs give aid to treat
treating multisystem inflammatory
disorders.

Aspirin, ibuprofen
etc.

Antimigraine Treatment of severe cases of migraine Methysergide,
agents attack. zolmitriptan etc.
Antimyasthenic Treatment of myasthenia gravis Mestinon
agents Timespan etc.
Antimycobacterials | Treatment of mycobacteria infections Rifampin,
isoniazid etc.
Antineoplastics Treatment of cancer Azacitidine,
capecitabine etc.
Antiparasitics Treatment of parasitic infections Ivermectin etc.
Antiparkinson Treatment of Parkinson's disease Ropinirole,
agents benzatropine etc.
Antipsychotics Treatment of psychosis, principally in Risperidone,
schizophrenia and bipolar disorder. olanzapine etc.
Antivirals Treatment of viral infections Abacavir,

ampligen etc.

Anxiolytic (anti- Inhibition of inhibits anxiety Anmitriptyline,
anxiety) agents Doxepin etc.
Bipolar agents Treatment of bipolar disorder Olanzapine,
ariprazole etc.
Blood glucose Treatment of diabetes mellitus Insulin,

regulators biguanides etc.
Blood products Treatment of hemophilia blood
components,
plasma
derivatives etc.
Cardiovascular Treatment of different heart disorders or | Chlorothiazide,
agents diseases of the vascular system amiloride etc.
Central nervous Treatment of anxiety and insomnia Anesthetics,
system agents anticonvulsants
etc.
Dental and oral Treatment of a variety of diseases Fluorides,
agents involving the oral cavity (mouth) benzodiazepines
etc.
Dermatological Treatment of skin conditions Ketoconazole,
(skin) agents anthralin etc.
Enzyme Treatment of lysosomal storage diseases | Velaglucerase alfa

replacement agent

etc.

Gastrointestinal Treatment of gastrointestinal disorders Antidiarrheals,
agents laxatives etc.
Genitourinary Treatment of conditions of the Darifenacin,
agents reproductive organs and excretory solifenacin etc.

system or urinary tract

Hormonal agents
(adrenal)

Treatment of cancers

Aldosterone,
cortisol etc.
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nutrients, minerals,

problems, diarrhea and vomiting

Pharmaceuticals Utilization Examples

Immunological Preventing graft rejection Immune

agents globulins,
immunostimulants
etc.

Inflammatory Reduction in inflammation Celecoxib,

agents diclofenac etc.

Antimetabolite Treatment of leukemia, cancers of the Floxuridine,

drugs breast, ovary, and the gastrointestinal fludarabine etc.

tract, as well as other types of cancers

Ophthalmic (eye) Treatment of eye infections Moxifloxacin,

agents besifloxacin etc.

Otic (ear) agents Treatment of outer ear infections Ciprofloxacin,
hydrocortisone
etc.

Respiratory tract Preventing respiratory diseases Antiasthmatic

agents combinations

Sedatives and Treatment of insomnia Barbiturates,

hypnotics benzodiazepines
etc.

Skeletal muscle Reducing tension in muscles Baclofen,

relaxants methocarbamol
etc.

Therapeutic Preventing vitamin deficiency, renal Magnesium

sulfate, calcium

and electrolytes carbonate etc.

Note: data generated based on (Bebianno and da Fonseca 2020; Bonnefille et al., 2018; Byeon et al., 2020; Estévez-
Calvar et al., 2017; Fabbri and Franzellitti 2016; Fong et al., 2015; Fong and Hoy 2012; Halm-Lemeille and Gomez
2016; Hodkovicova et al., 2020; Ikert and Craig 2020; Klatte et al., 2017; Nunes et al., 2020; Duarte et al., 2020;
Malve 2016; Menon et al., 2020; Minguez et al., 2015; Prichard and Granek 2016; Renault 2015; Sangion and
Gramatica 2016)

Among the pharmaceuticals measured in RABEL wastewater treatment plant effluent, the
concentration of venlafaxine was particularly high (Zojaji 2020). Venlafaxine is considered as an
antidepressant drug for treatment of major depressive disorder, anxiety and panic disorder (Olver
et al., 2004). Moreover, venlafaxine is a subclass of norepinephrine reuptake inhibitor (SNRI)
(Hodkovicova et al., 2020). Venlafaxine derived from a wide variety sources (e.g. domestic,
hospital and industrial effluents etc.) finds its way into water bodies (Gros et al., 2012; Valcarcel
et al., 2011; Maulvault et al., 2018). In the last few years the pollution intensity of such an
antidepressant drug in water bodies has been on the increase which have posed a serious threat to
marine and aquatic organisms even at low concentrations (Bueno et al., 2014; Halm-Lemeille and
Gomez 2016; Maulvault et al., 2019). In other words, increasing the accumulation of
pharmaceuticals, especially venlafaxine in marine environments might causes serious ecological

and human health risks (Maulvault et al., 2018).



2.2. Heavy metals
Conceptual model gives aid to possess a profound thought about the heavy metals fate in water

bodies (Heidari 2019). Conceptual model of the heavy metals is shown in Fig. 2 (Heidari 2019).
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Fig. 2 Conceptual model of the heavy metals fate in the water bodies




Heavy metals derived from different natural and anthropogenic sources are eventually carried by
rivers into oceans, seas and lakes (Heidari 2019; Fakhraee et al., 2015; Vaezi et al., 2016; Vaezi et
al., 2014). The presence of heavy metals as dangerous environmental pollutants in marine
ecosystems poses serious ecological risk concerns for aquatic organisms (Billah et al., 2017; Fu et
al., 2017; Naifar et al., 2018). Due to rapid population growth, industrialization, urbanization and
economic development in a wide variety of countries all across the world, high concentration of
essential elements in conjunction with low concentration of non-essential elements have become
a serious problem in marine ecosystems (Cipro et al., 2018; Frontalini et al., 2018; Fuentes-
Gandaraetal., 2018; Souza et al., 2018; Stankovic et al., 2014). The characteristics of heavy metals
including toxicity, bio-concentration and non-degradation play an important role in posing
irreversible damages to marine organisms, especially fish (Green et al., 2018; Rajeshkumar et al.,
218). Moreover, the human health condition can be impacted by exposure to toxic elements (Ding
et al., 2018; Fuentes-Gandara et al., 2018; Wang et al., 2018). As a consequence, such pollutants
should be removed from water bodies. Deleterious impacts of heavy metals on human health,

marine and aquatic organisms are indicated in Tables 2 to 12.

Table 2 Effects of arsenic
Detrimental effects on human health

Detrimental effects on marine and aquatic organisms

Disordering nervous system Reducing the innate immune system

Cardiovascular diseases Bulging of tip of gill filaments

Skin cancer

Oxidative stress

Lung cancer

Reducing embryonic development

Urinary bladder cancer

Cell death

Skin lesions

Reducing growth

Melanosis

DNA damage

Leucomelanosis

Decreasing metabolism

Breast cancer

Protein inactivation

Keratosis

Enzyme inactivation

Liver cancer

Impairment of ATP synthesis

Perturbation of cell membrane stability

Impairment of the endocrine system

Perturbation of energy cycle

Impairment of the cortisol response

Perturbation of methylation processes

Death

Substitution of zinc

Distortion of the shape gill filament
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DNA damage

Loss of protein action Disturbing the transcriptional levels of antioxidant related
Diabetes genes

Kidney dysfunction

Note: data were generated based on (Abadi et al., 2018; Adeyemi et al., 2015; Bhowmick et al., 2018; Coppola et al.,
2018; Dong et al., 2018; Elia et al., 2018; Khairul et al., 2017; Moreira et al., 2018; Moreira et al., 2016; Moslen and
Miebaka 2016; Mukherjee 2017; Olivares et al., 2016; Osborne et al., 2017; Rodriguez-Moro et al., 2018; Sarkar et

al., 2017; Zuo et al., 2018)

Table 3 Effects of cadmium

Detrimental effects on human health

Detrimental effects on marine and aquatic organisms

Kidney dysfunction

Respiration imbalance

Renal cancer

Osmoregulation imbalance

Prostate cancer

Delay in maturation

Breast cancer

Reducing fecundity

Lung cancer

Inhibition of activation and sperm motion

Liver cancer

Impairment of social and escape behavior

Bladder cancer

Hypocalcaemia

Skin cancer

Cellular stress

Skin lesions

Cell death

Keratosis Neuronal cell death
Pigmentation Oxidative stress

Nausea Immunotoxicity
Vomiting Impairing steroidogenesis
Reducing production of erythrocytes Lipid peroxidation
Reducing leukocytes DNA damage

Reproductive system damage

Reducing the uptake of essential nutrients

Abnormal heartbeat

Abnormality in body size

Skeletal system damage

Increasing heart rate

Blood vessels damage

Imbalance regulation of ion

Pricking sensation in body

Imbalance regulation of copper

Neurological disorders

Pulmonary disease

Peripheral vascular disease

Cardiovascular disease

Hypertension

Inhibiting enzyme activity
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Diabetes

Note: data were generated based on (Benaduce et al., 2008; Biswas et al., 2018; Cazan and Klerks 2015; de Angelis
et al., 2017; Faucher et al., 2008; Hayati et al., 2017; Komjarova and Bury 2014; Kumar and Singh 2010; McGeer et
al., 2000; Nair et al., 2013; Naseri et al., 2018; Noor et al., 2018; Nordberg et al., 2018; Pastorelli et al., 2018; Paul
and Small 2018; Pereira et al., 2016; Philippe et al., 2018; Qi et al., 2017; Witeska et al., 1995; Wold et al., 2017; Yu
et al., 2016; Zhao et al., 2015; Zheng et al., 2016)

Table 4 Effects of cobalt

Detrimental effects on human health Detrimental effects on marine and aquatic organisms
Increasing the RBC count (polycythemia) Inhibiting the growth

Increasing hematocrit level Reducing cell viability

Increasing hemoglobin level Reproductive damage

Inducing pathogenesis Hair cell death

Skin damage Blocking lateral line hair cells

Acne

Skin rashes

Flares of dermatitis

Lung cancer

Chronic thyroiditis

Disturbing the thyroid hormone metabolism

Reducing thyroid volume

Neurologic deficit

Hearing impairment

Tinnitus

Vertigo/dizziness Increasing intracellular reactive oxygen species (ROS)
Nausea levels

Vomiting

Visual impairment

Reducing visual acuity

Complete blindness

Retinal dysfunction

Poor color vision

Blurred vision

Irregular cortical visual responses

Cognitive impairment

Reduction in memory and thinking skills
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Disorientation

Cardiovascular disease

Reduction in left ventricular systolic function

Damaging the myocardial function

Reversible electrocardiographic alterations

Note: date were generated based on (Alinovi et al., 2015; AnvariFar et al., 2018; Bozich et al., 2017; Chen et al.,
2018; Fox et al., 2016; Gautam et al., 2018; Goodnough et al., 2018; Leyssens et al., 2017; Li et al., 2018; Melby

et al., 2018; Mohan and Kasprowicz 2016; Sonnack et al., 2018; Stewart et al., 2017)

Table 5 Effects of copper

Detrimental effects on human health

Detrimental effects on marine and aquatic organisms

Altering glutathione levels

Hair cell death

Lipid peroxidation

Respiratory dysfunction

Inducing oxidative stress

Disruption of migration

Inducing cytotoxicity

Alteration of the swimming behaviour

Reducing cell viability

Oxidative stress

Lysosomal damage

Disruption of osmoregulation structure

Mitochondrial damage

Increasing operculum movements

Cell death

Decreasing swimming ability

Anemia

Decreasing food intake

Gastric upset

Alteration of glucose level

Nausea Increasing gluconeogenic enzyme activity
Vomiting Reduction in level of protein

Leucopenia Alteration in appetite

Myeloneuropathy Alteration in navigation

Wilson’s diseases

Alteration in awareness of surroundings

Alzheimer’s disease

Reducing sperm production

Inducing the production of ROS

Reducing egg production

DNA damage

Reduction in survival rate

Hepatobiliary disease

Increasing abnormality incidences

Increasing vascularity of the mucous membrane

inside the nose

Inhibiting growth

Cell death

Note: data were generated based on (Assadian et al., 2018; Elbeshti et al., 2018; Ingle et al., 2018; Khan et al., 2018;

Khoshdel et al., 2016; Sonnack et al., 2018; Wazir et al., 2017; Xu et al., 2017)
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Table 6 Effects of lead

Detrimental effects on human health

Detrimental effects on marine and aquatic organisms

Neurological disorder

Learning disability

Mental retardation

Embryonic toxicity

Hypertension

Behavioral alteration

Reducing cognitive function

Memory deficit

Vascular damage

Impairing nervous system functions

Genetic damage

Oxidative stress

Brain damage

Muscular degeneration and destruction

Red blood cells damage

Inhibiting growth

Behavioral changes

Cell membrane damage

Learning deficit

Lipid peroxidation

Disrupting skeletal hematopoietic function

Mortality

Disrupting digestive system

Reproductive disorders

Disrupting reproductive system

Disturbing the protein metabolism

Renal disease

Alteration of the number of genes

Chronic nephritis

Death Alteration of color preference

Colic Reduction in axon length

Anemia Reduction in locomotion

Headache

Convulsions Inducing overproduction of reactive oxygen species (ROS)

Note: data were generated based on (Biswas et al., 2018; Fuentes-Gandara et al., 2018; Green et al., 2018; Hamilton
et al., 2017; Kohzadi et al., 2018; Kumar et al., 2018; Meng et al., 2018; Monastero et al., 2018; Singh et al., 2017;

Yin et al., 2018; Zhong et al., 2018)

Table 7 Effects of mercury

Detrimental effects on human health

Detrimental effects on marine and aquatic organisms

Neurodegenerative disorder

Central nervous system morbidity

Headache Swim behavior alteration

Memory loss Sensory deficits

Epilepsy Behavioral impairment

Depression Anxiety status alteration

Abrupt burst of anger Decreasing number of optic tectum cells
Abrupt burst of rage Reducing foraging efficiency

