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Abstract

The mass manufacture of novel chemicals, extensive use, and the release of micropollutants
into the environment are inevitable occurrences in contemporary society. In reality, wastewater
treatment plants are the primary means of spreading micropollutants, primarily because of their
inadequate performance. However, efforts are being made to improve their efficiency and
achieve an 80% reduction in micropollutant levels. Among the several methods used for the
tertiary treatment of wastewater, adsorption stands out for its effectiveness in removing
micropollutants. One popular adsorption material is activated carbon, however, the most
common commercial version is expensive and made from coal, which is a scarce resource. As
a result, we must immediately begin investigating potential substitute precursors that can
produce effective activated carbon and are both easily accessible and inexpensive. Because of
its high organic content, sludge from wastewater treatment plants is showing promise as an
alternative. Stricter disposal restrictions make it more difficult to manage this sludge, a by-
product of water treatment. Subsequently, the two varieties of carbon were employed in batch
adsorption tests to determine the ideal conditions necessary for each carbon to attain the
maximum removal of lead (11) ions from aqueous solutions. This entailed manipulating factors
such as pH, adsorbent dosage, initial concentration of the adsorbate solution, and contact time.
The optimum conditions that were obtained were 180 min contact time, 300 mg adsorbent dose,
and pH of 8. Comparing the results obtained from these tests under optimal conditions for each
adsorbent, it was determined that the percentage removal of lead (1) ions was as follows: GAC
(99.91%) > HC-PS-WAS-Scr (97.25%), indicating that GAC exhibited a marginally superior
performance in the removal of the pollutants compared to the other adsorbents. Adsorption
behaviour could be described using the Langmuir and Freundlich isotherm model. Regardless
of the adsorbent studied, Langmuir isotherm model fitted well with the adsorption data. The
maximum adsorption capacity was found to be 66 mg/g for HC-PS-WAS and 60 mg/g for
GAC. The adsorption kinetics could most likely be described with pseudo second order kinetic

model for both adsorbents considered.
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NOMENCLATURE

CO initial concentration in aqueous solution (mol L—1)
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gm Langmuir monolayer capacity of the adsorbent (mg/g)

R2 linear regression coefficient

t time ()
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1 INTRODUCTION

1.1 Background and Motivation

Ensuring adequate access to safe drinking water is a global development issue. However, many
countries and large cities around the world continue to experience increasing water scarcity in the
twenty-first century. This is largely due to population increase, excessive water use, rising pollution,
and changes in weather patterns related to global warming (Grover, 2006). It is exacerbated by a spatial

pattern of economic activity and habitation that is fundamentally out of sync with natural water supplies.

Wastewater reuse has been recognized as an encouraging solution to cope with the problem of water
scarcity around the globe (Garcia and Pargament, 2015). Some of the strategies that have been
implemented to try and alleviate the water scarcity challenge are the recycling and the reuse of effluents
generated from wastewater treatment plants. These tactics are becoming an increasingly important
aspect of water demand management since it promotes the maintenance of high-quality freshwater
sources while also potentially lowering pollution levels and total costs (Jefferson et al., 2000). As part
of wastewater treatment processes, micropollutants of concern require removal to ensure that the water
quality is of acceptable standard for its re-use. This is achieved via the use of wastewater treatment
technologies such as membrane bioreactors (Pramodbabu et al., 2021), ultraviolet disinfection (Zaki
and EI-Gendy, 2014), ozonation and advanced oxidation (Lim et al., 2022). These technologies have
been incorporated in current designs of wastewater reclamation and reuse (WR&R) globally. However,
they are known to be very expensive and energy-intensive, which places them out of reach for most low
and middle-income countries (LMICs) water utilities. Therefore, emerging cost-effective and less
energy-intensive treatment technologies have been explored as alternative solutions that can enable the

implementation of a sustainable WR&R system.

Tertiary treatment is an additional stage in wastewater treatment processes, whereby the biologically
treated effluent goes through further treatment processes. This phase removes nutrients, pathogenic
organisms, nonbiodegradable chemicals, heavy metals, leftover inorganic dissolved solids, suspended
solids to ensure that the effluent meets the purity requirements for its intended use/re-use. There are
various types of tertiary treatment processes such as biosorption, adsorption, oxidation, advanced

oxidation, ion exchange as well as membrane filtration and extraction (Gutiérrez et al., 2021).

1.2 Problem statement

Micropollutants classification in wastewater effluents has not changed. These micropollutants
frequently encountered include heavy metals (mercury, lead, cadmium, chromium, copper, etc.),
organic substances (dyes, solvents, hydrocarbon, etc.) and chemical products (pharmaceutical products,
personal care products, etc.) (Rogowska et al., 2020). Moreover, they pose a significant risk to the

1



environment and human health due to their persistence and potential toxicity (Mariana et al., 2021).
Conventional wastewater treatment processes consist mainly of preliminary treatment (screening and
degritting), primary treatment (primary sedimentation), secondary treatment (biological or chemical
treatment, secondary sedimentation), and tertiary treatment (disinfection). They are effective in
removing conventional pollutants, such as organic matter, suspended solids, and nutrients. However,
they are less efficient in the removal of micropollutants due to their low concentration and complex
chemical structures. This limitation necessitates the exploration of advanced treatment technologies to

address the issue of micropollutant contamination.

Activated carbon, a highly porous and adsorptive material, has been widely employed in wastewater
treatment for the removal of various micropollutants mentioned above (Bhatnagar et al., 2013). There
are several types of activated carbon adsorbents, each with specific properties and applications,
Granular Activated Carbon (GAC), Coarse particles with sizes ranging from 0.2 to 5 mm. Uses
Commonly used in water and air treatment systems. Working Mechanism, GAC adsorbs contaminants
from liquids and gases by trapping them in its porous structure. It is effective in removing organic
compounds, chlorine, and other pollutants. Powdered Activated Carbon (PAC), Fine powder with
particle sizes less than 0.18 mm. Typically used in batch processes for water treatment, including the
removal of taste, odor, and organic contaminants. Working Mechanism, PAC is added directly to the
medium to be treated, where it adsorbs contaminants. It is then removed by filtration or sedimentation.
Biological Activated Carbon (BAC), Similar to GAC but combined with biological treatment processes,
Often used in drinking water treatment and wastewater treatment. Working Mechanism: BAC
combines the adsorption capabilities of GAC with biological degradation. Microorganisms colonize the
carbon surface and degrade adsorbed organic compounds, enhancing the removal efficiency and
extending the life of the carbon. Each type of activated carbon is chosen based on the specific
requirements of the treatment process, such as the nature of the contaminants, the treatment
environment, and the desired outcome. .Its adsorption capacity stems from its extensive internal surface
area and diverse surface chemistry, making it suitable for capturing a broad spectrum of pollutants.
Traditional activated carbon is typically produced from non-renewable resources, such as coal or wood,
which raises environmental and economic concerns. However, hydrochar (biochar), a carbon-rich
material produced through the hydrothermal carbonization (HTC) of wet biomass (Yadav et al., 2021)
and wastewater sludge, presents a sustainable alternative for activated carbon production. Therefore,
hydrochar may be recognized for its potential to serve as a precursor for activated carbon with
environmental benefits, such as waste valorisation and reduced greenhouse gas emissions (Ighalo et al.,
2022). However, the efficacy of activated carbon derived specifically from hydrochar generated from
processing wastewater sludge and other waste biomass in removing these micropollutants remains

unclear.



1.3 Research Questions and Hypotheses
The research works toward contributing to the understanding of the potential of activated carbon derived

from hydrochar obtained from wastewater sludge and waste biomass in wastewater treatment processes.
Based on the above problem statement, the specific research questions to be addressed include:

0] What are the optimal activation conditions for producing hydrochar-based activated carbon
with enhanced adsorption properties?

(i) Which adsorption kinetics and isotherms models well describe the removal efficiency of
the target micropollutants using the hydrochar-based activated carbon?

(iii)  Which methods are most useful towards potential regeneration or reactivation for the spent

activated carbon?

This statement could be formulated to a research question and stated that GAC is used as a test material

to compare hydro char-based AC

From the investigative research process, valuable insights shall be gained for the development of
sustainable and efficient approaches to remove micropollutants of concern, thereby safeguarding water

resources and protecting human and environmental health.

1.4 Research aim and objectives

The overarching aim of this study is to investigate the performance of activated carbon, derived from
hydrochar, in removing heavy metals of concern from the effluents of wastewater treatment systems.
Hence, the study will involve the characterization of the activated carbon and the evaluation of its
adsorption capacity for highly hazardous heavy metals commonly found in wastewater. The following

are the specific research objectives:

e Determination of the physico-chemical characteristics of activated carbons from wastewater
sludge based hydrochar.

o Determination of optimal activation conditions for batch pyrolysis of both types of hydrochar,
generated from primary sludge (PS), waste activated sludge (WAS), solid screenings of a
wastewater treatment plant.

e Determining the adsorptive potential for the sludge-generated hydrochar for different types of
micropollutants (mainly heavy metals).

e Comparison of adsorptive properties of activated carbons produced by sludge generated

hydrochar, with a commercial-grade carbon.



1.5 Scope and Limitations of the Thesis

The objective of this research is to examine wastewater to assess the effectiveness of wastewater sludge-
based activated carbon as an adsorbent in removing lead. The wastewater used in the study was
artificially synthesized in the laboratory. Batch experiments were carried out with synthetic solutions
containing lead ions. The study explored the impact of pH, contact time, initial metal ion concentration,
temperature, and adsorbent concentration to optimize the conditions for the maximum removal of lead
ions. The experimental data obtained were analyzed and fitted using adsorption isotherms, and various
kinetic models. Additionally, water quality analysis of the heavy metals was performed using
Inductively Coupled Plasma (ICP).

1.6 Thesis outline

This thesis is organized into five chapters to systematically address the research objectives and provide
an extensive understanding of the topic Figure 1.1 portrays the outline of this work. Chapter 2 presents
a thorough review of the literature related to micropollutants in wastewater, conventional wastewater
treatment methods, The use of activated carbon in wastewater treatment, hydrochar as a precursor for
activated carbon, and previous studies on hydrochar-derived activated carbon for heavy metal removal
specifically. Chapters 3 and 4 describe the materials and methods, experimental procedures, results,
discussions. Finally, Chapter 5 summarizes the key findings, contributions, and future research

directions.

Background

W Research questions
General
"Q: 1 Research objecives /[ Introduction

Wastewater pollutants

Wastewater treatment technigues

) Literature Activated carbons

Thesis scope and outline /

Review o o
Adsorption isotherms and kinetics
Summary of the objectives
| \_Past research on Lead(ll) removal
Conclusion —
S
Future Work | Preparation of activated carbon from
| — | wastewater sludges
| Thesis otline maintopics N )
JCharaclensahon 0 Materials and Characterisation through analvtical chemistry
I Methods
Adsorption kinetics and Batch adsorptions experiments
‘f isotherms Results and
discussion
Influencing conditions on

adsorption behavior _/

Figure 1-1:Mind map of the thesis outline and different broached topics in this research.



Through this research, we aim to contribute to the growing body of knowledge on sustainable
wastewater treatment and the removal of heavy metal, ultimately advancing environmental protection

and public health efforts.



2 LITERATURE REVIEW

Water is used in industrial processes. These processes generate useful products and toxic wastes as a
byproduct. Industrial waste is often sent to WWTP for further treatment before discharge into the
environment. However, the challenge is that industrial wastes are generally difficult to treat in
comparison to domestic wastewater . Figure 2.1 Exhibits the impact of industrial products entering the

aquatic environment on aquatic life

Pharmaceutical
industry

Mining industry Textile industry

Live%totk Hui’\an Heavy metal Dyes and
o discharge wastewater
i E — Plastic and

solid waste
littering
Waste

h 4 A

_|Surface water: river, lake
and ocean

Figure 2-1:Life cycle of water utilization in several industrial sectors

Numerous pollutants, such as hazardous chemicals, pathogenic bacteria, putrescible organic waste,
fertilizers, and plant nutrients, can pollute water bodies; hence interfere with the water's ability to be

used for good or with ecosystems' ability to function naturally (Gravel, 2020).

2.1 Water pollutants

The inventory of different pollutants produced nowadays is difficult to establish. However, more than

70,000 different chemical products are produced today in the chemical industry, with an estimated $500

billion in global sales are regarded as emerging pollutants in the aquatic environment and have drawn

growing attention (Rogowska et al., 2020). Water pollutants can be classified in four groups, namely
6



pharmaceutical products, dyes, heavy metals and solid wastes such as plastics. Figure 2.2 depicts such
a classification(Tchobanoglous, 1991).

Pharmaceuticals

¢ Antibiotics (penicillin, amoxicillin...)
¢ Pain killers (ibuprofen, paracetamol).

—) Heavy metals
HEAV HEALS

oYoYoYo] © Mercury, cadmium, lead

O . .
R oA

Dyes

*Food colorant
* Methylene blue, Congo red,...

Figure 2-2:Classification of water pollutants

Due to their strong polarity and low volatility, most pharmaceutical products tend to be easily carried
and discharged into the water compartment (Breton and Boxall, 2003). To the great worry of scientists,
numerous chemicals present in wastewater effluents and/or their metabolites and transformation
products are detected in surface waters and end up in marine environments (HELCOM, 2003, Pastuszak
et al.,, 2018). Although pharmaceutical substances are necessary in contemporary life (e.g., the
widespread use of antibiotics, and hormones in the swine industry), their discharge into the aquatic

environment can have several negative consequences and thereby ruin the ecology(Cheng et al., 2020).

Numerous industrial sectors, including the agroindustry, petroleum, and leather industries, are likely to
produce highly saline wastewater. It is known that releasing wastewater with such a high salinity and
high organic content without first treating it has a negative impact on aquatic life, water potability, and
agriculture. As a result, laws are getting stricter, and many nations now require the treatment of saline
wastewater for both the removal of organic matter and salt. Saline effluents are often treated using
physico-chemical methods since salts severely hinder biological treatment (mainly NaCl) (Lefebvre and
Moletta, 2006). Alternative systems for the treatment of organic matter are currently the subject of
research to a greater extent due to the high costs of physio-chemical treatment processes. Even though
it has been demonstrated that biological treatment of carbonaceous, nitrogenous, and phosphorous
pollution is possible at high salt concentrations, the effectiveness attained depends on the biomass's
suitability for halophilic organisms or other modifications (Lefebvre and Moletta, 2006).



Heavy metals are another class of important water contaminants . The main reason of the rising levels
of heavy metals observed in aquatic ecosystems is identified as anthropogenic activities. These activities
include tanneries, metal mining, plating, painting, and radiator manufacture, which are major drivers of
water pollution because their effluents include heavy metals. Heavy metals in high quantities in water
supplies can generate a variety of difficulties for the environment and living things. According to the
World Health Organization (WHO), there exists a permissible concentration of heavy metals in water
usage(Qasem et al., 2021). Table 2.1 lists the main sources of heavy metals and their deleterious effects
on human bodies. As a result, the removal of heavy metals from wastewater has been the topic of

tremendous research efforts (Sellaoui et al., 2017).

Table 2-1: Most dangerous heavy metals encountered in wastewater (Qasem et al., 2021,
Mariana et al., 2021)

Common heavy metal | Main sources Health issues Permitted

amount (ug/L)

Cadmium (Cd) -batteries; paints; metal | Acute toxicity with | 3
refineries headaches, skin ulcers,
dermatitis nausea, diarrhea,

and cancers.

Lead (Pb) Lead-based batteries; | Neuro degenerative diseases, | 50

solder, alloys, cable | Alzheimer's disease, and

sheathing senile  dementia, kidney
pigments, rust | damage, and cancers
inhibitors,

ammunition,  glazes,
and

plastic stabilizers.

Mercury (Hg) Production of chlorine; | Effects on digestive system, | 1
Caustic soda; refineries | impaired neurologic
development and

hypertension.

Arsenic (As) Electronics and glass | Skin, lungs, brain, kidneys, | 50
production. metabolic system,
cardiovascular system,

immunological system, and

endocrine.




Nickel (Ni) Stainless steel and | Lung, kidney, gastrointestinal | 70
nickel alloy production | distress, pulmonary
fibrosis, and skin.

Chromium (Cr) Steel and pulp mills | Skin, lungs, kidneys, liver, | 50
and tanneries. brain, pancreas, tastes,
gastrointestinal system, and
reproductive system

Dyes are one of the oldest and most widely used substances in a variety of industries, including textiles,
plastics, and printing. Giving the different colors dyes have, their detection in wastewater can be
perceivable even in a slightest concentration. As a result, their presence in water can obstruct
(diffraction) light diffusion or oxygen provision to underwater organisms thereby disrupting aquatic
life. Furthermore, dyes are regarded the most dangerous water contaminants given their carcinogenicity,
non-biodegradability, and high toxicity even in small amounts. The high toxicity of dyes comes from

their aromatic structure (benzoic ring)(Hunger, 2003) as shown in Figure 2.3.

(a)

N NH, NH,
HaC\NQSD\N/CHB N:NN:N
| o I S03Na $03Na
CH CH

3 3

Figure 2-3:Selected industrial dyes: (a) Methylene Blue, (b) Congo Red

2.2 Techniques of wastewater treatment

Wastewater usually contains a combination of organic, inorganic, soluble and insoluble compounds.
Therefore, the selection of a method of treatment should be based on the efficacy of pollutant removal
and most importantly on economic feasibility. Several researchers have committed their efforts to
developing unique tertiary wastewater treatment procedures due to the environmental concerns sparked

by water pollution (Moussa et al., 2017). Adsorption, membrane filtration, coagulation/flocculation,
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oxidation, and biological treatment are some technologies that have been developed to reduce
wastewater discharges and decrease the risks of pollutants (Xu, 2018). Figure 2.4 depicts some of these
treatment methods.