Abrupt burst of violence

Reducing prey capture speed
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Abrupt burst of self-effacement

Inhibiting membrane adenosine deaminase

Abrupt burst of suicide thoughts

Hyperactivity

Abrupt burst of lack of strength

Reduction in dopamine

Abrupt burst of anxiety

Reduction in hatching time

Abrupt burst of resist

Reduction in serotonin

Obsession Increasing mortality
Compulsion Histopathological alterations
Erethism Brain mitochondrial respiration

Infectious disease

Mitochondrial disease

Schizophrenia

Neurotoxicity

Bipolar disorder

Gastrointestinal tract dysfunction

Dementia Renal disease
Parkinson Reproductive disorder
Twitching Oxidative stress
Visual impairment Lipid damage

kidney impairment DNA damage

Lymphoproliferative disorders

Hypergammaglobulinemia

Systemic Hypertension

Hyporeactivity

Heart arrhythmia

Cardiomyopathy

Chest pains

Fast heartbeat

High blood pressure

Myocardial infarction (heart attack)

Coronary heart disease

Atherosclerosis

Fatigue

Coordination impairment

Muscle atrophy

Movement difficulties

Impotency

Reducing sperm mobility

Altering proteins associated with gap junction signaling
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Reducing sperm count

Reducing libido

Miscarriage

Impairment of fertility

Impairment of pregnancy

Impairment of newborn development

Menstrual cycle dysfunction

Necrotizing bronchitis

Pneumonitis

Respiratory disorder

Inhibiting protein synthesis

Microtubule disruption

Blocking enzymes

Blocking cofactors

Blocking hormones

Note : data were generated based on (Beckers and Rinklebe 2017; Bosch et al., 2016; Castro et al., 2018; Green et al.,
2018; Monastero et al., 2018; Officioso et al., 2018; Okpala et al., 2018; Paz et al., 2017; Rasinger et al., 2017;
Rodriguez et al., 2018; Wahlberg et al., 2018; Xu et al., 2018)

Table 8 Effects of vanadium

Detrimental effects on human health

Detrimental effects on marine and aquatic organisms

Irritating skin

Increasing increase in cortisol level

Irritating throat

Increasing cholesterol level

Irritating nasal

Reducing growth rate

Cough

Reduction in body weight

Discoloration of tongue

Reduction in haemoglobin

Discoloration of oral mucosa

Reduction in hematocrit

Chest pain

Increasing cholesterol

Genotoxicity

Increasing alkaline phosphate

Reproductive toxicity

Reproductive toxicity

Sperm motility

Increasing alanine aminotransferase enzyme

Decreasing the weight of testicular

Increasing urea

Increasing abnormal spermatozoa

Increasing creatinine

DNA damage

Neurologic toxicity
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Kidney disease Hematologic toxicity

Cardiovascular disease Renal toxicity
Thyroid cancer Hepatic toxicity
Cell damage Increasing oxidative stress

Impairing fetal growth

Early pregnancy Increasing aspartate aminotransferase enzyme

Late pregnancy

Note: data were generated based on (Authman et al., 2015; Bikkini and Nanda 2016; Canli 2018; Carson 2018;
Costigan et al., 2001; Filler et al., 2017; Hu et al., 2018; Liu et al., 2018; Malandrino et al., 2016; Schiffer and Liber
2017; Schlesinger et al., 2017; Vijaya Bharathi et al., 2015; Wang et al., 2018; Wilk et al., 2017; Zwolak and
Gotebiowska 2018)

Table 9 Effects of zinc

Detrimental effects on human health Detrimental effects on marine and aquatic organisms
Inducing cytotoxic DNA damage

Genotoxicity Necrosis

Infertility Apoptosis

Kidney disease Hyperplasia

Respiratory disorder

Inducing oxidative stress

Inducing antioxidant defence mechanism

Genotoxicity

Gill damage

Reducing growth

Mortality

Damaging cytoplasmic proteins of skeleton cells

Central nervous system disease Inducing oxidative stress

Inducing overproduction of reactive oxygen species

DNA damage

Histological alterations

Retardation in growth

Retardation in feed utilization

Inhibition of hatching

Hypoplasia

Oedema

Note: data were generated based on (Abdel-Tawwab et al., 2018; adel Abdel-Khalek et al., 2015; Kaya et al., 2015;
Li et al., 2018; Ratn et al., 2018; Shahzad et al., 2018; ; ur Rehman et al., 2018)
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Table 10 Effects of nickel

Detrimental effects on human health Detrimental effects on marine and aquatic organisms
Cardiovascular diseases Reducing growth
Kidney diseases Nephrotoxicity
Pulmonary fibrosis Hepatotoxicity
Lung inflammation Teratogenesis
Contact dermatitis Respiratory distress
Emphysema Inhibiting cellular antioxidant defenses
Tumours DNA damage
Chronic inflammatory airway diseases Protein molecules damage
Bronchitis Lipids damage
Proteinosis Oxidative stress
Pulmonary edema Inducing reactive oxygen species (ROS)
Asthma Skeletal impairment
Apoptosis Alteration of cellular homeostasis
Inducing oxidative stress Inducing gene expression
Inducing reactive oxygen species (ROS) Neurotoxicity
DNA damage Olfactory toxicity
Ionoregulatory impairment
Transcriptome alterations
Inhibiting respiration

Note: data were generated based on (Blewett al., 2017; Blewett et al., 2016; Boran et al., 2018; Buekers et al., 2015;
Chiou et al., 2014; da Silva Aires et al., 2018; Dew et al., 2014; Fuentes-Gandara et al., 2018; Ghosh et al., 2018; Jose
et al., 2018; Kim et al., 2015; Lari et al., 2018; Panneerselvam et al., 2018; Saquib et al., 2018)

Table 11 Effects of chromium

Detrimental effects on human health Detrimental effects on marine and aquatic organisms
DNA adduct formation Alteration of behavioral patterns
Oxidative stress Cytotoxicity

DNA damage Reducing cell viability

Cellular proteins damage Increasing ROS production

Cellular lipids damage Inducing oxidative stress
Cardiovascular disease Lipid peroxidation

Impairment of fertility Decreasing serum lysozyme activity
Impairment of glucose tolerance DNA damage

Maturity-onset diabetes Oxidative deterioration of proteins
Cytotoxicity Reduction in antibody production

17


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/lipid
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/dna-damage
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/deterioration

Sister chromatid exchanges

Decreasing lymphocyte count

Respiratory cancer

Reducing spleen weight

Oxidative stress

Reducing growth rate

Lung cancer

Reducing survival rate

Bone cell disorder

Diminishing humoral responses

Increasing lactic acid of blood

Increasing lactic acid of muscle

Reduction in glycogen content

Inhibition of LDH (Lactate dehydrogenase) activity

Inhibition of PDH (pyruvate dehydrogenase) activity

Inhibition of SDH (succinate dehydrogenase) activities

Hyperplasia or hypergenesis

Necrosis of hepatic cells

Cellular disorganization

Reducing nucleus to cytoplasm ratio

Degrading Inner epithelial layers

Loosening of muscle fibre

Increasing space between fibres

Degrading Lamellar

Thickening of blood vessels

Note: data were generated based on (Abbas and Javed 2016; Aslam and Yousafzai 2017; Azmat et al., 2018., Bakshi
et al., 2018; Biswas et al., 2018; Borgia et al., 2018; Chen et al., 2018; Fuentes-Gandara et al., 2018; Song and Li,

2015; Swiatkowska et al., 2018; Xia et al., 2016)

Table 12 Effects of manganese

Detrimental effects on human health

Detrimental effects on marine and aquatic organisms

Hepatic cirrhosis

Oxidative stress induction

Polycythemia Inducing reactive oxygen species (ROS) production
Hypermanganesemia Altering haematological parameters

Dystonia Impairment of immunological functions
Parkinsonism Disturbing the sodium balance

Neurological dysfunction

Reduction in the absorption of calcium

Growth disorder

Reduction in the absorption of phosphorus

Impairing cellular function

Disturbing the metabolism of carbohydrates

Depression

Reducing the total protein concentration
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Anxiety

Alteration of antioxidant defense system

Dementia

Reducing embryo survival

Parkinson's disease

Reducing hatching rates

Alzheimer's disease

Neurological disorders

Stroke Fin abnormalities
Mitochondrial dysfunction DNA damage
Oxidative stress Lipid peroxidation

Changing polyamine Mitochondrial diseases

Changing methionine Disrupting the normal physiological process

Disrupting the brain maturation processes Growth disorders

Dopaminergic dysfunction Genotoxicity

Hydromineral imbalance

Impairing gill epithelium function

Changing the function of astrocytes Metabolic system damage

Alteration of antioxidant system

Note: data were generated based on (Chen et al., 2018; Chin and Vora 2014; de Water et al., 2018; Fernandes et al.,
2018; Fernandes et al., 2016; Lee et al., 2018)

Among above listed pollutants, Ni, Pb and Cu were often present in the effluent of wastewater
treatment plants as it has been demonstrated by Hasan (2011). Nickel derived from anthropogenic
and natural sources enters water bodies. Nickle is considered as an essential metal for biota.
Nevertheless, the high concentration of nickel can be toxic to aquatic and marine organisms (Al-
Ghanim 2011; Ololade and Oginni 2010; Wu and Kong 2020). Moreover, nickel can be

considerably carcinogenic in humans (Ermolli et al., 2001; Fu and Xi 2020).

Diverse anthropogenic activities (e.g. vehicular exhaust, leaded paint, industrial emissions etc.)
give aid to release of lead into water bodies substantially (Espejo et al., 2019; Jin et al., 2019). Pb
is considered as a non-essential metal which can causes irreversible damages to aquatic organisms
even in low concentration (Has-Schon et al., 2015; Jaishankar et al., 2014; Jin et al., 2019;
Nourouzi et al.,, 2018). A huge number of studies have indicated that occupational and
environmental exposures to lead have deleterious impacts on human health (Assi et al., 2016;

Machon-Grecka et al., 2020).
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Copper finds its way to marine ecosystems because of domestic and industrial activities (Corcoll
et al., 2019; Edosa et al., 2019; Misson et al., 2016). Copper is considered as an essential
micronutrient, whereas it might be toxic to aquatic and marine organisms at exceeded available
levels (Kim et al., 2018; Wang et al., 2020; Zimmer et al., 2012). Copper is one of the first metals
used by humans, while at high concentration might be lethal for living beings (de Namor et al.,

2012; Izah et al., 2016).

2.3. Adsorption process

There are diverse processes including adsorption, biological, filtration, advanced oxidation and
chlorination, as well as the combination of different processes, which can be used for water
purification and wastewater treatment (Abazari 2019; Fang et al., 2018; Liu et al., 2018; Nasseh
et al., 2019; Xu et al., 2018; Zhang et al., 2019b; Zhu et al., 2017; Zhu et al., 2015). Among such
methods, the adsorption process is well-known for simplicity of operation and cost-effectiveness
(Ahmed et al., 2017; Appavu et al., 2018; Mandal et al., 2019; Okoli and Ofomaja, 2019; Tien et
al. 2018).

Adsorption is a process by which an adsorbate moves from the liquid phase to the surface of a
solid across some boundaries (Blair Crawford and Quinn 2017). During such a mass transfer
process liquid-solid intermolecular forces of attraction give aid to some of the solute molecules
from the solution to be concentrated or deposited at the solid surface due to interaction between a
solution containing absorbable solute and a highly porous solid material (Thomas et al. 2018). The
molecule or pollutant adsorbed on the solid surface is defined as an adsorbate, whereas, the surface
on which the process of adsorption takes place is defined as an adsorbent (Rashed 2013).
Moreover, the surface accumulation of pollutants (adsorbate) on the solid surface (adsorbent) can

be referred to as the adsorption process (Tareq et al., 2019).

The degree as to which adsorption occurs can be determined by analyzing the physiochemical
properties of an adsorbate (Apul and Karanfil 2015). Occurring the adsorption process through
chemisorption is far more stable in comparison with physisorption (Das et al., 2018). Physisorption
involves the intermolecular forces and a substantial change in the electronic orbital patterns of the

species, whereas, chemisorption is a chemical process in which a reacting molecule forms a
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definite chemical bond with an unsaturated atom, or a group of atoms on an adsorbent surface, and

electron transfer is included (Das et al., 2018; Tareq et al., 2019).

Carbon-based materials, clay and minerals, polymeric resins, chitosan and gels etc. have been
utilized as adsorbents (Ahmed and Theydan, 2012; Ashiq et al., 2019; Ersan et al., 2013; Fakhri
and Behrouz, 2015; Wang et al., 2015; Wu et al., 2016; Xing et al., 2016; Yiet al., 2018; Yu et al.,
2016). Carbon-based materials such as activated carbon, biochar etc. have been widely used due
to characteristics including abundant pore structures, high specific surface areas, and tunable
surface functionality (Ashiq et al., 2019; Xiang et al., 2019; Yi et al., 2018). Among such
adsorbents, biochar as a type of carbonaceous material is well-known for adsorption of organic

and inorganic contaminants (Lonappan et al., 2019).

Biochar has exhibited a greater potential for eliminating pollutants from wastewater in comparison
with other adsorbents (activated carbon, clay and minerals etc.) (Deng et al., 2017; Shaheen et al.,
2019). Since biochar contains micro- and/or meso-porous structures, diverse surface functional
groups (carboxylic, hydroxyl etc.), and the stable molecular structure, biochar is considerably
capable of eliminating pollutants from wastewater (Deng et al., 2017; Yargicoglu et al., 2015).
Recently, biochar has received an attention for eliminating pharmaceuticals and heavy metals from
wastewater due to high surface area, large pore volume, plentiful functional groups, and
environmental stability (Beesley et al., 2011; Rosales et al., 2017; Zama et al., 2017). A huge
number of studies utilized different types of biochar in eliminating pollutants (Afzal et al., 2018;
Ahmed et al., 2017b; Ahmed et al., 2017c; Boni et al., 2020; Chen et al., 2018a).

However, the biochar cost-effectiveness is related to cost of primary products. Biochar can be
produced from a variety of biomass by pyrolysis under oxygen-limited conditions at an appropriate

temperature (Jing et al., 2014) (Table 13).

Table 13 Different methods of preparing biochar
Method Heating rate Residence time
Slow pyrolysis 10-30 °C/min Several hours or more
Fast pyrolysis 100-800 °C/s Less than 2 s
Instantaneous carbonization 103-104 °C/s 0.5s or less

Note: data were generated based on (Li et al. 2010; Manya et al. 2018; Meyer et al. 2011; Wang et al. 2018).
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Pyrolysis is necessary for the chemical decomposition of a carbon-based material by heating (Dai
etal., 2019). Under oxygen-free or limited conditions, biochar can be prepared in different methods
including slow pyrolysis, fast pyrolysis and instantaneous carbonization. Increasing the
temperature in such methods causes the surface area, pore volume and stability of biochar to be on
the increase (Agrafioti et al., 2013; Zama et al., 2017; Kim et al., 2012). Different stages of

Pyrolysis process are summarized in Table 14.

Table 14 Different stages of Pyrolysis process

Stages Description
] In such a stage, moisture in the biomass is evaporated. Physical changes occur in the material,
Drying . .
whereas, the chemical composition does not change.
In such a stage, thermal reaction of materials is obvious, and the chemical composition begins to
Preheating change. Unstable components in biomass, such as hemicellulose, decompose into carbon dioxide,
carbon monoxide and a small amount of acetic acid, etc.
Solid In such a stage, material decomposed by heat under the condition of hypoxia. The liquid products

decomposition | include acetic acid, wood tar, methanol etc. The gas products include CO,, CO, CH4, Ho, etc.

o In such a stage, biomass depends on the external supply of heat for charcoal combustion, which
Carbonization ] ) )
reduces the volatile matter in charcoal and increases the carbon content.

Note: (Dai et al. 2019)

For producing biochar, chemical decomposition of materials is conducted in diverse stages
including dying, preheating, solid decomposition and carbonization (Dai et al. 2019). Wood-based
biochars have larger surface area and lower ash in comparison with other biochars because of
possessing the higher proportions of lignin, cellulose, and hemicellulose (Rehrah et al., 2016;
Shaheen et al., 2019). The biochar produced from hardwood has higher microporosity, negative
charge density, cation exchange capacity, alkalinity, and electrostatic capacity compared with the
softwood biochar (Huggins et al., 2016; Inyang et al., 2016). However, the usage of wood as a
primary material for activated carbon productions is too expensive to be applied at full scale for
effluent treatment at a wastewater treatment plant. Therefore, using some wasted biomass might
decrease the costs. Furthermore, the most sustainable solution is to use onsite produced waste, for
example, biosolids, which are produced at each wastewater treatment plant at a huge volume. The
biochar produced from sludge has an appropriate surface area (Agrafioti et al., 2013). Zojaji (2020)
clearly showed that biochar resulting from a mixture of sludge and hardwood is the most

appropriate alternative for the commercially available activated carbons in tertiary treatments of
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the wastewater treatment industry. In the present study, the novel biochar was produced from the

sustainable combination of municipal sludge, hardwood waste and KOH.

Batch and column studies are considered as two ways to adsorption studies. The data gained from
a batch study is limited to the laboratory scale and thus cannot be applied in industrial systems.
Nevertheless, perform column studies play a vital role in providing data for direct applications in

industrial systems. In such an investigation, the performance of the fixed-bed column was studied.
2.4. Breakthrough curve

Loading behavior of adsorbate to be eliminated from the solution in a fixed-bed column can be
indicated by the breakthrough curve. Such a curve is obtained by plotting Ct /CO (where CO and
Ct are the inlet and outlet (at time t) concentrations of adsorbate, respectively) for a given mass of
adsorbent (bed height) (Gupta et al., 2016; Qian et al., 2019). The breakthrough curve of adsorption
process is indicated in Fig. 3 (Gupta et al., 2016; Qian et al., 2019).

Mass transfer zone (MTZ)

10 . Exhaustion

Area

Ct/Co

Breakthrough point

Cb/CO0~-

Time or volume of water treated

Fig. 3 Breakthrough curve of adsorption process (Gupta et al., 2016; Qian et al., 2019)
The area under the breakthrough curve is calculated by integrating the plot of adsorbed
concentration (Cadsorption = Co — Ct) versus time (Mojiri et al., 2019). In a breakthrough curve, the
breakthrough point is a point where the effluent concentration reaches a determined percentage
comparatively to the influent concentration (Cy/Co = 0.05 or 0.1). Nevertheless, exhaustion or
saturation point is a point where the column is entirely saturated and thereafter, adsorption does

not occur (Cy/Co = 1).
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The volume within the adsorbent bed where adsorption takes place is defined as mass transfer zone
(MTZ) (Beji et al., 2018; Mojiri et al., 2019; Shahid et al., 2019). MTZ starts moving down the
column when adsorbent becomes exhausted (Nidheesh et al., 2013). AtV =Vjort=t;, a small
portion of the adsorbent at the top is exhausted (dark shading) and MTZ (light shading) is near the
top of the column due to low concentration of effluent. At breakthrough point (V = Vy, t =t, and

C = Cyp), MTZ reaches the bottom of the fixed-bed column.

The adsorption rate of adsorbate can be evaluated by applying Thomas, Yoon and Nelson, Adams—
Bohart, Yan et al., Wolborska, Bed depth—service time (BDST) and Modified dose-response
models at starting ratio C¢/Co> 0.1 (10 percent of breakthrough) until Ct¢/Co> 0.9 (90 percent of
breakthrough) to predict the dynamic behaviour of the fixed-bed column in an accurate manner
(Table 15) (Doufene et al., 2019; Georgin et al., 2019; Marzbali and Esmaieli 2017; Saadi et al.,
2019; Wang et al., 2019).

Table 15 Mathematical models in describing the fixed-bed adsorption

Model Equation Parameters
Thomas model C kinqoM Co (mg mL ™) (influent concentration)
11’1 C_ - 1] = - kthCOt
t

C:(mg mL™") (effluent concentration)

ki (mL mg 'min"') (Thomas model rate constant)

o = geq (Mg g!) (equilibrium uptake or maximum
mass of adsorbate adsorbed at saturation per gram of
adsorbent)

m (g) Total dry weight of adsorbent in the fixed-bed
column at the end of process (adsorbent used)

Q (mL min™") (volumetric flow rate)

t (min) (service time)

t Co (mg mL™") (influent concentration)

C
Co— G

Y d Nel
oon an elson 1n[ ] — kynt — Thyy
model

C:(mg mL™") (effluent concentration)

kyn (min!) (Yoon—Nelson model rate constant)
t (min) (service time)

T (min) (the time required for 50% adsorbate

breakthrough) (Ct/ Co = 0.5)

Adam-Bohart In [C Co (mg mL ™) (influent concentration)

t Z
C_] = kagCot — kagNp U,

0

model C:(mg mL ™) (effluent concentration)
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kae (mL mg 'min"!) (Adams-Bohart model rate
constant)

t (min) (service time)

No (mg mL™") (equilibrium volumetric sorption
capacity or saturation concentration)

Z (cm) (bed depth)

Uo (cm min ) (linear velocity of influent solution that
can be calculated by dividing flow rate by the column

cross-sectional are)

Yan et al. model

Ce

KyCy Q?

In(

Co—C

Q Kygqym
KyCo

+ Int

Co (mg mL ™) (influent concentration)

Ct(mg mL™) (effluent concentration)

Ky (mL mg 'min!) (Yan et al. model rate constant)
Q (mL min ') (volumetric flow rate)

qy (mg/g) (maximum adsorption capacity)

m (g) total dry weight of adsorbent in the fixed-bed
column at the end of process (adsorbent used)

t (min) (service time)

Wolborska model

Co (mg mL ™) (influent concentration)

C:(mg mL™") (effluent concentration)

B(min') (external mass transfer kinetic coefficient of
Wolborska model)

t (min) (service time)

No (mg mL™") (equilibrium volumetric sorption
capacity or saturation concentration)

Z (cm) (bed depth)

Uo (cm min ") (linear velocity of influent solution that
can be calculated by dividing flow rate by the column

cross-sectional are)

Bed depth service
time (BDST)

model

t=(

N, Z

CoUO

! 1C° 1
)—(m)n(c—t—)

t (min) (service time)

No (mg mL™") (equilibrium volumetric sorption
capacity or saturation concentration)

Z (cm) (bed depth)

Co (mg mL™") (influent concentration)

Uo (cm min ") (linear velocity of influent solution
Ko (mL mg 'min"') (BDST model rate constant)

C:(mg mL™") (effluent concentration)
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Modified dose— Ce

In ( Co (mg mL ™) (influent concentration)
CO - Ct

) = aIn(%) + aln(t)

response model C:(mg mL ™) (effluent concentration)

a (modified dose-response rate constant that can be
) vs In(t) )

b (modified dose-response rate constant that can be

cOtht) vs In(t) )

Ct
Co-C¢

obtained from the plot In (

obtained from the plot In (

Q (mL min™") (volumetric flow rate)
t (min) (service time)
m (g) Total dry weight of adsorbent in the fixed-bed

column at the end of process (adsorbent used)

Note: data were generated based on (Hanbali et al., 2014; La et al., 2019; Shanmugam et al., 2016; Xu et al., 2013;
Yan et al., 2001; Zhang et al., 2019)

Thomas model can be used to characterize dynamic adsorption curves along with computing the
maximum concentration of adsorbate on the adsorbent surface and adsorption rate constant for an
adsorption process (Kumpanenko et al., 2019; Niu et al., 2019). According to second-order
reversible reaction kinetics and the Langmuir adsorption isotherm, Thomas model assumes that
diffusion constraints (both external and internal) are remarkably low in the adsorption process

(Abdolali et al., 2017; Duan et al., 2016; Kumpanenko et al., 2019; Niu et al., 2019).

The Yoon—Nelson model as a relatively simple breakthrough model is independent of the
characteristics of adsorbate, type of adsorbent and physical properties of sorption bed (Baker et
al., 2017; Majumdar et al., 2019; Wang et al., 2019b). Such a mathematical model is based on the
hypothesis that the rate of decreasing in the probability of adsorption for each adsorbate molecule
is directly proportional to the probability of adsorbate adsorption and the probability of adsorbate
breakthrough on the adsorbent (Ahmed and Hameed 2018a; Fadzil et al., 2016; Gong et al., 2015;
Niasar et al., 2019; Singh et al., 2015).

Adams-Bohart model considers the rate of adsorption is proportional to both the sorbate
concentration and the sorption capacity of the sorbent (Basu et al., 2019; Chen et al., 2012; Hu et
al., 2019; Romero-Cano et al., 2019). In other words, the adsorption rate is controlled by external
mass transfer (Du et al., 2019; Niasar et al., 2019; Wang et al., 2015).
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The erroneous of Thomas model in predicting the effluent concentration at time zero can be
eradicated by Yan et al. model (de Franco et al., 2017; Hadavifar et al., 2014; Liu et al., 2019; Su
et al., 2012; Wu et al., 2010). The quantity adsorbed cannot be predicted by Yan et al. model.

The Wolborska model has some similarities with Adams—Boharts model and considers mass
transfer phenomenon for the inner diffusion mechanism at low concentration range of influents
(Lau et al., 2016; Mitra et al., 2019; Nag et al., 2019). The first period of the breakthrough curve
can be described by Wolborska model in an accurate manner (Alalwan et al., 2019; Swapna Priya

and Radha 2016; Ye et al., 2019).

Bed depth service time (BDST) model as an empirical model can be used to predict the relationship
between bed height (Z, cm) and service time (t, h), in terms of process concentrations and
adsorption parameters (Brassesco et al., 2019; Dabbagh et al., 2019; Jain et al., 2013; Zulfadhly et
al., 2001). In such a model, the rate of adsorption is properly controlled by the surface reaction
between adsorbate and the residual capacity of the adsorbent (Igberase and Osifo 2019; Jang et al.,
2018; Metwally et al., 2019). The deficiencies of the Thomas model can be overcome using the
modified dose-response model to predict the breakthrough curve at higher and lower periods
(Banerjee et al., 2019; Palagyi 2019; Shanmugam et al., 2016; Yan et al., 2001). In the present

study, adsorption of pharmaceuticals on biochar in a fixed-bed column has been investigated.
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Chapter 3: Methods and Materials



Adsorption of pharmaceutical (venlafaxine) and heavy metals (Ni, Pb and Cu) on biochar in a

fixed-bed column were conducted in three phases (Fig. 4).

Collecting wastewater effluent sample

Producing biochar

Collecting sludge sample by increasing
SirEs L - - temperature in the
Sampling hardwood chips presence of nitrogen
Purchasing Potassium hydroxide (KOH)
Analyzing the
sample for obtaining |
the concentration of
venlafaxine, Ni, Pb,
and Cu
| Risk assessment by appropriate
mathematical formulas
¥y _ v ¥ ( |
Phase 2 Installing laboratory-scale Applyving synthetic
glass column wastewater
v
Column study under various
experimental conditions
. h 4
Phase 3 Installing large- [ Applyving | Analyzing the sample for
T scale PVC - wastewater — obtaining the concentration of
column effluent venlafaxine, Ni, Pb and Cu

Designing the large-scale
column using Adams-
Bohart model

Risk assessment by appropriate
mathematical formulas

Fig. 4 Methodological approach

Previous study (Zojaji et al., 2019a, 2019b) revealed a very high occurrence of psychiatric
compounds (e.g. venlafaxine) and their by-products in the wastewater treatment effluents and in
the vicinity of outflow in Saint Lawrence River. Subsequently, venlafaxine was used as a
representative compound of pharmaceuticals in this study. Other pilot study (Hasan 2011) showed
that Ni, Pb and Cu are present in sewage redirected to wastewater treatment plants in Quebec.