2.2.1 Physical methods of wastewater treatment

These are methods that allow for wastewater treatment without a chemical modification of all the

organisms present within.

. Activated carbon

Adsorbents ® :
e Clay

Wasterwater

treatments
Zeolites, Metal
organic framework
(MOF)

Photocatalysi
s degradation

Figure 2-4: Wastewater treatment technigques

2.2.1.1 Adsorbents

Adsorption is a mass transfer process whereby a solute or removably-occurring species is moved from
a liquid phase to the surface of a solid phase. Adsorbed organisms are attached to the solid surface
through physiochemical interactions (Manchisi et al., 2020). Adsorbate migration in this process
typically takes place in three processes that happen in succession, migration of the adsorbate to the
adsorbent's border shell, intraparticle diffusion into pores, and solute adsorption and desorption (Yue
et al., 2020). Due to its simplicity and affordability in comparison to the other methods, adsorption is
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regarded as a well-developed procedure for removing colors from wastewater(Slatni et al., 2020).
Various researchers have recently focused on finding adsorbents with huge surface areas, low costs,
and environmental friendliness. For example, the effective adsorbents in nanoscale materials, which
have been crucial for removing colors, heavy metals, organic chemicals, etc. from wastewater (Moussa
etal., 2017).

2.2.1.2 Membranes

Membrane filtration is one of the most influential and cost-effective methods for separating or removing
colors and organic materials in wastewater. The creation of membranes with enough thermal stability
and enhanced performance is still a difficult task. The membranes’ rejection, permeability and

antifouling performance can be influenced by its hydrophilicity and surface charge (Yang et al., 2020).

Nanofiltration: The use of nanofiltration (NF) technology as a purification and separation technique
for wastewater treatment has been demonstrated to be effective. Concentration polymerization and
fouling, however, may significantly limit the NF membrane's performance. The membrane’s
permeability is reduced by fouling because it blocks membrane pores by accumulating an organic
coating. Also, because salt rejection raises the osmotic pressure, high salinity deleteriously impacts on
membrane flow. Therefore, a membrane with the hydrophilic surface is preferred for the treatment of

textile wastewater under high throughputs (Liang et al., 2020).

Ultrafiltration: Due to its ability to provide high salt penetration with increased permeation flux, the
ultrafiltration (UF) technology is gaining popularity in the dyeing and salt fractionation industries.
Studies comparing different membranes show that UF membranes have a high separation efficiency
due to more excellent salt permeability and the ability to maintain high throughputs under low osmotic
pressure. Numerous polymeric materials incorporating polyacrylonitrile (PAN), polysulfone (PSf),
cellulose acetate (CA), polyethersulfone (PES), and poly(vinylidene fluoride) (PVDF) have been

employed and thoroughly investigated in order to create effective UF membranes (Baresel et al., 2019).

2.2.1.3 Coagulation/flocculation
For the decolorization of wastewater containing dispersion dyes, coagulation-flocculation technigques
are adequate. Dye solution systems are destabilized during coagulation to generate flocs and
agglomerates. The flocculation process involves stabilizing the suspended particles and combining flocs
into more oversized agglomerates that sink under the pull of gravity (Lee et al., 2012, Zahrim et al.,
2011). By linking or trapping the suspended particles arranged into gelatinous agglomerates that are
large enough to be limited in the filter or settle down, the coagulation-flocculation process is used to
counterbalance charges. Since coagulation-flocculation is an economically viable method with a quick
detection time and straightforward operation, it is frequently used in the textile industry to treat
wastewater. In these techniques, coagulants like lime (Ca(OH),), ferric chloride (FeCls-7H.0), ferric
sulfate (Fex(SO4)3-7H20), and aluminum sulphate (Alx(SO4)3-18H,0) bind with the pollutants and other
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dispersed dyes to remove them, through the action of sorption, electrostatic force and bridging. Due to
the protonated amine groups and polymer (high molecular weight), sorption and bridging, aid in the
coagulation of flocculating colors and contaminants from wastewater. The wastewater discharge is
reduced by coagulation and flocculation of dissolved chemicals, suspended matter, colloidal particles,
non-settable particles, and coloring agents (Yogalakshmi et al., 2020).

2.2.2 Chemical methods of wastewater treatment

Generally, in these cases, the chemical structure of contaminants is altered by the aid of a catalyst or

the addition of electrons from electricity or light.

2.2.2.1 Electrochemical degradation

Electrochemical degradation is a process by which wastewater is directly or indirectly oxidized by the
supply of a direct current (DC) power. The provision of electrons in the wastewater solution
oxidizes/reduces the species present to intermediates species. The efficiency of the treatment can be
improved by the selection of appropriate electrodes and the voltage. Fan et al.(Fan et al., 2008)
investigated the electrochemical degradation of aqueous solution of Amaranth azo dye on activated
carbon fiber (ACF) electrodes under potentiostat model. They found that the adsorption on the
electrodes was insignificant. However, the success of removal of the color and the chemical oxygen
demand (COD) were demonstrated when a properly selected voltage region was chosen. What is more,
a relationship between the discoloration and the applied voltage was established. Ceron-Rivera et al.
(Cerdn-Rivera et al., 2004) studied the degradation of textile dyes (Basic yellow 28 and Reactive black
5) using diamond, aluminum, copper, iron and zinc electrodes. The electrochemical degradation was
conducted in different potential ranging from -1 to -2.5 V. The results showed that 95 % of wastewater
color was removed and the COD removal was up to 67%. In other cases, the addition of other energy
sources such as ultrasound can be conducted to enhance the dye removal (Yang et al., 2014). Naumczy
et al. (Naumczyk et al., 1996) performed an electrochemical treatment of textile wastewater in the
presence of high concentration of chlorine ions using Titanium/ruthenium oxide (Ti/RuQy),
Titanium/Platinum (Ti/Pt) and Titanium/Platinum/ Iridium (Ti/Pt/Ir) electrodes. All the anodes proved
their effectiveness in the direct and indirect oxidation of organics inside the wastewater. After an hour
of electrolysis at 6A/dm? the COD was reduced by 85-92 %.

2.2.2.2  Photocatalytic degradation and irradiation

Photocatalytic degradation is a process whereby a photocatalyst is used to break down and remove
organic pollutants and other harmful substances present in wastewater. This process involves the use of
an electromagnetic light source to activate the photocatalyst, which then reacts with the pollutants in

the water, breaking them down into harmless components (Soltani et al., 2012).
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The photocatalytic degradation process typically involves the use of a semiconductor material, such as
titanium dioxide or zinc oxide, as the photocatalyst. When light is absorbed by the photocatalyst, it
creates electron-hole pairs, which then split water molecules in highly reactive hydroxyl radicals. These
hydroxyl radicals then react with the organic pollutants in the wastewater, breaking them down into
smaller, less harmful compounds. Using oxides as semiconductor have the advantage of high stability
in water. However, because of their wide band gap, TiO: (3.3 V), ZnO (3.4 eV) or Fe;0; (2.67 eV),
they can only be activated with ultraviolet light, which may decrease their overall degradation efficiency
(Chakraborty et al., 2022). To alleviate this limitation, several researchers have used semiconductors,

such as copper selenide (CuSe, Cu.Se, CuSes;) that can be activated by visible light (Faroog et al., 2023).

Photocatalytic degradation is a promising technology for the treatment of wastewater because it is an
environmentally friendly and cost-effective process. It has the potential to remove a wide range of
pollutants, including organic contaminants, bacteria, and viruses, from wastewater without producing

harmful byproducts or requiring the use of chemicals (Soltani et al., 2012).

Irradiation of wastewater refers to the use of ionizing radiation, such as gamma rays (Ling et al., 2022,
Hina et al., 2021) or electron beams, to treat and disinfect wastewater. This process involves exposing
the wastewater to a source of ionizing radiation, which can kill microorganisms and break down harmful
pollutants present in the water (Son and Lee, 2016). The ionizing radiation causes the formation of
highly reactive species, such as hydroxyl radicals, which react with and break down the organic
compounds present in the wastewater. The radiation also damages the genetic material of pathogenic

microorganisms present in the water, killing them and preventing them from reproducing.

Irradiation of wastewater is a promising technology for the treatment of wastewater because it is an
effective and environmentally friendly process. It can remove a wide range of pollutants and
microorganisms, including bacteria, viruses, and parasites, from the wastewater without producing
harmful byproducts or requiring the use of chemicals. However, it should be noted that irradiation of
wastewater requires careful handling to ensure safety for both operators and the environment (Zaki and
El-Gendy, 2014).