Subsequently, the above-mentioned metals were considered in this study.
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3.1. Sampling

The proportional composite wastewater effluent samples were collected for three consecutive days
(i.e. 3 samples) from RAEBL wastewater treatment plant, Montreal, Quebec, Canada by ISCO
refrigerated autosampler. After every 24 hours, 50 mL aliquot was sampled and filtered using a
Chromafil syringe microfilter. The filtered samples were kept in a 50 mL amber pre-cleaned glass
bottle inside the cooler. Moreover, the rest of the unfiltered composite samples were transferred to
a HDPE container and kept at the temperature of 4°C. Blank samples were also collected in the
place. The stabilized/dewatered sludge was collected inside the wastewater treatment plant at the
place where it was loaded onto the trucks. The sludge was transferred into the HDPE buckets and
kept at the temperature of 4°C. Moreover, wood residue (hardwood) samples were collected from
a wood mill located in the City of Mirabel, Quebec, Canada. KOH was purchased from COOP
COCO, Montreal, Quebec, Canada.

3.2. Production of a novel biochar
3.2.1. Laboratory-scale

Biochar was produced based on the previous study (Zojaji 2020). Experiments were conducted in
the environmental laboratory of Concordia University. For production of biochar, primary material
ratio of Sludge-hardwood-KOH (2:1:2) was mixed at 750 £ 1 °C by increasing the temperature of
biomass at the rate of 10 °C/min in the presence of nitrogen for 60 minutes. The sample obtained
was washed with HCI (3 M) to remove any activator residues. Subsequently, it was washed with
a sufficient amount of distilled water. The sample was dried overnight inside an oven at 105 °C.
The final product (10 g) was ground and sieved through ASTM no: 200 sieves (corresponds to

75 um mesh size) to get a uniform size distribution.
3.2.1. Large-scale

The sustainable combination of municipal sludge, hardwood waste and KOH (Fig. 5) played a
vital role in producing a novel biochar with adequate developed pore structure, the high specific
surface area, and the stable molecular structure. Utilization of the waste materials as the primary
materials along with the availability of materials onsite led to sustainable, novel and cost-effective
technology. Therefore, biochar for large-scale tests was produced from the mixture of sludge-

hardwood-KOH (2:1:2) at 550+ 1 °C by increasing the temperature of biomass at the rate of
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10 °C/min in the presence of nitrogen for 60 minutes (Fig. 6). The sample obtained was washed
with HCI1 (3 M) to remove any activator residues. Subsequently, it was washed with a sufficient
amount of distilled water. The sample was dried. The final product (2000 g) was ground and sieved

through ASTM no: 200 sieves (corresponds to 75 pm mesh size) to get a uniform size distribution.

Pyrolysis ]

Municipal
sludge

ardwood
waste

Fig. 6 Sustainable process to produce novel biochar on-site
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3.3. Analyzing

Analysis of pharmaceutical (venlafaxine) was performed using automated solid-phase extraction
coupled to liquid chromatography tandem mass spectrometry (on-line SPE LC-MS/MS).
Moreover, the concentration of heavy metals (Zn, Cu and Ni) was measured by inductively

coupled plasma mass spectroscopy (ICP-MS) (Agilent Technologies 7700 Series ICP-MS).
3.4. Column study

The feasibility of utilizing a novel biochar material to elimination of organic (pharmaceuticals)
and inorganic (heavy metals) compounds were evaluated in laboratory-scale column and large-

scale column.
3.4.1. Laboratory-scale column study

The column study was conducted in a glass column (height and inner diameter of 10 and 1 cm,

respectively) (Fig. 7).

u

Synthetic wastewater

Laboratory-scale column

Bt
<
=
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L
>
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Z

Sample collection
Fig. 7 Schematic diagram of column system

In this stage, the synthetic wastewater was applied with known concentrations of pollutants. The
column was packed with biochar and sealed with glass wool below and above and then filled with
a layer of glass balls to compact the mass of adsorbent and avoid dead volumes. The adsorption of
pharmaceuticals on the glass is negligible (Mizutani and Mizutani 1978). As a result, the column

was created by glass. The column study was conducted under various initial concentrations,
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volumetric flow rates and bed depths. Divers values of such factors were derived from the results
of other compressive studies (Ahmed et al., 2018; Dubey et al., 2014; Khobragade et al., 2016;
Liao et al., 2013; Mondal et al., 2016; Nazari et al., 2016; Patel 2019; Reynel-Avila et al., 2015;
Sancho et al., 2012; Zhang et al., 2016). Different concentrations of pollutants, flow rate of
pollutants and amount of biochar were applied in obtaining various initial concentrations (10 to 30
mg/L for venlafaxine and 60 to 80 ug/L for Ni, Pb and Cu), volumetric flow rates (2-10 mL/min)
and bed depths (2-4 cm), respectively (Tables 16 and 17).

Table 16 Column tests for venlafaxine adsorption at the various experimental conditions
Factor

Co (mg/L) Q (mL/min) Z (cm)
10 2 4
20 2 4
30 2 4
10 5 4
10 10 4
10 2 3

Table 17 Column tests for Ni, Pb and Cu adsorption at the various experimental conditions
Factor

Co (ng/L) Q (mL/min) Z (cm)
60 2 4
70 2 4
80 2 4
60 5 4
60 10 4
60 2 3

The formula for designing the column is as follows:

(3-1) q=—2—[TteElc, —C)dt

m x 1000 “t=0

where q (mg/g), Co (mg/mL), C; (mg/mL), t 1ot (min) and m(g) are adsorption capacity, influent
concentration, effluent concentration, the time of exhaustion and total dry weight of adsorbent,
respectively (Deokar and Mandavgane 2015; Ferreira et al., 2017; Jaria et al., 2019; Lawal and
Moodley 2018; Lima et al., 2017; Lonappan et al., 2019; Marzbali and Esmaieli 2017).
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3.4.2. MultiVariate Statistical Package (MVSP)

MVSP is a proper program which can be utilized in performing a number of multivariate numerical
analyses for diverse scientific fields (Kovach 1999; Heidari 2019). MV SP program can be defined
based on the Pearson Coefficient which shows the data between — 0.45 to 0.45 are undefined
(Kovach 1999; Karbassi et al., 2013). MVSP program was used to comparison the effects of initial

concentration, flow rate and bed depth on the adsorption capacity.
3.4.3. Large-scale column study

Based on obtained results from laboratory-scale, the large-scale column was designed using

Adams—Bohart model (Fig. 8).

Effluent of RABEL wastewater
treatment plant

Large-scale column

Novel biochar | -

mE—
L

Sample collection
Fig. 8 Large-scale PVC column

The column was packed with biochar and sealed with glass wool below and above and then filled
with a layer of glass balls to compact the mass of adsorbent and avoid dead volumes. The Adams—
Bohart model was used to evaluate the efficiency and applicability of the novel biochar in the
large-scale column (Doufene et al., 2019; Georgin et al., 2019; Marzbali and Esmaieli 2017; Saadi
etal.,2019; Wang et al., 2019). The Bed-depth service time curve was described by Adams—Bohart
formula as follows (LaGrega et al., 2010):

(32) t=aX+h
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where X = depth in column (m)

3-3) a= =

where a = slope (h/m)

F1 = conversion factor for units = 10° for metric units

N = adsorptive capacity of adsorbent (mass of contaminant removed per volume of adsorbent in
the column, kg/m?)

Cin = influent contaminant concentration (mg/L)
V = superficial velocity through column (m/h) (m?*/h per m? of column)
(3-4) b = (F2/KCin)XIn[(Cy /Coue) — 1]

where b = intercept (h)

F> = conversion factor = 10° for metric units
K = adsorption rate constant required to move an adsorption zone through the critical depth [m? /
(kg. h)] (m® of liquid treated per kg impurity fed per hour)

Cout = contaminant concentration at breakthrough (mg /L)

The rate of adsorbent utilization can be determined by using this velocity:
(3-5) Adsorbent utilization = area x (1 /a) x unit weight
where a = slope (h/m)

3.5. Risk assessment

Based on the obtained concentration of pollutants in wastewater effluent before and after utilizing
large-scale column, risk assessment can be calculated in identifying the pollution intensity of

pollutants.
3.5.1. Pharmaceuticals

The detrimental effects of pharmaceutical compounds on marine and aquatic ecosystems can be

evaluated through risk assessment measurements. Based on the guidelines issued by the European
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Agency for Evaluation of Medicinal Products, the potential risk posed by pharmaceuticals can be
evaluated by the risk quotient (RQ). Risk quotient (RQ) as an appropriate index for determining
the pollution intensity can be described as follows (Ashfaq et al., 2017; Hernando et al., 2006;
Kosma et al., 2014):

Ct
3-6) R =t
( ) Q freshwater PNECfreshwater
Ce
3-7) R =
( ) Q freshwater PNEC freshwater

where C; is the effluent concentration. The PNEC is the predicted no-effected concentration and
can be calculated as follows (Backhaus and Faust 2012; Minguez et al., 2016; Perrodin and Orias
2017):

_ ECsg (freshwater)
(3_8) PNECfreshwater - Assessment factors

ECs5g (marine water)
3-9 PNEC,, i =
(3-9) marine water = jscessment factors

The classification of Risk quotient (RQ) and assessment factors for calculation of PNEC are shown

in Tables 18 and 19.

Table 18 Classification of risk quotient (RQ)

RQ class Quality

RQ<0.01 No risk to the aquatic community

0.01 <RQ<0.1 Low risk to the aquatic community
0.1<RQ<1 Medium risk to the aquatic community
RQ>1 High risk to the aquatic community

Note: (Ashfaq et al., 2017; Hernando et al., 2006; Kosma et al., 2014)

Table 19 Assessment factors

Arability toxicity data Factor
At least one short-term EC50 from each of three trophic levels (algae, crustaceans and fish 1000
Long-term NOEC from one trophic level (either fish or crustaceans) 100
Long-term NOEC from species representing two trophic levels (fish and/or crustaceans and/or algae) 50
Long-term NOEC from at least three trophic levels (fish, crustaceans and algae) 10

Note: (Backhaus and Faust 2012)
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3.5.2. Heavy metals

A wide variety of pollution indexes have been used to evaluate the source and contamination extent
of heavy metals in water system; e.g. Heavy metal pollution index (HPI). (Abdullah, 2013; Cengiz
etal., 2017; Milivojevi¢ et al., 2016; Tiwari et al., 2017). Thus, heavy metal pollution index (HPI)
is used to assess the quality of water with respect to the concentration of metals (Abdullah et al.,
2013; Milivojevi¢ et al., 2016; Qu et al., 2018). The HPI as a proper index in evaluating the
pollution intensity can be calculated by the following formula (Abdullah et al., 2013; Milivojevi¢
etal., 2016; Qu et al., 2018):

Zzl:l WiQ;
n

3-9) HPI=
(3-9) > W,

where Q; (sub-index) and W; (unit weight) are calculated by the given formulas (Wanda et al.,
2012; Yang et al., 2015):

(3-10) Q= x 100

1
3-11) w; = 5

where C; and S; are the monitored heavy metal and standard values, respectively. Three classes of
heavy metal pollution index (HPI) are high risk (HPI > 30), medium risk (15 < HPI <30) and low
risk (HPI < 15) (Mahato et al., 2017).
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Chapter 4: Results and discussions



4.1 Risk assessment

The results of risk assessment of organic (pharmaceuticals) and inorganic (heavy metals)

compounds are summarized in sections 4.1.1 and 4.1.2.

4.1.1. Pharmaceutical

Analyzing the collected samples showed the concentration of venlafaxine in wastewater effluent
is 2354 ng / L. The results of compressive studies clearly indicated that the ECs of venlafaxine in
freshwater and marine water are 141 pg/L and 120 ug/L, respectively (Minguez et al., 2016;
Perrodin and Orias 2017). Based on the formula 3-7, the PNEC can be calculated as follows:

141 pg/L
PNECfreshwater = ~ 1000 = 0.141 pg/L
120 pg/L
PNECnarine water = 1000 0.12 pg/L

Based on formula 3-8, the Risk quotient (RQ) can be calculated as follows:

2.354 png/L

Rereshwater = OlTug/L =16.695>1

ug
2.354 L

RQmarine water = T Hg =18.108 > 1

0.12 T
The values of (RQ) revealed that the presence of venlafaxine in wastewater effluent poses toxic
effects on various aquatic and marine organisms. As a result, an appropriate method should be

utilized in producing a pivotal remedy to eliminate venlafaxine from wastewater.

Municipal wastewater treatment plants eliminate some of the pharmaceuticals and other complex
substances. Nevertheless, a huge percentage of such pharmaceuticals can still be found in treatment
plant final effluent, which is released into receiving waterways, especially Saint-Lowrance River
(Blaise et al., 2006; Grill et al., 2016; Marcogliese et al., 2014). Grill et al. (2016) revealed that the
MEC concentration of azithromycin is higher in comparison with the PNEC concentration of
azithromycin, consequently, poses detrimental effects on various aquatic organisms. Moreover,

results showed the high risk of diclofenac to the aquatic community (Grill et al. 2016). The

39



pollution intensity of pharmaceuticals was considered as high risk for sulfamethoxine, norfloxacin,
ofloxacin, ciprofloxacin (Liu et al., 2018a). Ma et al., (2016) indicated that venlafaxine and
diclofenac acid pose a high risk to aquatic organisms. Liu et al., (2019) showed that the value of

RQ is lower than 0.01, and thus antibiotics do not have any risk to the aquatic community.
4.1.2. Heavy metal

Analyzing the collected samples showed the concentration of Ni, Pb and Cu in wastewater effluent
is 18.8, 0.086 and 5.49 ng/L, respectively. The results of evaluating the risk of Ni, Pb and Cu to

the aquatic community are shown in Table 20.

Table 20 Risk assessment of heavy metals

Metals Ct(ug/L) | Si(ug/L) Wi Qi Wix Qi HPI Class of risk
Cu 5.49 1000 0.001 0.55 0.00055
Ni 18.8 20 0.05 94 4.7 31.699 High
Pb 0.086 10 0.1 0.86 0.086
X Wi=0.151 X Wix Qi=4.787

Note: formulas 3-8, 3-9 and 3-10 and Table 19 were used to evaluate the pollution intensity of heavy metals

Based on the concentration of Ni, Cu, Pb and Zn, the overall HPI was 31.699 which is more than
the critical threshold pollution index value of 30, indicating that the sample is critically

contaminated with heavy metals.