2.3 Limitations of these Techniques

Table 2.2 displays some non-exhaustive advantages and disadvantages of different techniques of
wastewater treatment. Chemical procedures are straightforward, quick, effective, and have a variety of
oxidation methods, based on formation of oxidants. In addition to all these characteristics, chemical
procedures are typically presented at laboratory-scale and found to be economically unviable for small
industries to meet their energy needs(Gutiérrez et al., 2021). Physical methods like membrane filtration
are quick and simple even at high concentrations(Xiao et al., 2019). They are thought to be useful for
practically all forms of contaminants, including suspended particles, mineral ions, and dyes. Contrary

to chemical methods, physical methods require an extensive amount of energy, maintenance, and
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operating costs, making them impractical for small businesses. When concentrations are high,
membrane blockage (fouling) happens. Coagulation and flocculation are straightforward
physiochemical processes. However, managing sludge volume creation (big size flocs) raises the cost
of the operations. The public wells adopt biological treatment since it is an easy and appealing procedure
from an economic standpoint. However, it takes a long time, degrades slowly, and necessitates the
maintenance of healthy microbes in an ideal habitat. After examining several wastewater treatment
methods, it is concluded that adsorption is a non-destructive, technologically straightforward, effective,
and economical method. It very effectively removes different pollutants from water and wastewater,

such as colors, metal ions, minerals, and other impurities (Crini et al., 2019).

Table 2-2:comparative analysis of different techniques of wastewater treatment

Techniques Advantages Disadvantages
Membranes -Can Dbe produced at an | -Membrane fouling
industrial scale - High operating cost

-decrease of membrane efficacy

Adsorbents Low cost Low removal efficiency
Electrochemical degradation -High efficiency -High capital cost
-Low energy consumption -Requires a skilled personal

-Used for wide range of

pollutants
Photocatalytic degradation and | -Low energy consumption -Low removal efficiency
irradiation - Wide range of pollutants -High  capital cost  for

semiconductors

2.4 Activated carbons.

Activated carbon (AC) is by definition a black solid material with amorphous crystal structure or less
graphite-like crystalline structure. It is an effective adsorbent for removing a wide range of organic and
inorganic pollutants from agqueous or gaseous media. Due to its distinct properties, it is increasingly
used in air filtration, wastewater treatment, and water treatment (Kosheleva et al., 2019, Samsuri et al.,
2014, Youssef et al., 2019). The main property of AC is its porosity. The porosity is the combination
of channels and cavities that can accommodate or let through a fluid (gas or liquid). Figure 2.5 portrays

the SEM (scanning electron microscopy) of an AC.
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Figure 2-5:Scanning electron microscopy (SEM) and pore characteristics of an activated
carbon

The SEM allows to see the morphology of the AC. As can be seen, the AC contains many pores with
different sizes (volume and surface). The porosity can be classified in three categories depending on the
pore dimension: macropores >50 nm, mesopores ranging from 2 to 25 nm, and micropores <2 nm
(Huang et al., 2014).

The pore characteristics of the AC strongly depends on its synthesis route. The diagram chart of the AC
synthesis is given in Figure 2.6. It consists of three main steps, the selection of the precursor, its
carbonization, and its activation, with an intermediary step which is the pre-treatment (washing,

crushing, and drying the precursors).

Chemical
activation (Acid,
—-.
base, salts)
Precursors - Pretreatment
(Shells, peals (washing, grinding, Highly porous
sludges,wood, ’ drying...) L (chemical)
etc..) - Carbonization Less porous
(Hydrothermal,Pyroly (physical)
sis )
Physical activation
(Heat treatment
—..

under gas flow)

Figure 2-6:Synthesis steps of the activated carbon
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The elemental analysis of an AC shows that the carbon content depends generally on the nature of the
precursor. This precursor can be further divided in solid (shells, charcoal, wood, etc.) or mushy
(sludges). A solid precursor could use to create activated carbon in two steps by (i) carbonizing at high
temperatures (pyrolysis; Huang et al., 2014) and (ii) activating it (Byamba-Ochir et al., 2016). During
the carbonization process, the material should be subjected to a red spot temperature (less than 700 °C)
in distillation apparatus in order to evaporate and remove the hydrocarbons from it in the absence of
oxygen. This results in carbonized material, known as char, or biochar (Yahya et al., 2015).

Given the nature of the activation process, there are two ways to prepare activated carbon: physically

and chemically.

Physical activation is a two-step process that involves carbonization (pyrolysis) in a neutral
atmosphere, followed by activation in atmospheric oxidizing gases such as steam, carbon dioxide,
carbon monoxide, and nitrogen, or air mixtures with increasing temperature in the 800-1100 °C range
(Bouchelta et al., 2008). This method can produce activated carbon with a porous structure and high
physical power at a low cost, and it is considered a green approach because it is chemical-free (Byamba-
Ochir et al., 2016, Pallarés et al., 2018, Yahya et al., 2015). However, the main disadvantages of the
physical activation of activated carbon are the long activation time, the low adsorption capacity of

prepared activated carbon, and high energy consumption (Yahya et al., 2015).

Chemical activation, also known as wet oxidation, is commonly used for cellulose-containing raw
materials such as wood, sawdust, or fruit pits. These materials are also known as biomass resources.
Organic precursors are activated in the presence of chemicals at high temperatures during chemical
activation to produce activated carbon (Njoku et al., 2014, Samsuri et al., 2014, Yahya et al., 2015). In
the first stage of chemical activation, the raw material is saturated with oxidizing and highly dehydrated
chemicals. Following impregnation, the suspension is dried, and the remaining mixture is heated for a
specified period. Depending on the activating material and the final product properties, activation can
occur at temperatures ranging from 400 to 900 °C, where cellulose is degraded. Activated carbon is
eventually obtained by repeatedly washing the resulting mixture. The recovery of active substances is

another goal of the final rinse(Samsuri et al., 2014).

Chemical activation agents are dehydrating agents that affect pyrolytic decomposition and, by
preventing the formation of bitumen, increase the activated carbon content, changing the thermal
degradation of precursors in the process (Gratuito et al., 2008, Molina-Sabio and Rodriguez-Reinoso,
2004). This causes the porous structure of carbon materials to develop. In addition, the creation of tiny
holes in the activated carbon caused by these activating chemicals, which deeply penetrate the carbon
structure, increases the surface area of the carbon (Gratuito et al., 2008). Chemical activation differs
from physical thermal activation in that the phenomena of carbonization and activation happen
simultaneously. As a result, unlike physical activation, which typically performs the carbonization and
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activation processes in two different furnaces, chemical activation can be done in just one (Samsuri et
al., 2014). The amount of impregnation and the weight ratio of chemical agents to dry precursor are the
factors that influence the features of the final activated carbon during the chemical activation process
(Gratuito et al., 2008). Due to its lower activation temperature, quicker processing, and higher carbon
efficiency compared to physical activation, this activation method is more environmentally friendly
(Rambabu et al., 2015).

Surface modifications: The AC surface can be altered by introducing agents that enhance the AC
adsorption performance in specific applications. The modification adds to the AC surface some
functional groups that interact with the contaminants. Among these agents, oxidizing agents are the
most employed in wastewater treatment. Oxidizing agents such as nitric acid, sulfuric acid hydrogen
peroxide, introduce oxygen-containing functional groups onto the activated carbon surface, including
carboxyl, hydroxyl, and carbonyl groups (Rivera-Utrilla et al., 2011). On the other hand, amines and
ammonia impregnation can introduce nitrogen-containing functional groups onto the activated carbon

surface, such as amine and amide groups(Bhatnagar et al., 2013, Jansen and van Bekkum, 1994).

2.5 Adsorption process

The adsorption process is generally divided into physisorption and chemisorption. In physisorption, the
adsorbate molecules adhere to the adsorbent’s surface (AC) with a weak interaction force, usually the
electrostatic Van der Waal’s forces. The strength of the adhesion depends upon the adsorbent’s surface
area and chemistry, the temperature, the concentration of the adsorbate and much more. Conversely,
chemisorption is characterized by a strong chemical bond existing between the adsorbate molecules and
the adsorbent ones. As a result, the strength of adhesion in this case is stronger than that of
physisorption. For wastewater treatment applications, the most encountered adsorption process is the
physisorption. Therefore, in the following, only the physisorption will be considered. We can further
divide the physisorption in two categories depending on the nature of the adsorbate: gas

adsorption(Brunauer et al., 1938) and aqueous adsorption (batch adsorption)(Giles et al., 1974).

To understand the adsorption process, one has to identify the different mechanistic steps happening
onto the surface of the adsorbents. The adsorption process occurs in 3 steps, generally as depicted in
Figure 2.7. In the first step (Figure 2.7a), the adsorbate molecules fill one by one the pore of the
adsorbent surface; this is a monolayer filling. It should be noted in this step there is no interaction
between adsorbates and the concentration of these molecules on the adsorbent surface is usually small.
Increasing the concentration of adsorbates molecules leads to interaction between pores filling start
occurring (Figure 2.7b). Further increasing of the adsorbate brings about a condensation process where

many layers start piling up on the adsorbent surface (Figure 2.7c).
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Figure 2-7:Different adsorption mechanistic steps

2.5.1 Mathematical model of adsorption isotherms

2.5.1.1 Adsorption in gas phase

The mathematical model of the adsorption of gas on solid absorbent has been developed in early 1900
by Langmuir (Langmuir, 1918) and has been further elaborated by several researchers among them
Brunauer, Emmett, and Teller (BET) (Brunauer et al., 1938) . The BET equation is nowadays widely
utilized to characterize nano-particles adsorbents. The equation gives a relationship between the
adsorbate (gas) concentration (volume) as a function of relative gas pressure at constant temperature.

This equation can be generally expressed as follows:

v P

=1 () (2.0)
Where, Vi, is the maximum adsorbed volume of the adsorbate, P is the pressure of adsorbate and Py is
the reference pressure (Po = 1 bar). The mathematical expression of adsorption isotherm can be derived
from kinetic modeling or statistical thermodynamic. However, the derivation of these isotherms using

this formalism is outside the scope of this work.

Adsorption isotherms for gas phase was classified by (Brunauer et al., 1938). Figure 2.8 portrays the
two main types of isotherms. Adsorption isotherms aid in the selection of adsorbents for specific
applications by calculating surface area and adsorption capabilities, as well as the volume and

distribution of pores.
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Figure 2-8:gas phase adsorption isotherm: (a) monolayer adsorption (Langmuir model), (b)
multilayer adsorption isotherm (BET model), the three zones in the figure correspond to the
mechanistic steps of the adsorption process from Figure 2-7.

Originally, Langmuir(Langmuir, 1918) developed his kinetic equation to account for gaseous
adsorption, assuming that adsorption was limited to a single molecular level and the adsorbent gas was
an ideal gas adsorbed onto an idealized surface. As the first theoretically developed adsorption isotherm,
this model laid the foundation for many subsequent theories. The volume of gas uptake on the adsorbent

surface is deduced to be;

2.2)

Where B is a constant depending on the adsorption energy, the temperature and so on.

On the other side, The BET equation is used to describe multilayer adsorption and was based on
Langmuir's model. It is assumed that: (i) Only the first layer of adsorbate molecules is bound to the
adsorbent surface by Van der Waal's forces; (ii) Subsequent layers are not bound by Van der Waal's
forces and so have the same characteristics as in a liquid state; (iii) For all layers above the first
monolayer, the heat of adsorption (of the adsorbate) equals the heat of condensation (of the adsorbate),
and (iv) at saturation pressure, an endless (infinite) number of layers can be adsorbed onto the adsorbent

surface (Figure 2.7¢).

As a result, the linearized BET model is as follows:

R B (2:3)

v(Poo1) " VK " VK \Ry

19



Where K is the BET constant related to the enthalpy of adsorption, Vi is the volume of adsorbate (gas)

N
v(F-1)

to form a monolayer. The plot of against P/Pg is a linear plot with (K-1)/VnK as a slope and

1/VnK the intercept.

2.5.1.2  Batch adsorption process (Aqueous)

When the adsorption of solute (adsorbate) on solid particles (adsorbent) is investigated, the adsorbate
concentration in a known volume of solution C (mg/L or mol/L) is compared to the amount of adsorbate
per unit mass of adsorbent Q (mg/g). The mathematical relationship between Q and C at a fixed
temperature Q=f(C) is called batch adsorption isotherm. Giles et al.(Giles et al., 1974) were the first to
classify these types of isotherms which are plotted in Figure 2.9.

Q Q
(a) (c)

(b) (d)

Figure 2-9:different types of batch adsorption isotherms: (a) C-isotherm, (b) L-isotherm, (c)
H-isotherm (d) S-isotherm.

C-isotherm: the ratio between Q and C is constant at any time. This can be interpreted as a non-ionic

interaction with hydrophobic molecules such as the adsorption of dye onto hydrophobic fibers.

L-isotherm: this is generally a common isotherm as the rate of the curve decreases as the concentration

of the adsorbate increases. This suggests a gradual filling of the adsorbent’s monolayers. The presence
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of the plateau confirms the monolayer has been formed and the effective surface of the adsorbent is
completely covered with each adsorbate. Its capacity can be determined from the height of the plateau.

H-isotherm is a particular isotherm belonging to the L-class isotherm. However, the rate of adsorption
is very high at the initial stage, which suggests a high affinity of solute on the solid adsorbents. The
early occurrence of plateau suggests a strong adsorption of ionic charged solute molecules on opposite-
charged adsorbent surfaces.

S-isotherm: this isotherm has a sigmoidal curve. This type of adsorption displays a mixed behavior as
two opposite mechanisms may occur (before and after the inflection point). At the initial stage or
incubation stage, the increase in the concentration C has no effect on the adsorption effect onto the
adsorbent, usually due to the low affinity to adsorbent surface. Activation energy for adsorption of the
solute molecules is concentration-dependent and/or is diminished by positive effects of the solvent or

the presence of a second solute molecule in the solution.

In aqueous solution (Mansour et al., 2018), the adsorption process isotherms are described by two well-

known isotherms (L and H) which can be mathematically written by Langmuir and Freundlich models.

The Langmuir isotherm reads:

K1Ce
1+K,Ce

Qe =0Qm (2.4)

Where Q. is the equilibrium amount of solute per adsorbent (mg/g), Ce is the equilibrium concentration
of the solute, Qn is the maximum solute concentration per adsorbent. K. is the Langmuir constant which

is related to the adsorption energy and the solution temperature. Qe is given by the following expression:

Q. = Lley (2.5)

Mad
Cy is the initial concentration, maq is adsorbent mass, and V is the volume of the aqueous solution.
The Freundlich model reads:
Qe = KrC'™ (26)

Where K is the Freundlich constant, which as K is related to the adsorption capacity, energy and the
temperature n is a coefficient dependent on the materials. To process the adsorption data, the linearized

form can be used:

Log(Qe) = ~Log(Ce) + Log(Ky) (2.7)

In this form, n and Kr can be determined by the slope and intercept of the curve. Typical value of n in

the range of 2-10 indicates ideal adsorption behavior.
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2.5.2 Mathematical model of adsorption kinetics

The adsorption Kinetics provides a link between adsorption capacity and contact time, t, in case of
aqueous solution. From the kinetics we can obtain different properties such as adsorption rate, dynamic
equilibrium, mass transfer, and diffusion rates (Mansour et al., 2018, Sh. Gohr et al., 2022). The
examination of these features may give some insights to the comprehension of the adsorption process
and its mechanism. To describe the adsorption rates, the experimental adsorption results are fitted using
pseudo-first and second order reaction models, as well as an intraparticle diffusion model (Sh. Gohr et
al., 2022, Weber Walter and Morris, 1963).

The pseudo-first order reaction model generally assumes very low absorbate uptake, Q:, this comes
from the assumption of monolayer with no interaction given by Langmuir. The differential form of the

rate is given by the following expression:

22 = Ky(Qe — Q0 (2:8)

Where Kj is the Kinetic constant (1/min, 1/s or Hz) depending on the activation energy and temperature.

The Q. is the equilibrium or maximum absorbate capacity. The integration of this equation is given in:

Qr = Qe (1 — exp(—K;1)) (2.9

Another linear form of the pseudo-first order kinetic model is used to interpret the kinetic data, which

is given below(Campos et al., 2018):

lOg(Qe - Qt) = log(Qe) - Klt (210)

The pseudo-second order kinetic model assumes a strong interaction (reaction) between the adsorbate

and sorbent molecules. The differential and integral expression of the second order kinetic model is

given by:

22 = Ky (Qe — Qo) (2.12)
gL (2.12)
Qt K3zQe Qe

Where K3 is the kinetic constant with the unit (g/min/mg) and K3 in (1/min).

Other types of kinetic models such as diffusion model can be used to fit adsorption kinetics data (Sh.
Gohr et al., 2022, Weber Walter and Morris, 1963). This model assumes the diffusion of absorbate

particle into a fully formed multilayer or capillary tube of adsorbates.

The kinetic model is given below:
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Q, = K, t'/? (2.13)

The rate constant Ky is in mg/(g min®®)
2.5.3 Adsorption thermodynamics

Thermodynamics studies the effect of temperature on the adsorption mechanism. Therefore, adsorption
is performed at different temperatures (three or more), and the equilibrium constant is plotted as a
function of temperature. The spontaneity of an adsorption process as a function of a temperature is

assessed by the Gibbs free energy:
AG° = —RTlogK, (2.14)

Where Kp is the equilibrium constant, R is the universal gas constant, 8.314 J/mol K. The free energy
is related to the adsorption enthalpy change, AH® and the entropy change AS°.