In Montreal, where chemically enhanced primary treatment is utilized, municipal wastewater plays
an important role in loading a huge percentage of heavy metals into the Saint Lawrence River and
(Marcogliese et al., 2015). The significant role of urban effluents to the total metal fluxes carried
into the sea by the Saint Lawrence River was demonstrated by measuring heavy metals at the
Montreal wastewater treatment plant (Gobeil et al., 2005). The high risk of nickel in wild
freshwater mussels of Grand River (Ontario) was observed due to high concentration of nickel in
effluents from municipal wastewater treatment plants (Gillis 2012). Based on the heavy metal
pollution index (HPI), the pollution of heavy metals in the collected water sample was considered
as low (HPI < 15) (Abdullah et al., 2013). Ojekunle et al., (2016) and Milivojevi¢ et al. (2016)
indicated that the overall HPI for the selected water samples is equal to 518.55, which is more than

the critical threshold pollution index value of 30.
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4.2. Laboratory-scale fixed-bed adsorption column (venlafaxine)

The adsorption column performance is influenced by a wide variety of factors including the initial
concentration of adsorbate (Co) (mg / mL), volumetric flow rate of adsorbate (Q) (mL / min) and
bed depth (Z) (cm) (Ahmad and Hameed 2010; Cruz et al., 2020; Gokulan et al., 2019; Gouran-
Orimi et al., 2018; Qian et al., 2019; Radhika et al., 2018; Zhang et al., 2019). The effects of such

factors on breakthrough and exhaustion times are indicated in Table 21.

Table 21 Effects of different factors on breakthrough time and exhaustion time

Factor

Breakthrough time

Exhaustion time

Explanation

Initial concentration

of adsorbate

Is decreased due to
increasing initial

concentration

Is decreased due to
increasing initial

concentration

Increasing the initial
concentration provides a larger
driving force to diffuse into the

pore structure of adsorbent.

Volumetric flow

rate of adsorbate

Is decreased due to
increasing Volumetric

flow rate of adsorbate

Is decreased due to
increasing Volumetric

flow rate of adsorbate

Increasing flow rate leads to the
low duration of contact between

adsorbate and adsorbent.

Bed depth or
amount of

adsorbent

Is increased due to
increasing bed height

or amount of adsorbent

Is increased due to
increasing bed height or

amount of adsorbent

Increasing bed height or amount
of adsorbent leads to adequate

contact for adsorbate molecules

onto the adsorbent within the
column. Such results are
attributed to the availability of
additional binding sites which
increase the adsorption area of

the adsorbent.

Note: data were generated based on (Abdolali et al., 2017; Alimohammadi et al., 2016; Bakar et al., 2019; Guocheng
etal., 2011; Hajilari et al., 2019; Hethnawi et al., 2017; Jang and Lee 2019; Kumar et al., 2019; Majumdar et al., 2019;
Nwabanne et al., 2012; Ocampo-Perez et al., 2011; Oladipo et al., 2016; Sivarajasekar et al., 2017; Soto et al., 2012)

According to Table 21, the breakthrough and exhaustion times are decreased due to increasing the
initial concentration and flow rate of adsorbate. Nevertheless, increasing the bed height or amount
of adsorbent causes the breakthrough and exhaustion times to be on the increase. Increasing the
initial concentration of adsorbate and amount of adsorbent along with decreasing volumetric flow
rate of adsorbate play a significant role in enriching the capacity of the adsorption process in

eliminating pollutants.
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4.2.1. Effect of the initial concentration

The initial concentration of adsorbate is an important factor which gives aid to provide an

appropriate driving force for the transport of adsorbate molecules toward the adsorbent bed.

The impact of the initial venlafaxine concentration on the adsorption was studied by varying the
concentration in the range of 10, 20 and 30 mg/L, while the bed depth and flow rate were kept

constant at 4 cm and 2 mL/min, respectively. The results are shown in Tables 22 to 24.

Table 22 Breakthrough and exhaustion points at the initial concentration of 10 mg/L

Point t (min) q (mg/g) Y (%)
Breakthrough 31 3.72 90
Exhaustion 170 2.266 10

Note: Q =2 mL/min and Z =4 cm

Table 23 Breakthrough and exhaustion points at the initial concentration of 20 mg/L

Point t (min) q (mg/g) Y (%)
Breakthrough 21 5.04 90
Exhaustion 103 2.746 10

Note: Q =2 mL/min and Z =4 cm

Table 24 Breakthrough and exhaustion points at the initial concentration of 30 mg/L

Point t (min) q (mg/g) Y (%)
Breakthrough 15 54 90
Exhaustion 88 3.52 10

Note: Q =2 mL/min and Z =4 cm

Loading behavior of different concentrations of venlafaxine to be eliminated from the solution in

the laboratory-scale column is indicated by the breakthrough curves (Fig. 9, 10 and 11).

0 5‘0 10‘0 15‘0 20‘0 25‘0 300
t (min)

Fig. 9 Breakthrough curve at the initial concentration of 10 mg/L
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Fig. 10 Breakthrough curve at the initial concentration of 20 mg/L
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Fig. 11 Breakthrough curve at the initial concentration of 30 mg/L

According to Tables 22 to 24 and Fig. 9 to 11, increasing the initial concentration from 10 mg/L
to 30 mg/L caused the breakthrough time and exhaustion time to decrease from 31 to 15 min and

170 to 88 min, respectively.

90% of venlafaxine was eliminated at the breakthrough point where the adsorption capacity was
increased from 3.72 mg/g to 5.4 mg/g due to increasing the initial concentration. Moreover, the
removal efficiency of 10% occurred at the exhaustion point in which the adsorption capacity of
venlafaxine was increased from 2.266 mg/g to 3.52 mg/g due to increasing the initial

concentration.

Such results are related to the enhancement of the concentration gradient for mass transfer across
the liquid film along with the acceleration of the adsorption rate, which leads to an early saturation
of the column. Increasing the initial concentration of adsorbate causes the adsorption capacity to
be on the increase due to providing a larger driving force to diffuse into the pore structure of

adsorbent. Since an increase in the initial concentration resulted in a larger driving force for the
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adsorbate mass transfer, it caused saturation of the adsorbent bed quickly (Gupta and Garg 2019).
Increasing the initial concentration caused the breakthrough and exhaustion time to be on the
decline because of the quick saturation of the available binding sites for adsorbate (Tsai et al.,
2016). The breakthrough and exhaustion occurred faster at higher Co (Lopez-Cervantes et al.,
2018).

4.2.2. Effect of the flow rate

The efficiency of the continuous adsorption system is substantially influenced by the flow rate. In
other words, the flow rate as a significant factor determines the adequate contact between adsorbate

and adsorbent.

The impact of the flow rate on the adsorption was studied by varying the flow rate in the range of
2, 5 and 10 mL/min, while the bed depth and initial concentration were kept constant at 4 cm and

10 mg/L, respectively. The results are shown in Tables 25 to 27.

Table 25 Breakthrough and exhaustion points at the flow rate of 2 mL/min

Point t (min) q (mg/g) Y (%)
Breakthrough 31 3.72 90
Exhaustion 170 2.266 10
Note: Co=10 mg/L and Z =4 cm
Table 26 Breakthrough and exhaustion points at the flow rate of 5 mL/min
Point t (min) q (mg/g) Y (%)
Breakthrough 11 33 90
Exhaustion 67 2.23 10
Note: Co =10 mg/L and Z =4 cm
Table 27 Breakthrough and exhaustion points at the flow rate of 10 mL/min
Point t (min) q (mg/g) Y (%)
Breakthrough 4 2.4 90
Exhaustion 28 1.867 10

Note: Co=10mg/L and Z=4 cm
Loading behavior of different concentrations of venlafaxine to be eliminated from the synthetic

wastewater in the laboratory-scale column is indicated by the breakthrough curves (Fig. 12, 13,

and 14).
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Fig. 12 Breakthrough curve at the volumetric flow rate of 2 mL/min
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Fig. 13 Breakthrough curve at the volumetric flow rate of 5 mL/min
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Fig. 14 Breakthrough curve at the volumetric flow rate of 10 mL/min

According to Tables 25 to 27 and Fig. 12 to 14, increasing the flow rate from 2 mg/L to 10 mg/L

caused the breakthrough time and exhaustion time to decrease from 31 to 4 min and 170 to 28 min,

respectively.

90% of venlafaxine was eliminated at the breakthrough point where the adsorption capacity was

decreased from 3.72 mg/g to 2.4 mg/g due to increasing the flow rate. Moreover, the removal
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efficiency of 10% occurred at the exhaustion point in which the adsorption capacity of venlafaxine

was decreased from 2.226 mg/g to 1.867 mg/g due to increasing the flow rate.

Such results are related to the inadequate contact between adsorbate and adsorbent at the increased
flow rate of the drug solution. As a consequence, the low flow rate appropriately favors the
adsorbate adsorption due to the adequate residence time. Adsorption capacity, breakthrough time
and saturation time were decreased at a higher flow rate due to the low duration of contact between
adsorbate and adsorbent (Saadi et al., 2020). Under the condition of lower flow rate, the column
adsorption of cephalexin (CFX) was more efficient (Saadi et al., 2020). The results clearly showed
that the breakthrough time and exhaustion time decreased with increasing the flow rate because of
the less residence time of the solute in the column (Yan et al., 2020). It was observed that an
increase in the flow rate significantly reduces the breakthrough time and exhaustion time because

the adsorbate molecule has less time to diffuse into the adsorbent pores (Ahmad & Hameed, 2010).
4.2.3. Effect of the bed height

The performance of adsorption is impacted by bed height. The extent of adsorption depends on the
amount of adsorbent within the column, which provides the appropriate adsorption sites for the
best performance. The impact of the amount of biochar on the adsorption of pollutants was studied
by varying the bed depth in the range of 3 and 4 cm, while the initial concentration and flow rate
were kept constant at 10 mg/L and 2 mL/min, respectively. The results are shown in Tables 28 and

29.
Table 28 Breakthrough and exhaustion points at the bed depth of 3 cm

Point t (min) q (mg/g) Y (%)
Breakthrough 5 0.8 90
Exhaustion 31 0.55 10
Note: Co =10 mg/L and Q = 2 mL/min
Table 29 Breakthrough and exhaustion points at the bed depth of 4 cm
Point t (min) q (mg/g) Y (%)
Breakthrough 31 3.72 90
Exhaustion 170 2.266 10

Note: Cp =10 mg/L and Q = 2 mL/min

Loading behavior of different concentrations of venlafaxine to be eliminated from the solution in

the laboratory-scale column is indicated by the breakthrough curves (Fig. 15 and 16).
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Fig. 15 Breakthrough curve at the bed depth of 3 cm
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Fig. 16 Breakthrough curve at the bed depth of 4 cm

According to Tables 28 and 29 and Fig. 15 and 16, increasing the bed depth from 3 ¢cm to 4 cm
caused the breakthrough time and exhaustion time to increase from 5 to 31 min and 31 to 170 min,

respectively.

90% of venlafaxine was eliminated at the breakthrough point where the adsorption capacity was
increased from 0.8 mg/g to 3.72 mg/g due to increasing the bed height. Moreover, the removal
efficiency of 10% occurred at the exhaustion point in which the adsorption capacity of venlafaxine
was increased from to 0.55 mg/g to 2.226 mg/g due to increasing the bed depth. Such results are
attributed to the additional binding sites which increase the adsorption area of the adsorbent. As a
result, late breakthrough and exhaustion can be observed at high bed length. The results showed
an improvement of adsorption capacity with an increase of the bed height in the column (Patel et
al., 2019). With respect to the identical initial concentration and flow rate of adsorbate, when the
bed depth is increased, the adsorbate molecules have adequate time to diffuse into the pores of the
adsorbent particles which leads to increase in the number of adsorbate molecules adsorbed by the
adsorbent (Marzbali et al., 2017; Patel et al., 2019). At the higher adsorbent bed depth, the column
adsorption of cephalexin (CFX) was more efficient (Saadi et al., 2020). The breakthrough time
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was increased for higher bed depth due to increasing the residence time (Dubey et al., 2014). The
breakthrough time was increased at higher bed depth which resulted in a rapid mass transfer zone
(Rafat et al., 2019). Rapid breakthrough was observed at the higher bed depth due to better

interactions between adsorbent and adsorbate (Lonappan et al., 2019).
4.2.4. Comparison the effect of different factors on the adsorption capacity

The cluster analysis of the effect of initial concentration, flow rate and bed depth variations on the

adsorption capacity at the breakthrough point was represented by the MVSP model (Fig. 17 to 19).
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Fig. 17 Cluster analysis of the initial concentration variations at the breakthrough point
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Fig. 18 Cluster analysis of the flow rate variations at the breakthrough point
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Fig. 19 Cluster analysis of the bed depth variations at the breakthrough point
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According to Fig. 17 to 19, the adsorption capacity (q) at the breakthrough point was controlled
by initial concentration, flow rate and bed depth with similarity coefficient of 0.95, 0.88 and 1,
respectively. As a result, the effects of different factors on the adsorption capacity increased in the
sequence of flow rate < initial concentration < bed depth. Fig. 20 to 22 show the cluster analysis

of the effect of such factors on the adsorption capacity at the exhaustion point.

Fig. 20 Cluster analysis of the initial concentration variations at the exhaustion point

Q

Fig. 21 Cluster analysis of the flow rate variations at the exhaustion point

-0.2 0 02 0.4 06 0.8 1
Fig. 22 Cluster analysis of the bed depth variations at the exhaustion point

Based on Fig. 20 to 22, the adsorption capacity at the exhaustion point was joined to initial

concentration, flow rate and bed depth with similarity coefficient of 0.99, 0.76 and 1, respectively.
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As aresult, the effect of such factors on the adsorption capacity could be arranged in the increasing

order of flow rate < initial concentration < bed depth.