AG® = —RTlogK, = AH® — TAS® (2.15)

The Van’t Hoff plot that depicts the equilibrium constant versus the temperature 1/T allows to
determine the enthalpy of adsorption (slope) and the entropy change (intercept) as described by the
following equation (Sh. Gohr et al., 2022, Zeng et al., 2023):

0 0
logKp = — "+~ (2.16)

2.6 Performance of hydrochar-based activated carbon in heavy metal removal.
Industries like textiles, pulp and paper, and others, release two most hazardous compounds such as
heavy metals and dyes into the environment, which can seriously impact water quality. Heavy metals
are difficult to remove due to their recalcitrant nature to degradation, posing environmental and health
risks as they are toxic and harmful even at low concentrations (> 70 ug/L, See Table 1: (Mariana et al.,
2021)).

Various technologies exist for heavy metal removal, including coagulation, electrocoagulation,
flocculation, adsorption, ion exchange, and more. However, many of these methods are ineffective,
expensive, time-consuming, or not versatile for various heavy metals wastewaters. Among these
methods, adsorption using activated carbons is considered the most efficient due to its ease of use,
flexibility, and simplicity of design. activated carbons are commonly used to remove organic
compounds from wastewater because of their excellent adsorption properties (loannidou and
Zabaniotou, 2007). However, their widespread use is limited by the high production and regeneration
costs. To make adsorption treatment more cost-effective, researchers are exploring the use of cheap and
readily available materials. Wastewater sludges and biomass, often waste from industrial and
agricultural processes, are considered promising precursors for creating low-cost and efficient
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adsorbents due to their abundance and affordability. Thermochemical conversion of such liquid wastes
using hydrothermal carbonization results in a low-cost carbon-rich materials called hydrochar
(Koprivica et al., 2023).

Prior research has demonstrated the feasibility of utilizing hydrochar-derived activated carbon for the
removal of heavy metals from water and wastewater. These studies have investigated the adsorption
efficiency, surface properties, and regeneration potential of hydrochar-derived activated carbon (Ighalo
etal., 2022). However, there is a need for further research to explore the applicability of this sustainable
material specifically for the removal of heavy metals, as well as to conduct comprehensive sustainability
assessments. Anirudham and Sreekumari (Anirudhan and Sreekumari, 2011) performed a batch
adsorption process to investigate activated carbon (AC) derived from waste coconut buttons (CB) as a
suitable adsorbent for the removal of heavy metal ions such as Pb(11), Hg(I1), and Cu(ll) from industrial
effluents. Elemental analysis, Fourier transform infrared spectroscopy, X-ray diffraction, scanning
electron microscopy, thermal gravimetric and differential thermal analysis, surface area analyzer, and
potentiometric titrations were used to characterize the AC. The effects of initial metal concentration,
contact time, pH, and adsorbent dose on metal ion adsorption were investigated. The adsorbent
demonstrated good adsorption potential for Pb (11), Cu(ll), and Hg(ll) at pH 6.0 and 7.0, respectively.
(Acharya et al., 2009) demonstrated that Tamarind wood-activated carbon is an effective adsorbent for
removing lead (II) from aqueous solutions. Characterization revealed a distinct difference in the
physicochemical properties of the adsorbent. According to the Kinetics studies, lead (I1) adsorption is
very fast in the beginning and slows down as it approaches equilibrium. The equilibrium time increases
as the initial concentration of lead (I1) increases. The percentage removal of lead (II) increases as the
adsorbent dosage increases and decreases as the initial lead (II) concentration increases. The
experimental results agree well with the Langmuir adsorption isotherm model and have a better fit for
the experimental data. Lead (Il) adsorption follows a pseudo-second-order equation with good
correlation. Zhou et al. (Zhou et al., 2017) investigated the Pb (11) adsorptive ability of biochars based
on fresh and dehydrated banana peels obtained by an one-step hydrothermal carbonization process,
using 20% phosphoric acid as the reaction medium. The resulting biochars had an oxygen content of
about 20% and were rich in surface functional groups like hydroxyl and carboxyl, significantly boosting
their adsorption capabilities. These sorbents demonstrated impressive lead removal capacities, with 359
mg-g~* for dehydrated banana peel biochar and 193 mg-g* for fresh banana peel biochar. The analysis
indicated that ion exchange was the primary mechanism behind lead removal, as evidenced by changes
in chemical bonds on the surface. The study by (Nzediegwu et al., 2021)investigated the lead(ll)
adsorption mechanisms using biochars produced through microwave-assisted pyrolysis and hydrochars
created via hydrothermal carbonization at different temperatures using various feedstocks. The showed
that the highest lead (I1) adsorption capacity (165 mg g*) was achieved with biochar derived from

canola straw at 500°C. Moreover, biochars generally outperformed hydrochars in lead(ll) adsorption,
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except for chars made from sawdust. This difference was attributed to variations in solution pH
influenced by char pH. Additionally, lead (Il) adsorption decreased in hydrochar as the production
temperature increased, mainly due to interactions with aromatic carbon. In contrast, lead (I1) adsorption
increased in biochar due to precipitation as hydrocerussite and lead oxide phosphate. (Wang et al.,
2020) synthesized hydrochars based on a mixture of honey and deionized water using a hydrothermally
carbonization at 180 °C. It was observed that the obtained hydrochar was rich in carbon-oxygen
functional groups. The maximum adsorption capacity of lead was 133.2 mg-g™* at a pH = 5 and
temperature = 25 °C. (Guo et al., 2019) prepared activated carbons from a mixture of urea/ZnCl;, and
ground branch wastes of Camellia sinensis. The mixture was then hydrothermally carbonized in a batch
reactor at 240 °C. The hydrochar’s surface consisted of 45.52% graphitic nitrogen with a surface area
of 63.1 m%g and pore diameter of 18.35 nm. The batch adsorption experiments depicted a 143.88
mg-g * adsorptive capacity of lead ions at a temperature = 60 °C and pH = 5.0. Luo et al.(Luo et al.,
2020)synthesized hydrochars from a blend of sewage sludge conditioner solution containing
magnesium nitrate, urea, and aluminum nitrate. The hydrothermal carbonization was performed at 120
°C. It was found that the hydrochar has a flocculent or lamella structure with rough surface and was rich
in oxygen and nitrogen containing functional groups. The maximum adsorption capacity of Pb (I1) was
62.44 mg-g ! at temperature = 25 °C: pH = 4.3. The mechanisms of adsorption were physisorption of
Pb (1) into the porous structure of the hydrochar through van der Waals force, electrostatic attraction,
and ion exchange between Pb (I1) and —COO, -C-N, and N-C-O on the hydrochar.

2.7 Research Gaps and Contributions

While the literature provides valuable insights into the potential of hydrochar-derived activated carbon,
there is a lack of studies investigating the adsorption performance of hydrochar derived from wastewater
sludges. Furthermore, there remains a gap in the understanding of its performance in removing heavy
metals from wastewater effluent. This thesis seeks to bridge this gap by conducting a systematic
investigation into the adsorption capacity, structural characteristics, and sustainability aspects of
hydrochar-derived activated carbon in the context of heavy metals removal. By addressing this research
gap, the study aims to contribute to the development of environmentally friendly and effective solutions

for the treatment of wastewater and the protection of water resources.

Continued research and development in this field hold the promise of advancing sustainable wastewater
treatment practices and mitigating the environmental and health risks associated with micropollutants
in wastewater effluent. In the subsequent chapters, we will delve into the methodology, experimental

results, and discussions that constitute the core of this investigation.
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3 MATERIALS AND METHODS

This chapter discusses two parts; the first part describes materials and methods utilized towards the
preparation and characterization of the activated carbon as a potential absorbent. In the second part, the
preparation of stock solutions of lead (1) (Pb*” are developed. Then, a description of batch methods
for kinetic and equilibrium studies of Pb?* adsorption on prior activated carbon is given. These studies
are crucial to assess the efficacy of the hydrochar-derived activated carbon in removing Pb®* ions from

solution.

3.1 Preparation and characterization of the activated carbon
3.1.1 Preparation

In this work, the performance of two types of activated carbons in removing Pb?" was investigated: (i)
a commercial activated carbon, GAC (granular activated carbon), and (ii) one prepared in our laboratory
named HC425 (Hydrochar annealed at 425°C). The procedure of HC425 preparation is similar to that
described by (Facchin et al., 2023). The process involves annealing of hydrochar in a tubular furnace
(See Figure 1) at a temperature determined by the TGA (Thermogravimetric analysis).