The results of cluster analysis of initial concentration, flow rate and bed depth confirmed that the

driving parameter for adsorption column design is bed depth.

4.3. Design the large-scale PVC column (venlafaxine)

The Adams—Bohart model was used to evaluate the efficiency and applicability of the novel
biochar in the large-scale column. Based on the results of section 4.2.3, the bed depth variations

(cm) with time (min) are shown in Table 30 and Fig. 23.

Table 30 Bed-depth service time (BDST) at the removal efficiency of 90%

Bed depth (cm) Breakthrough time (min) q (mg/g) Y (%)
3 5 0.8 90
4 31 3.72 90

Note: Co =10 mg/L and Q = 2 mL/min
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Fig. 23 Bed-depth service time (BDST) curve at the removal efficiency of 90%
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In Fig. 23, the line can be represented by the Bohart-Adams equation (LaGrega et al., 2010). The

large-scale PVC column can be designed as follows:
Area of the laboratory column = mir? =0.785 x 1 0% m?

Studying the fixed-bed adsorption column under various experimental conditions indicated that
the low flow rate appropriately favors the adsorbate adsorption due to the adequate residence time.
As aresult, the flow rate equal to 2 mL/min was used to determine the loading rate in the laboratory

column.

Loading rate in the laboratory column:

V=(0.2x10%m?/min)/0.785x 1 0* m?>=0.03 m* / (m?.min)

Based on the Adams—Bohart model the same loading rate was used for the full-scale unit yields
(LaGrega et al., 2010):

Area of the large-scale column = Q/V = (0.001 m* / min) / (0.03 m* / (m?.min) = 0.03 m?
Diameter of the large-scale column = 0.2 m

BDST equation for 90% removal of venlafaxine can be shown as follows:

Slope a=3 days/2.13 m=1.81 days/ m

Intercept b =-0.05 days

Equation of line (formula 3-1): t=1.81x — 0.05

Velocity of adsorption zone in large-scale column=1/a=0.55 m / day

Adsorbent utilization in large-scale column (formula 3-4) = area x (1 /a) x unit weight = 0.03 m?
x 0.55 m/day x 50 kg/m® = 0.825 kg/day

According to the obtained results, the large-scale PVC column was installed (Fig. 8).

The results of passing wastewater effluent from the large-scale column are shown in Table 31.

Table 31 Removal efficiency of venlafaxine in the large-scale column

Sample Concentration (ng/L) Y (%)
The effluent of column (first day) 117.558073 95
The effluent of column (second day) 1765.8652294 25
The effluent of column (third day) 2116.22931 10

Note: the initial concentration of venlafaxine in wastewater effluent is 2354.48 ng/L

Based on the Table 31, the concentration of venlafaxine in wastewater effluent was decreased from

2354 ng/Lto 117.70 ng/ L within first day. The obtained results confirmed the feasibility of using
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biochar to remove venlafaxine by 95%, within one day from wastewater effluent. Decreasing the
removal efficiency of venlafaxine from 95 to 10% approved the result of designing the column by
Adams-Bohart model which shows the adsorbent utilization in the large-scale column is 0.825

kg/day.

Considering the industrial applications of the adsorption process, plotting the breakthrough curve
is of key importance, since it accurately reveals the operational limit of the column (Suzaki et al.,
2017). Loading behavior of venlafaxine to be eliminated from the wastewater in a fixed-bed
column can be indicated by the breakthrough curve (Gupta et al., 2016; Mojiri et al., 2019; Qian
et al., 2019). The breakthrough curve of the large-scale column was drawn by plotting the relative
concentration of venlafaxine, which is the ratio of the venlafaxine concentration in the effluent of
column to the concentration of venlafaxine in wastewater with respect to time (Fig. 24). Moreover,

the exhaustion and breakthrough points are shown in Table 32.

C[;"IIC[]

0 1 3 4
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Fig. 24 Breakthrough curve for large-scale PVC column

Table 32 Breakthrough and exhaustion points of venlafaxine in the large-scale column

Point t (day) q (ng/g) Y (%)
Breakthrough 1 3051.406 95
Exhaustion 3 1017.135 10

Note: Q = 0.001 m3/min, the amount of biochar = 1000 g, and Co- 2354.48 ng/L

According to Table 32 and Fig. 24, the breakthrough time and exhaustion time were 1 and 3 days,

respectively. 95% of venlafaxine was eliminated at the breakthrough point where the adsorption
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capacity was 3051.406 ng/g. Moreover, the removal efficiency of 10% occurred at the exhaustion

point in which the adsorption capacity of venlafaxine was 1017.135.

The results of other studies revealed that primary treatment and trickling filter/solids contact are
not capable of eliminating antidepressants from sewage (Lajeunesse et al., 2012). Nevertheless,
the capacity of activated sludge, biological aerated filter, and biological nutrient removal processes
in the elimination of antidepressants from sewage is 30% (Lajeunesse et al., 2012). Venlafaxine
was not totally eliminated in the wastewater treatment plants and remained in the effluents entering
river water (Alonso et al., 2010; Ria-Gémez and Piittmann 2012; Zhou et al., 2010) and even
groundwater (Einsiedl et al., 2010; Rua-Gomez and Piittmann 2012). 79 % of venlafaxine was
eliminated from wastewater by advanced biological activated carbon filter in a fixed-bed column
(Sbardella et al., 2018). Casas et al. (2015) showed that the removal efficiency of
sulfamethoxazole, venlafaxine, iopromide, tramadol, and diatrizoic is lower than 20 %. Near 60%
of diclofenac was eliminated through using microbiochar in a fixed-bed column (Lonappan et al.,

2019).

Municipal wastewater treatment plants eliminate some of the pharmaceuticals and other complex
substances. Nevertheless, a huge percentage of such pharmaceuticals can still be found in the
treatment plant final effluent, which is released into receiving waterways, especially Saint-
Lowrance River (Blaise et al., 2006; Grill et al., 2016; Marcogliese et al., 2014). Grill et al. (2016)
revealed that pharmaceuticals pose a serious threat to various aquatic organisms due to higher
MEC concentration in comparison with the PNEC concentration. Based on the obtained results
from the utilization of large-scale PVC column, the risk of venlafaxine to the aquatic and marine
organisms can be evaluated as follows:
117.558073 ng/L

Rereshwater = 141 ng/L =0.834 <1

111558073%%

ng
120 L

=0978<1

RQmarine water =

The values of RQ clearly indicated that the risk of presence of venlafaxine for freshwater and

marine water is converted from high risk to low risk to aquatic and marine organisms. The results
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acknowledged this fact that the novel biochar in the fixed-bed column gave aid to eliminate
venlafaxine from wastewater effluent. Utilization of novel biochar in full-scale facility will provide
a proper position for eliminating pharmaceuticals from the effluent of wastewater treatment plant.
As a consequence, it is expected that such a novel biochar plays a vital role in enriching the

condition of Saint Lawrence River.
4.4. Laboratory-scale fixed-bed adsorption column (Ni, Pb and Cu)
4.4.1 Effect of the initial concentration

The initial concentration of adsorbate is considered as an important factor which influences on the
efficiency of the adsorption system. This parameter adequately determined helps to provide an
appropriate driving force for the transport of adsorbate molecules toward the adsorbent bed. As a
result, the effect of initial concentration on the column performance should be evaluated in an

accurate manner.

The impact of different initial concentrations of Ni, Pb and Cu on the adsorption were studied by
varying the concentration of each metal in the range of 60, 70 and 80 nug/L, while the bed depth
and flow rate were kept constant at 4 cm and 2 mL/min, respectively. The results are shown in

Tables 33 to 41.

Table 33 Breakthrough and exhaustion points of Ni at the initial concentration of 60 ng/L.

Point t (min) q (ng/g) Y (%)
Breakthrough 24 17.28 90
Exhaustion 150 12 10
Note: Q =2 mL/min and Z =4 cm
Table 34 Breakthrough and exhaustion points of Ni at the initial concentration of 70 ng/L
Point t (min) q (ng/g) Y (%)
Breakthrough 21 17.64 90
Exhaustion 130 12.13 10
Note: Q =2 mL/min and Z =4 cm
Table 35 Breakthrough and exhaustion points of Ni at the initial concentration of 80 ng/L
Point t (min) q (ng/g) Y (%)
Breakthrough 19 18.24 90
Exhaustion 114 12.16 10

Note: Q =2 mL/min and Z =4 cm




Table 36 Breakthrough and exhaustion points of Pb at the initial concentration of 60 ng/L

Point t (min) q (ng/g) Y (%)
Breakthrough 40 28.8 90
Exhaustion 180 14.4 10

Note: Q =2 mL/min and Z=4 cm

Table 37 Breakthrough and exhaustion points of Pb at the initial concentration of 70 ng/L

Point t (min) q (ng/g) Y (%)
Breakthrough 35 29.4 90
Exhaustion 158 14.47 10

Note: Q =2 mL/min and Z=4 cm

Table 38 Breakthrough and exhaustion points of Pb at the initial concentration of 80 pg/L

Point t (min) q (ng/g) Y (%)
Breakthrough 32 30.72 90
Exhaustion 145 15.46 10

Note: Q =2 mL/min and Z =4 cm

Table 39 Breakthrough and exhaustion points of Cu at the initial concentration of 60 pg/L

Point t (min) q (ng/g) Y (%)
Breakthrough 34 23 90
Exhaustion 161 12.8 10

Note: Q =2 mL/min and Z=4 cm

Table 40 Breakthrough and exhaustion points of Cu at the initial concentration of 70 pg/L

Point t (min) q (ng/g) Y (%)
Breakthrough 28 23.52 90
Exhaustion 141 13.16 10

Note: Q =2 mL/min and Z =4 cm

Table 41 Breakthrough and exhaustion points of Cu at the initial concentration of 80 ng/L

Point t (min) q (ng/g) Y (%)
Breakthrough 25 24 90
Exhaustion 125 13.3 10

Note: Q =2 mL/min and Z =4 cm

Loading behavior of different concentrations of Ni, Pb and Cu to be eliminated from from the
synthetic wastewater in the laboratory-scale column is indicated by the breakthrough curves (Fig.

25 to 33).
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Fig. 25 Breakthrough curve of Ni at the initial concentration of 60 pg/L
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Fig. 26 Breakthrough curve of Ni at the initial concentration of 70 pg/L
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Fig. 27 Breakthrough curve of Ni at the initial concentration of 80 pg/L
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Fig. 28 Breakthrough curve of Pb at the initial concentration of 60 pg/L
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Fig. 29 Breakthrough curve of Pb at the initial concentration of 70 pg/L
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Fig. 30 Breakthrough curve of Pb at the initial concentration of 80 pg/L
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Fig. 31 Breakthrough curve of Cu at the initial concentration of 60 pg/L
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Fig. 32 Breakthrough curve of Cu at the initial concentration of 70 pg/L
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Fig. 33 Breakthrough curve of Cu at the initial concentration of 80 pg/L

According to the Tables 33 to 41 and Fig. 25 to 33, increasing the initial concentration of each
metal from 60 to 80 pg/L caused the breakthrough time to decrease from 24 to 19 min for Ni, 40
to 32 min for Pb and 34 to 25 min for Cu. Furthermore, the exhaustion time was decreased from
150 to 114 min for Ni, 180 to 145 min for Pb and 161 to 125 min for Cu because of increasing the
initial concentration. 90% of Ni, Pb and Cu was eliminated at the breakthrough point where the
adsorption capacity was increased from 17.28 to 18.24, 28.8 to 30.72 and 23 to 24 nug/g,
respectively. The removal efficiency of 10% occurred at the exhaustion point in which the
adsorption capacity was increased from 12 to 12.16 pg/g for Ni, 14.4 to 15.46 ng/g for Pb and 12.8
to 13.3 pg/g for Cu. The adsorption capacity could be arranged in the order of Pb > Cu > Ni.

Increasing the initial concentration of adsorbate caused the adsorption capacity to be on the
increase because of providing a larger driving force (Abdolali et al., 2017). In the adsorption
process, the main driving force can be defined as the difference between the concentration of solute
on the sorbent and concentration of solute in the solution (Patel 2019; Volesky and Prasetyo 1994).
Increasing the initial concentration of metal provides a greater driving force of adsorption because
of the high concentration difference facilitated by high mass transfer coefficient values (Patel
2019; Volesky and Prasetyo 1994). As a consequence, higher adsorption capacity can be achieved
at higher adsorbate concentration. The acceleration of the adsorption rate leads to an early
saturation of the column. Increasing the initial concentration of heavy metals in a fixed-bed column
leads to an increase in the total removal (%) (Sankararamakrishnan et al., 2008). At higher initial
concentration, greater concentration gradient and smaller mass transfer resistance reduce the
breakthrough and exhaustion time, and thus the adsorbent reached saturation more quickly (Zhang

et al., 2019c). Rapid exhaustion and breakthrough were observed due to greater concentration
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gradient along with smaller mass transfer resistance (Abdolali et al., 2017). Increasing the initial
concentration of contaminants caused the breakthrough time and exhaustion time to increase
because of the availability of more adsorption sites (Chatterjee and Abraham 2019; Han et al.,

20006).
4.4.2. Effect of the flow rate

The efficiency of the adsorption system is influenced by the volumetric flow rate. In other words,
the flow rate as a significant factor determines the adequate contact between adsorbate and

adsorbent.

The impact of the flow rate of Ni, Pb and Cu on the adsorption was studied by varying the flow
rate of each metal in the range of 2, 5 and 10 mL/min, while the bed depth and initial concentration

were kept constant at 4 cm and 60 pg/L, respectively. The results are represented in Tables 42 to

50.

Table 42 Breakthrough and exhaustion points of Ni at the flow rate of 2 mL/min

Point t (min) q (ng/g) Y (%)
Breakthrough 24 17.28 90
Exhaustion 150 12 10
Note: Co =60 pg/L and Z=4 cm
Table 43 Breakthrough and exhaustion points of Ni at the flow rate of S mL/min
Point t (min) q (ng/g) Y (%)
Breakthrough 9 16.2 90
Exhaustion 56 11.2 10
Note: Co =60 pg/L and Z=4 cm
Table 44 Breakthrough and exhaustion points of Ni at the flow rate of 10 mL/min
Point t (min) q (ng/g) Y (%)
Breakthrough 3 10.8 90
Exhaustion 25 10 10
Note: Co =60 pg/LL and Z =4 cm
Table 45 Breakthrough and exhaustion points of Pb at the flow rate of 2 mL/min
Point t (min) q (ng/g) Y (%)
Breakthrough 40 28.8 90
Exhaustion 180 14.4 10

Note: Co =60 ug/L and Z =4 cm
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Table 46 Breakthrough and exhaustion points of Pb at the flow rate of S mL/min

Point t (min) q (ng/g) Y (%)
Breakthrough 14 25.2 90
Exhaustion 70 14 10
Note: Co =60 pg/L and Z=4 cm
Table 47 Breakthrough and exhaustion points of Pb at the flow rate of 10 mL/min
Point t (min) q (ng/g) Y (%)
Breakthrough 6 21.6 90
Exhaustion 34 13.6 10
Note: Co =60 pg/L and Z=4 cm
Table 48 Breakthrough and exhaustion points of Cu at the flow rate of 2 mL/min
Point t (min) q (ng/g) Y (%)
Breakthrough 34 23 90
Exhaustion 161 12.8 10
Note: Co =60 pg/L and Z=4 cm
Table 49 Breakthrough and exhaustion points of Cu at the flow rate of S mL/min
Point t (min) q (ng/g) Y (%)
Breakthrough 11 19.8 90
Exhaustion 61 12.2 10
Note: Co =60 pg/L and Z=4 cm
Table 50 Breakthrough and exhaustion points of Cu at the flow rate of 10 mL/min
Point t (min) q (ng/g) Y (%)
Breakthrough 4 14.4 90
Exhaustion 29 11.6 10

Note: Co =60 pg/L and Z=4 cm

Loading behavior of concentrations of Ni, Pb and Cu to be eliminated from the solution in the

laboratory-scale column is represented by the breakthrough curves (Fig. 34 to 42).
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Fig. 34 Breakthrough curve of Ni at the volumetric flow rate of 2 mL/min
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Fig. 35 Breakthrough curve of Ni at the volumetric flow rate of S mL/min
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Fig. 36 Breakthrough curve of Ni at the volumetric flow rate of 10 mL/min
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Fig. 37 Breakthrough curve of Pb at the volumetric flow rate of 2 mL/min
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Fig. 38 Breakthrough curve of Pb at the volumetric flow rate of 5 mL/min
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Fig. 39 Breakthrough curve of Pb at the volumetric flow rate of 10 mL/min
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Fig. 40 Breakthrough curve of Cu at the volumetric flow rate of 2 mL/min
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Fig. 41 Breakthrough curve of Cu at the volumetric flow rate of 5 mL/min

10

08

06

C[f'{C[]

0.4

02

0.0 T T T T T
o 50 100 150 200 250 300

t tnlhi) 7

Fig. 42 Breakthrough curve of Cu at the volumetric flow rate of 10 mL/min
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Based on the Tables 42 to 50 and Fig. 34 to 42, increasing the volumetric flow rate of each metal
from 2 to 10 ml/min caused the breakthrough time to decrease from 24 to 3 min for Ni, 40 to 6
min for Pb and 34 to 4 min for Cu. Furthermore, the exhaustion time was decreased from 150 to
25 min for Ni, 180 to 34 min for Pb and 161 to 29 min for Cu because of increasing the flow rate.
90% of Ni, Pb and Cu was eliminated at the breakthrough point where the adsorption capacity was
decreased from 17.28 to 10.8, 28.8 to 21.6 and 23 to 14.4 pg /g, respectively. The removal
efficiency of 10% occurred at the exhaustion point in which the adsorption capacity was decreased
from 12 to 10 pg /g for Ni, 14.4 to 13.6 pg /g for Pb and 12.8 to 11.6 pg /g for Cu. The adsorption

capacity could be arranged in the order of Pb > Cu > Ni.

Such results are related to the inadequate contact between adsorbate and adsorbent at the increased
flow rate. As a consequence, the low flow rate appropriately favors the adsorbate adsorption due
to the adequate residence time. The results showed that adsorption capacity, breakthrough time
and saturation time are decreased at a higher flow rate due to the low duration of contact between
adsorbate and adsorbent (Yusuf et al., 2020). Increasing the flow rate in a fixed-bed column leads
to a reduction in the total removal (%) (Futalan et al., 2011). Decreasing the flow rate provides
more residence time for mass transfer into the pores, consequently allowing heavy metals to access
more active sites within the adsorbent (Abdolali et al., 2017). Increasing the flow rate caused
breakthrough and exhaustion points to occur faster because of a reduction in the external film
diffusion mass transfer resistance (Renu et al., 2020). At advanced flow rate, steeper breakthrough
curve was observed in a dumpier mass transfer region due to inadequate interaction time between
the adsorbent and adsorbate (Yusuf et al., 2020). Since the contact time between heavy metal and
adsorbent in a packed-bed column is increased by decreasing influent flow rate, it causes the

breakthrough and exhaustion time to be on the increase (Yusuf et al., 2020).

4.4.3. Effect of the bed depth

The performance of adsorption is impacted by bed height. The extent of adsorption depends on the
amount of adsorbent within the column, which provides the appropriate adsorption sites for the
best performance. In other words, bed depth as an important factor affect the surface area and the
number of binding sites available for adsorption. The impact of bed depth or amount of biochar on

the adsorption was studied by varying the bed depth in the range of 3 and 4 cm, while the
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volumetric flow rate and initial concentration were kept constant at 2 mL/min and 60 pg/L,

respectively. The results are shown in Tables 51 to 56.

Table 51 Breakthrough and exhaustion points of Ni at the bed depth of 3 cm

Point t (min) q (ng/g) Y (%)
Breakthrough 2 1.92 90
Exhaustion 16 1.7 10
Note: Co =60 pg/L and Q =2 mL/min
Table 52 Breakthrough and exhaustion points of Ni at the bed depth of 4 cm
Point t (min) q (ng/g) Y (%)
Breakthrough 24 17.28 90
Exhaustion 150 12 10
Note: Co =60 pg/L and Q =2 mL/min
Table 53 Breakthrough and exhaustion points of Pb at the bed depth of 3 cm
Point t (min) q (ng/g) Y (%)
Breakthrough 4 3.84 90
Exhaustion 33 3.52 10
Note: Co =60 pg/L and Q =2 mL/min
Table 54 Breakthrough and exhaustion points of Pb at the bed depth of 4 cm
Point t (min) q (ng/g) Y (%)
Breakthrough 40 28.8 90
Exhaustion 180 14.4 10
Note: Co =60 pg/L and Q =2 mL/min
Table S5 Breakthrough and exhaustion points of Cu at the bed depth of 3 cm
Point t (min) q (ng/g) Y (%)
Breakthrough 3 2.88 90
Exhaustion 18 1.92 10
Note: Co =60 pg/L and Q =2 mL/min
Table 56 Breakthrough and exhaustion points of Cu at the bed depth of 4 cm
Point t (min) q (ng/g) Y (%)
Breakthrough 34 23 90
Exhaustion 161 12.8 10

Note: Co =60 pg/L and Q =2 mL/min
Loading behavior of different concentrations of Ni, Pb and Cu to be eliminated from the solution

in the laboratory-scale column is indicated by the breakthrough curves (Fig. 43 and 48).
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Fig. 43 Breakthrough curve of Ni at the bed depth of 3 cm
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Fig. 44 Breakthrough curve of Ni at the bed depth of 4 cm
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Fig. 45 Breakthrough curve of Pb at the bed depth of 3 cm
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Fig. 46 Breakthrough curve of Pb at the bed depth of 4 cm
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Fig. 47 Breakthrough curve of Cu at the bed depth of 3 cm
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Fig. 48 Breakthrough curve of Cu at the bed depth of 4 cm

According to the Tables 51 to 56 and Fig. 43 to 48, increasing the bed depth of biochar from 3 to
4 cm caused the breakthrough time to increase from 2 to 24 min for Ni, 4 to 40 min for Pb and 3
to 34 min for Cu. Furthermore, the exhaustion time was increased from 16 to 150 min for Ni, 33
to 180 min for Pb and 18 to 161 min for Cu because of increasing the bed depth. 90% of Ni, Pb
and Cu was eliminated at the breakthrough point where the adsorption capacity was increased from
1.92 to 17. 28, 3.84 to 28.8 and 2.88 to 23 pg/g, respectively. The removal efficiency of 10%
occurred at the exhaustion point in which the adsorption capacity was increased from 1.7 to 12
ng/g for Ni, 3.52 to 14.4 ng/g for Pb and 1.92 to 12.8 pg/g for Cu. The adsorption capacity could
be arranged in the order of Pb > Cu > Ni.

Such results are attributed to the additional binding sites which increase the adsorption area of the
adsorbent. As a result, late breakthrough and more adsorption capacity for heavy metals can be
observed at high bed length. The extent of adsorption depends on the amount of adsorbent within
the column, which provides the appropriate adsorption sites for the best performance (Abdolali et
al., 2017). Increasing bed depth in a fixed-bed column leads to an increase in the total removal (%)

(Futalan et al., 2011). Increasing the bed depth of adsorbent caused the breakthrough time along
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with exhaustion time to increase due to the availability of binding site for adsorption (Rodrigues
et al., 2020). Since increasing the bed height results in a wide mass transfer zone, more specific
surface and more available binding sites, it caused the breakthrough time and exhaustion time to
increase (Abdolali et al., 2017). Slower breakthrough and exhaustion occurred at a higher bed

height (Kavianinia et al., 2012).
4.4.4. Comparison the effect of different factors on the adsorption capacity

The cluster analysis of the effect of initial concentration, flow rate and bed depth variations on the

adsorption capacity at the breakthrough points of Ni, Pb and Cu is shown by the MVSP (Fig. 49 to 57).
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Fig. 50 Cluster analysis of the initial concentration variations at the breakthrough point of Pb

Fig. 51 Cluster analysis of the initial concentration variations at the breakthrough point of Cu
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Fig. 52 Cluster analysis of the flow rate variations at the breakthrough point of Ni

Fig. 53 Cluster analysis of the flow rate variations at the breakthrough point of Pb
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Fig. 54 Cluster analysis of the flow rate variations at the breakthrough point of Cu
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Fig. 55 Cluster analysis of the bed depth variations at the breakthrough point of Ni
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Fig. 56 Cluster analysis of the bed depth variations at the breakthrough point of Pb
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Fig. 57 Cluster analysis of the bed depth variations at the breakthrough point of Cu

According to Fig. 49 to 57, the adsorption capacity (q) at the breakthrough points of Ni, Pb and
Cu was controlled by initial concentration with similarity coefficient of 0.99, 0.97 and 0.999,
respectively. Moreover, adsorption capacity at the breakthrough points of Ni, Pb and Cu was joined

to the flow rate with similarity coefficient of 0.82, 0.95 and 0.9, respectively.

Due to high similarity coefficient of 1, the adsorption capacity at the breakthrough points of Ni,
Pb and Cu was governed by the bed depth. Consequently, the effect of such factors on the
adsorption capacity could be arranged in the increasing order of flow rate < initial concentration <

bed depth.

Fig. 58 to 66 show the cluster analysis of the effect of such factors on the adsorption capacity at

the exhaustion points of Ni, Pb and Cu.
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Fig. 61 Cluster analysis of the flow rate variations at the exhaustion point of Ni
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Fig. 65 Cluster analysis of the bed depth variations at the exhaustion point of Pb
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Fig. 66 Cluster analysis of the bed depth variations at the exhaustion point of Cu

Based on Fig. 58 to 66, the adsorption capacity (q) at the exhaustion points of Ni, Pb and Cu was
controlled by initial concentration with similarity coefficient of 0.94, 0.98 and 0.96, respectively.
Furthermore, adsorption capacity at the exhaustion points of Ni, Pb and Cu was joined to the flow
rate with similarity coefficient of 0.92, 0.96 and 0.95, respectively. Due to high similarity
coefficient of 1, the adsorption capacity at the exhaustion points of Ni, Pb and Cu was governed
by the bed depth. As a consequence, the effect of such factors on the adsorption capacity could be

arranged in the increasing order of flow rate < initial concentration < bed depth.

The results of cluster analysis of initial concentration, flow rate and bed depth confirmed that the

driving parameter for adsorption column design is bed depth.
4.5. Design the large-scale PVC column (Ni, Pb and Cu)

The Adams—Bohart model was used to evaluate the efficiency and applicability of the novel
biochar in the large-scale column. Based on the results of section 4.4.3, the bed depth variations

(cm) with time (min) are shown in Tables 57 to 59 and Fig. 67 to 69.

Table 57 Bed-depth service time (BDST) for Ni at the removal efficiency of 90%

Bed depth (cm) Breakthrough time (min) q (mg/g) Y (%)
3 2 1.92 90
4 24 17.28 90

Note: Cp =60 ug/L and Q =2 mL/min

Table 5§ Bed-depth service time (BDST) for Pb at the removal efficiency of 90%

Bed depth (cm) Breakthrough time (min) q (mg/g) Y (%)
3 4 3.84 90
4 40 28.8 90

Note: Co =60 pg/L and Q =2 mL/min
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Table 59 Bed-depth service time (BDST) for Cu at the removal efficiency of 90%

Bed depth (cm) Breakthrough time (min) q (mg/g) Y (%)
3 3 2.88 90
4 34 23 90

Note: Co =60 pg/L and Q =2 mL/min
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Fig. 67 Bed-depth service time (BDST) curves at the 90% removal of Ni
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Fig. 68 Bed-depth service time (BDST) curves at the 90% removal of Pb
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Fig. 69 Bed-depth service time (BDST) curves at the 90% removal of Cu

In Fig. 67, 68 and 69, the line can be represented by the Bohart-Adams equation (LaGrega et al.,
2010). The large-scale PVC column can be designed as follows:

Area of laboratory column = mr? =0.785x 1 0 m?