Figure 3-1: Muffle furnace (Annealing procedure)

Two stages are involved in the annealing process. To stabilize the temperature and dry out the
hydrochar, the furnace is first heated from room temperature (25 °C) to 100 °C at a rate of 10 °C/min.
Secondly the furnace is heated at a rate of 20 °C/min from 100 °C to the predetermined final temperature
of 425 °C, maintained there for 60 minutes, and then cooled to 200 °C at a rate of 20 °C/min before
being naturally cooled to room temperature. Throughout the entire experiment, an inert gas (N>) is

passed through the furnace at 1.0 ml/min to prevent any unintended combustion or gasification. Before
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and after the annealing process, hydrochar is weighed. For additional analyses, hydrochar is kept in a
desiccator and stored in a centrifuge tube (Saha et al., 2019).

3.1.2 Characterization

Usually, the characterization of the prepared activated carbon should provide information on: (1) its
chemical composition; (2) its ability to sorb and retain molecules; (3) its structure and morphology. The
characteristics of activated carbon can be described using the following parameters: (i) iodine number,
(ii) pH at the point of zero charge, (iii) bulk density, (iv) Ash content, (v) moisture content, (vi) SEM
(Scanning electronic microscopy) images, (vii) surface area, (viii) particle size, and (ix) complex
attachments to the activated carbon using Fourier Transform Infrared spectroscopy. The methods used

towards measurement of these parameters are described below.

lodine number: When the iodine equilibrium concentration is 0.01M, the iodine number is defined as
the milligrams of iodine (I.) adsorbed by 1 g of activated carbon. The three-point method (Haimour and
Emeish, 2006) was used in this project for three different temperatures (250, 350 and 450 °C). The
following steps are used to determine the iodine number: Three dry samples of activated carbon,
weighing between 300 and 600 mg each, were divided among three 250-ml conical flasks. Each flask
received ten milliliters of a 5% (by weight) hydrochloric acid solution before being mixed until the
carbon was moist. The mixtures were then brought to a boil for 30 seconds before being cooled. Each
flask received 100 milliliters of 0.05M standard iodine solution. After 30 seconds of vigorous shaking,
the contents were immediately filtered. Each filtrate was titrated with a 50 ml aliquot of a standard 0.1M
sodium thiosulfate solution. The obtained iodine residual concentration for each sample should be
divided into 0.004 and 0.02 M. A straight line is produced when the amount of iodine fixed per gram
of sorbent is plotted against the residual iodine concentration, allowing the iodine number to be

graphically determined (ordinate corresponding to a residual concentration of 0.01M).

pH at the point of zero charge (Nasiruddin Khan and Sarwar, 2007), The Point of Zero Charge (pzc) is
the pH of the agueous solution at which the solid exhibits a neutral electric potential—specifically, the
pH at which the initial value and the final value are identical (i.e., the pH at which the electric charge
density of a given surface equals zero). It enables measurement of carbon’s acidic or essential nature.
Activated carbons can have an acidic, basic, or neutral nature depending on the precursor origin and the
preparation method (chemical or physical). The carbon surface is positively charged at pH < pHpzc and
negatively charged at pH > pHpzc. The method outlined by (Nasiruddin and Sarwar et al,2007)was
used to determine pHpzc. The steps of this method involve: (1)Weigh 5.0 g air-dried Biochar sample
(ground to <2 mm) into a 100 mL centrifuge tube or bottle. (2) Add 50 mL deionized water (DIW)

using an automatic dispenser, close the lid and shake well by hand. (3) Mechanically shake for 1 h at
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25°C and allow the suspension to stand for ~30 min. (4) Measure the suspension pH using a pH meter
calibrated pH 7 and pH 10 buffers. If the expected pH of the Biochar is <7, then use pH 7 and pH 4
buffers for calibration. (5) Record the pH value after stabilization. Rinse electrodes (with deionized

water) and blot dry between measurements.

Bulk-density: Into a dry graduated cylinder of 250 ml (readable to 2 ml), gently introduce, without
compacting, approximately 20, 50, 80 and 100 g of the test sample (m) weighed with 0.1% accuracy.
Carefully level the powder without compacting, if necessary, and read the unsettled apparent volume
(Vo) for each mass, to the nearest graduated unit. The calculated density would be the slope of linear

curve of m = f (Vo).

Ash content %: Ignite crucible in muffle furnace at 650°C+ 25°Cfor 1 h. Place crucible in the desiccator.
Cool to room temperature and weigh to the nearest 0.1mg. Weigh out to the nearest 0.1 mg sufficient
dried activated carbon so that the estimated amount of ash will be 0.1 grams into the ignited crucible.
Then place the crucible in the furnace at 650 °C+ 25°C. Note that, ash formation will take place from 3-
16 hours depending on the type of activated carbon and its particle size. Ash forming can be considered
complete when constant weight is achieved. Finally, place the crucible in the desiccator and allow it to
cool to room temperature. When cool admit air slowly to avoid loss of ash from the crucible. Weigh to

the nearest 0.1 mg. Ash content Ac is given in % by the formula below:

Ac = 100== (3.1)

Where, G= mass of empty crucible; B = mass of crucible plus dried sample g; F= mass of crucible plus

ashed sample in

Moisture content (%): The moisture content is determined by thermogravimetry analysis (TGA). This
is done by measuring the weight loss during the heating of Activated carbon from room temperature
(25 °C) to 150 °C for 2 -3 hours in an oven.

SEM (Scanning electronic microscopy): The surface morphology, topography of the commercial and
prepared activated carbons was investigated using a ZEISS EVO50 scanning electron microscope. The
samples were prepared by spreading dried carbon powder onto 10 mm aluminum stubs, using double-
sided glued carbon discs, and then placing them in a vacuum sample chamber. The stub is sputter coated
with gold palladium alloy or carbon. Images were taken under high vacuum condition using the

secondary electron detector.
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Surface area (m%g): The total surface area can be determined by Brunauer-Emmett-Teller (BET)
analysis. The BET surface area is calculated from N> adsorption isotherms at 77 (K) by using the BET
equation (Brunauer et al., 1938) (see Eq. (2.3) in Chapter 2).

Particle size (um): For this, we use sieving method. It is the most traditional method to separate solid
powders into defined proportions of specified particle size. In doing so, the powder of Activated Carbon
is sieved through a stack of sieves with decreasing mesh size (top to bottom) and simultaneously shaken
for a period of time (10-20 minutes). After the separation, Activated Carbon with different particle size

settle in each sieve which are weighed to find the particle size distribution.

Fourier Transform Infrared spectroscopy (FTIR)(Fu et al., 2022): The FTIR from PerkinElmer single
reflection diamond module was used for analyzing all the complex attached to the prepared activated
carbon. The sample platform and the stub were cleaned properly before and after each run using ethanol.
The amount 10-15 mg of prepared samples were placed onto the diamond crystal surface. Finally, a
force was applied to the sample for spectrum collection. The sample was then removed from the crystal

surface and cleaned again in order to prepare the accessory to collect additional spectra.

3.2 Heavy metal (Pb*") removal
All the chemicals used were of analytical reagent grade. Lead nitrate salts were used for synthesis of
stock solutions. The stock solution’s pH was adjusted using Hydrochloric acid and Sodium hydroxide.

Deionized water was used throughout the experimental studies.

Figure 3.2 depicts the experimental procedure employed for the Pb?* removal. At the beginning, two
simultaneous tasks are conducted. On the one hand, the activated carbons synthesized and characterized
according to the procedure elaborated in previous subsections. On the other hand, stock solution and
different batches with different initial concentrations are made just by diluting the stock solution with
different amount of water. Then follows a parameter analysis to find the optimal parameters to the Pb**
removal efficiency. Once the optimal operating conditions have been determined, adsorption kinetics

and isotherms are conducted.
3.2.1 Stock solution preparation

In order to simulate a lead-containing wastewater, aqueous solutions of Pb?* ions was prepared by
dissolving lead (I1) nitrate (Pb(NOs3)2) in deionized water. Initially, a stock solution of 500 mg/L of
Pb(ll) ion is prepared by dissolving ~0.8 g of lead(ll) nitrate in 1000 mL of deionized water. The
subsequent preparation of solution with multiple Pb?* concentrations of 2.5, 5, 10, 15, 20 mgL™, and so

on is made by diluting the stock solution with deionized water.
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Figure 3-2: Flowchart of the experimental protocol of batch adsorption

3.2.2 Adsorption experiments

Batch adsorption experiments of lead (I1) were carried out to determine the adsorption capacity of
prepared activated carbons (AC) at different metal concentrations ranging from 2.5 to 20 mg/L and a
fixed amount of AC in order to calculate the adsorption constant using different isotherms. In doing so,
the effects of varying (1) the solution pH, (2) the adsorbent dosage, (3) the initial lead (Il) ion

concentration and (4) the contact time, on the isotherms were investigated.