Studying fixed-bed adsorption column under various experimental conditions indicated that the
low flow rate appropriately favors the adsorbate adsorption due to the adequate residence time. As

a result, flow rate equal to 2 mL/min is used to determine loading rate in laboratory column.

Loading rate in laboratory column:

V=(02x10°m?/min)/0.785x 1 0* m?=0.03 m* / (m?.min)

Based on the Adams—Bohart model the same loading rate was used for the full-scale unit yields
(LaGrega et al., 2010):

Area of large-scale column = Q/V = (0.001 m?® / min) / (0.03 m? / (m?. min) = 0.03 m?

Diameter of large-scale column = 0.2 m

BDST equation for the removal efficiency of 90% and adsorbent utilization are shown in Table 60

and 61, respectively.
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Table 60 Equation of Bed-depth service time (BDST) curve at the removal efficiency of 90%

Heavy metal

Slop of the line (a) (day/m)

Intercept (b) (day)

Equation of line

Ni 1.53 0.04 t=1.53 X-0.04
Pb 2.5 0.07 t=25X-0.07
Cu 2.15 0.06 t=2.15X-0.06

Note: Formula 3-1 was used to represent the equation of line

Table 61 Adsorbent utilization in the large-scale column

Heavy metal | Velocity of adsorption zone Unit weight | Area (m?) | Adsorbent utilization
(1/a) (day/m) (kg/m?) (kg/day)

Ni 0.65 50 0.03 0.975

Pb 0.4 50 0.03 0.6

Cu 0.47 50 0.03 0.705

Note: Formula 3-4 was used to evaluate the adsorbent utilization

According to the obtained results, the large-scale PVC column was installed (Fig. 8). The results

of passing the effluent of RABEL wastewater treatment plant from the large-scale column are

shown in Tables 62 to 64.

Table 62 Removal efficiency of Ni in the large-scale column

Sample Concentration (ng/L) Y (%)
The effluent of column (first day) 1.88332 90
The effluent of column (second day) 14.0987 25
The effluent of column (third day) 16.9187 10
Note: Co = 18.8 pug/g, Q = 0.001 m*/min and the amount of biochar = 1000 g
Table 63 Removal efficiency of Pb in the large-scale column
Sample Concentration (ug/L) Y (%)
The effluent of column (first day) 0.01 90
The effluent of column (second day) 0.0675 32.5
The effluent of column (third day) 0.0897 10
Note: Co= 0.1 pg/g, Q = 0.001 m*/min and the amount of biochar = 1000 g
Table 64 Removal efficiency of Cu in the large-scale column
Sample Concentration (ng/L) Y (%)
The effluent of column (first day) 0.5489 90
The effluent of column (second day) 3.9802 27.5
The effluent of column (third day) 4.9413 10

Note: Co =5.49 ng/g, Q = 0.001 m*/min and the amount of biochar = 1000 g
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Based on the Tables 62 to 64, the concentration of Ni, Pb and Cu in wastewater effluent was
decreased from 18.8 to 1.88332, 0.1 to 0.01 and 5.49 to 0.5489 pg/L, respectively. Such results
confirmed the feasibility of using biochar to remove Ni, Pb and Cu by 90%, within one day from
wastewater effluent. Decreasing the removal efficiency of studied metals from 90 to 10% within
3 days approved the result of designing the column by Adams-Bohart model which shows the
adsorbent utilization in the large-scale column is 0.975 kg/day for Ni, 0.6 kg/day for Pb and 0.705
kg/day for Cu.

Considering the industrial applications of the adsorption process, plotting the breakthrough curve
is of leading importance, since it accurately reveals the operational limit of the column (Suzaki et
al., 2017). Loading behavior of Ni, Pb and Cu to be eliminated from the wastewater in a fixed-bed
column can be indicated by the breakthrough curve (Gupta et al., 2016; Mojiri et al., 2019; Qian
etal., 2019).

The breakthrough curves of the large-scale column were drawn by plotting the relative
concentration of heavy metals, which is the ratio of the studied metals concentration in the effluent
of column to the concentration of studied metals in wastewater with respect to time (Fig. 70, 71

and 72). Moreover, the exhaustion and breakthrough points are shown in Tables 65 to 67.
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Fig. 70 Breakthrough curve of Ni for large-scale PVC column

10

081

Ci/Co

! t(élay) ‘.

Fig. 71 Breakthrough curve of Pb for large-scale PVC column
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Table 65 Breakthrough and exhaustion points of Ni in the large-scale column
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Fig. 72 Breakthrough curve of Cu for large-scale PVC column

Point t (day) q (ng/g) Y (%)
Breakthrough 1 24.364 90
Exhaustion 3 8.1216 10
Note: Co = 18.8 nug/g, Q = 0.001 m*/min and the amount of biochar = 1000 g
Table 66 Breakthrough and exhaustion points of Pb in the large-scale column
Point t (day) q (ng/g) Y (%)
Breakthrough 1 0.1296 90
Exhaustion 3 0.0432 10
Note: Co= 0.1 pg/g, Q =0.001 m*/min and the amount of biochar = 1000 g
Table 67 Breakthrough and exhaustion points of Cu in the large-scale column
Point t (day) q (ng/g) Y (%)
Breakthrough 1 7.115 90
Exhaustion 3 2.372 10

Note: Co=5.49 ug/g, Q = 0.001 m*/min and the amount of biochar = 1000 g

According to the Tables 65 to 67 and Fig. 70 to 72, the breakthrough time and exhaustion time for
Ni, Pb and Cu were 1 and 3 days, respectively. 90% of Ni, Pb and Cu were eliminated at the
breakthrough point where the adsorption capacity was 24.364 ng/g for Ni, 0.1296 ng/g for Pb and
7.115 ng/g for Cu. Moreover, the removal efficiency of 10% occurred at the exhaustion point in

which the adsorption capacity of Ni, Pb and Cu was 8.1216, 0.0432 and 2.372 ng/g, respectively.

Physical—chemical primary treatment of effluents have given aid to reduce the concentration of
heavy metals in Saint Lawrence River (Gobeil et al., 2005). High percentage of heavy metals was
eliminated from municipal wastewater treatment plant effluents because of using activated sludge
treatment (Carletti et al., 2008; Nielsen and Hrudey 1983). Li and Champagne (2009) showed that

42.7% of Ni can be adsorbed on the crushed shells and Sphagnum peat moss in a fixed-bed column.
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65 % of nickel was eliminated from wastewater using untreated and treated rice straw (Spurthi et
al., 2015). Maximum nickel adsorption onto boiled sunflower head (BSH) and formaldehyde
sunflower head (FSH) was 65.5 and 75.9%, respectively (Jain et al., 2014).

Pandey and Sharma (2017) showed that the adsoption capacity and removal efficiency of Pb is
8.896 mg/g and 89%, respectively due to utilization of zeoliteNaX in the fixed-bed column. The
removal efficiency of Cu by chicken bone-derived biochar in a fixed-bed column was 17% (Park

etal., 2015).

In Montreal, where chemically enhanced primary treatment is utilized, municipal wastewater plays
an important role in loading a huge percentage of heavy metals into the Saint Lawrence River
(Marcogliese et al., 2015). The significant contribution of urban effluents to the total metal fluxes
carried into the sea by the Saint Lawrence River was demonstrated by measuring heavy metals at
the Montreal wastewater treatment plant (Gobeil et al., 2005). The high risk of heavy metals in
wild freshwater mussels of Grand River (Ontario) was observed due to high concentration of
metals in effluents from municipal wastewater treatment plants (Gillis 2012). Based on the
obtained results from utilization of the large-scale PVC column, the risk of heavy metals to the

aquatic and marine organisms are summarized in Table 68.

Table 68 Risk assessment of heavy metals

Metals Ci (ug/L) | Si(ng/L) Wi Qi Wix Qi HPI Class of risk
Cu 0.5489 1000 0.001 0.05489 | 0.00005489
Ni 1.88332 20 0.05 9.42 0.471 3.185 Low
Pb 0.01 10 0.1 0.1 0.01
X Wi=0.151 X Wix Qi=0.481

Note: the concentration of Ni, Pb and Cu in wastewater effluent was 1.88332, 0.01 and 0.5489 pg/L, respectively

According to the Table 68, the value of HPI index was decreased from 31.669 to 3.185. In other
words, the pollution intensity of N1, Pb and Cu was decreased from high risk to low risk to aquatic
and marine organisms. The results acknowledged this fact that the novel biochar in the fixed-bed
column gave aid to eliminate heavy metals from wastewater effluent. Utilization of novel biochar
in full-scale facility will provide a proper position for eliminating heavy metals. As a consequence,
it 1s expected that such a novel biochar plays a vital role in enriching the condition of Saint

Lawrence River.
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Chapter 5: Conclusion and future work



5.1. Conclusion

This work demonstrated the feasibility of applying newly produced biochar to adsorption columns
in the wastewater treatment plants. The results showed that biochar which was produced in a
sustainable way from a combination of municipal sludge, wood waste and KOH was able to adsorb
pharmaceuticals (venlafaxine) and inorganic (lead, nickel, and copper) compounds from effluent
of wastewater. Utilization of the waste materials as the primary materials along with the
availability of materials onsite led to the preparation of novel biochar at lower costs. The efficiency
of the novel biochar was confirmed in 3 steps including using biochar in laboratory-scale column

and large-scale column along with risk assessment.

1- The application of biochar in the laboratory-scale column (inner diameter of 1cm and height of
10 cm) was influenced by a wide variety factors including initial concentration of pollutants,
volumetric flow rate of pollutants and the amount of biochar. Thus, increasing the initial
concentration from 10 to 30 mg/L for venlafaxine and 60 to 80 pg/L for heavy metals caused the
adsorption of pollutants on biochar in the column to be on the increase due to providing a greater
driving force. Moreover, increasing the effective bed depth from 3 to 4 cm and decreasing flow
rate from 10 to 2 mL/min led to higher adsorption capacity due to providing additional binding
sites and adequate contact between adsorbate and adsorbent, respectively. The effect of different
factors on the adsorption capacity at the breakthrough and exhaustion points could be arranged in
the increasing order of flow rate < initial concentration < bed depth. As a result, bed depth should
be considered as the most appropriate factor in designing the full-scale facility. 90% of
venlafaxine, Ni, Pb and Cu was eliminated at the breakthrough point where the adsorption capacity
was increased from 0.8 to 5.4 mg/g for venlafaxine, from 1.92 to 18.24 ng/g for Ni, from 3.84 to
30.72 ng/g for Pb, and from 2.88 to 24 ng/g for Cu. The adsorption capacity of heavy metals could
be arranged in the order of Pb > Cu > Ni.

2- Based on the very low concentration and high flow rate of studied pollutants in the effluent of
wastewater treatment, the results of variation of biochar amount were used in the Adams-Bohart
model to design the large-scale column. Applying the large-scale column with area of 0.03 m? and
biochar utilization of 1 kg/day clearly showed that the effects of lower concentration and higher
flow rate on the adsorption capacity can be compensated by appropriate amount of adsorbent.

Elimination of 95% of venlafaxine and 90% of Ni, Pb and Cu at the breakthrough point within one
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day from wastewater effluent confirmed the feasibility of using biochar in the large-scale column.
The adsorption capacity at the breakthrough point was 3051.406 ng/g for venlafaxine, 24.364 nug/g
for Ni, 0.1296 pg/g for Pb, and 7.115 pg/g for Cu.

3- RQ and HPI as the proper indexes were used to risk assessment of studied pollutants. RQ > 1
and HPI > 30 showed that the low concentration of venlafaxine and heavy metals in the effluent
of wastewater treatment might pose a serious threat to aquatic and marine organisms and thus
human health. The pollution intensity of venlafaxine, Ni, Pb and Cu to aquatic and marine
organisms was decreased from high risk to low risk due to application of the novel biochar in the

fixed-bed column.

According to the obtained results, utilization of the novel biochar in full-scale facility might be
cost-effective in eliminating organic and inorganic trace pollutants from effluent of wastewater
treatment plant. Thus, it is expected that such a novel biochar plays a vital role in enriching the

condition of water bodies, especially Saint Lawrence River properly.
5.2. Contribution

The contribution of conducting such a project is as follows:

e Risk assessment permitted to be identified that organic and inorganic compounds in the
RABL wastewater treatment plant effluent might be responsible for some irreversible
damages to biota, even at low concentrations. However, application of fixed-bed
adsorption column with novel biochar decreased the pollution intensity of such trace
pollutants from a high risk to low risk.

e This study showed that the most appropriate factor in designing the fixed-bed adsorption
column is bed depth of biochar which influences on the adsorption capacity. Consequently,
bed depth should be considered as the most appropriate factor in designing the full-scale
facility.

e Exposing the large-scale adsorption column to the natural fluctuation of effluent
components contributed to confirm the feasibility of the novel biochar in high removal
efficiency. It was found that the capability of the novel biochar in high removal efficiency

is persistent even at high flow rates and low concentrations.
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e The study demonstrated that biochar, which was not always produced in optimal operation
conditions at a large scale, preserved its high performance properties. The effluent treated
at large-scale showed as high quality as effluent from small lab treatment of synthetic
wastewater. As a consequence, the sustainable combination of municipal sludge, hardwood
and KOH as the novel biochar can be used in the full-scale facility. Since both types of
waste (municipal sludge and hardwood) are generated in large amounts in Canada, the
elimination of pollutants by using the novel biochar in the full-scale facility will be
remarkably cost effective.

e It is expected that the utilization of the novel biochar in the full-scale facility plays a vital
role in enriching the condition of water bodies, especially Saint Lawrence River

appropriately.
5.3. Future work

The future work might concentrate on the following tasks:
Making use of optimizing methods such as genetic algorithm (GA) in identifying the most

appropriate dimensions for column.

Applying life cycle assessment for assessing environmental impacts associated with all the stages

of utilizing such a column in industrial applications.

Verifying a capacity of the novel biochar at full-scale facility to reduce pharmaceuticals and heavy

metals risks to aquatic and marine organisms
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