First, with all the other parameters (Pb?* concentration, AC dosage and contact time) fixed, hydrochloric

acid (HCI) and Sodium hydroxide (NaOH) were used to adjust the solution pH. Deionized water was
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used throughout the experimental studies. Once the optimum pH was found, then the effects of varying
the AC dosage from 0.1 to 0.5 g with an increment of 0.1g on the adsorption performance were
conducted, while other parameters are fixed. For this purpose, these five different masses of AC were
put in 100 ml of stock solutions. The blend was shaken at 150 rpm for 120 minutes. The effect of
the initial Pb®* concentration on the efficiency of AC in the removal of heavy metals from the
solution was determined using solution concentrations in the range of (2.5, 5, 10 and 20) mg/I.
Thus, 100ml of the solution samples were in contact with previously optimized AC dosage at an
agitation speed of 150 rpm for 120 minutes. The pH of the solution was adjusted to the optimal
one. For each experiment conducted, samples were collected every 15 mins. The initial and timely-
collected concentrations of the solutions were measured by Inductively Coupled Plasma-Optical
Emission Spectrometers (ICP-OES). After equilibrium was attained, the metal adsorption capacity for

each sample was calculated according to:

Co—Ce
e ==V (3.2)

m

Where m is the mass of AC (g), V is the volume of the solution (L), Cois the initial concentration of
lead (11) (mgL-1), C. is the equilibrium lead (1) ion concentration (mgL-1) and e is the Pb®* weight
capacity adsorbed at equilibrium (mg/g). The removal percentage of Pb®* from the solution was

calculated by the following equation.

Co—C,

R% = =2-¢ X 100 (3.3)

Where Co (mg/L) is the initial metal ion concentration and Ce (mg/L) is the final Pb?* concentration in

the solution.
3.2.3 Adsorption isotherms

To study the interaction between adsorbate (Pb?) and adsorbent (AC), isotherm curves are
required(Ashfaq et al., 2021, Misran et al., 2022). These curves are portrayed by plotting the solid phase
concentration ge versus the liquid phase concentration C.. The Langmuir and Freundlich isotherms are
the most widely utilized models to describe batch adsorption experimental data. In the present work,
these two isotherms were applied to investigate the adsorption process of Pb (I1) on prepared AC at

different process parameters.

Langmuir isotherm model: The Langmuir adsorption is usually the simplest and best model among the
span of isotherms models, and it has been successfully applied in many adsorption processes. The

Langmuir isotherm model generally assumes sorption of monolayer of adsorbate onto
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an adsorbent surface with a finite statistical number of identical sites with equal site energy. The
linearized Langmuir equation is written as (Sh. Gohr et al., 2022):

C, 1 C,
—e — + ~e
e KLqm de

(3.4)

Where Ce, and ge were previously defined, gm is the maximum adsorption capacity (mg/g) and K. is the
Langmuir constant related to the relative energy of adsorption (1/mg).

Freundlich isotherm model: Freundlich isotherm model is also one of the most increasingly used
mathematical models which fit the experimental data over a wide range of concentration. This model
assumes that the adsorbent surface are heterogeneous which leads to a distribution of active sites with

different adsorption energy. The linearized Freundlich equation reads (Sh. Gohr et al., 2022):

Log(4e) = 5 Log(C.) + Log (Kr) (3.5)

Where Kr and n are Freundlich equilibrium constants.
3.2.4 Adsorption Kkinetics

The Kinetic study of adsorption in wastewater is significant because it provides crucial insight into the
reaction pathways and mechanism The mechanism of a solute sorption from an aqueous solution onto
an adsorbent has been explained by the following kinetic models(Misran et al., 2022): (1) Pseudo- first

order kinetic model, (2) Pseudo-second order kinetic model

Metal adsorption kinetics have been predicted using the pseudo first-order kinetic model for a long time.
According to the pseudo first-order model, the metal adsorption Kinetics are given by (Ho and McKay,
1999a):

Ky
2.302

log10(qe — q¢) = log10(qe) — (3.6)

Where K; (min™) is the rate constant of the pseudo-first-order adsorption, d: (mg/g) denotes the amount
of adsorption at time t (min) and g. (Mg/g) is the amount of adsorption at equilibrium. Using Ho's
pseudo-second-order kinetics, the adsorption kinetic data may be examined in more detail (Ho and
Mckay, 1999b)

t 1 t
— +L 3.7
ar  K2qe%  qe (3.7)

Where K; (g/(mg min)) is the rate constant, K, and ge can be obtained from the intercept and slope.
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4 RESULTS AND DISCUSSION

The present chapter investigates the performance of lead (I1) ions adsorption. First, the results of
preparing the activated carbon based on hydrochar are presented. Then, the prepared adsorbents are
characterized by the well-known techniques introduced in the previous chapter. Next, the effects of the
influencing parameters such as solution pH, adsorbent dosage, lead (1) ions concentration, contact time,
and lead(ll) ions removal efficiency are discussed. Finally, the equilibrium and the kinetic mechanism
of lead (1) ions on the prepared activated carbon are discussed.

4.1 Preparation and characterization of the activated carbons
4.1.1 Preparation

A thermogravimetric analysis was conducted on the hydrochar derived from a combination of primary
sludge and waste-activated sludge (referred to as HC-PS-WAS-Scr), which serves as the precursor for
hydrochar-derived activated carbon (HC-AC). The purpose of this analysis was to evaluate the thermal
stability of HC-PS-WAS-Scr and identify the optimal pyrolysis temperature for achieving a significant
carbon yield. Figure 4.1 below illustrates the thermogram of the composite material consisting of

primary sludge (PS), waste-activated sludge (WAS), and screenings.
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Figure 4-1:Thermogravimetric analysis of HC _PS WAS_ Scr

The temporal derivative mass curve in Figure 4.1 exhibits three discernible stages. The initial stage
spans from 25°C to 225°C, characterized by a significant decrease. This is followed by a sharp decline
occurring between 275°C and 450°C. Subsequently, a moderate decrease is observed from 450°C
onwards, with the curve stabilizing around 700°C. The first temperature range, spanning from 25°C to
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225°C, exhibits a weight reduction of approximately 5.5%. This phenomenon can be attributed to the
liberation of moisture and volatile substances. On the other hand, the significant and abrupt weight
decrease of roughly 35% occurring between 275°C and 450°C is ascribed to the degradation of proteins
and polymers with low molecular weight. The third and final step exhibited a weight reduction of
approximately 2.5%, which persisted until reaching a temperature of 700°C (De Filippis et al., 2013).

Two temperatures were selected and examined for activated carbon production, as indicated by the
TGA curve in Figure 4.1. The percentage weight loss and yield results were determined by applying
Eq.(3.1) from the previous chapter. The outcomes that were obtained are presented in Table 4.1.
Furthermore, Figure 4.2 shows a photograph of the weight loss during the pyrolysis procedure.

Table 4-1:Percentage of weight loss and yield

Pyrolysis Temp 350°C 450°C
Weight loss(%0) 20.1 54.9
Yield % 77.5 65.7

(a)

(b)

Figure 4-2: (a) HC-PS-WAS-Scr, (b) HC-PS-WAS-Scr (350°C), (¢) HC-PS-WAS-Scr
(450°C)

Of the two temperatures, the pyrolyzed product at 450°C had the lowest carbon yield (65.7%) and
showed signs of ashing. As a result, it was excluded from any further investigation. Though the
pyrolyzed product at 350°C had a high carbon yield (77.5%) when compared to that at 450°C (65.7%),
the product resulting from pyrolysis at 450°C was chosen as the best and the one to be used for the

adsorption tests as it had a higher iodine number (86.165 mg/g). As we advance, the pyrolyzed product
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at 450°C is referred to as hydrochar-derived activated carbon (HC-PS-WAS-Scr)(de Caprariis et al.,
2017) and Similar results were obtained .

4.1.2 Characterization of Activated Carbon

Before conducting the adsorption studies, the two activated carbons (GAC and HC-PS-WAS-Scre)
underwent characterization tests to determine various properties. These properties include moisture
content, ash content, surface area, bulk density, particle size, pH, chemical composition, surface
morphology, iodine number, functional groups, and particle size. The methods used for determining
these properties were outlined in the experimental details. Table 4.2 summarizes the list of
characterization techniques employed on the prepared activated carbon. Its performance was compared

with a commercial granular activated carbon (GAC).

Table 4-2: Characterization tests performed on commercial GAC and HC-PS-WAS

Parameters GAC HC-PS-WAS- Scr
pH 8.79 3.21
Attrition (%) 46 76
Ash Content (%) 2.9 69.8
Moisture Content (%) 4.01 1.49
Bulk density (kg/m?) 490 320
Particle size (um) 425-2,360 79-180
lodine Number (mg/g) 1201.03 86.165
e pH

The pH of the adsorbents was determined, revealing that GAC had the highest pH value of 8.79, while
HC-PS-WAS-Scr had a pH of 3.21. The majority of activated carbons mentioned in the literature have
alkaline pH values due to the use of deionized water for washing after activation and carbonization,
which helps to neutralize the pH(WAJI, 2018)(Weng,et al 2014). The exceptionally low pH of HC-PS-

WAS-Scr can be ascribed to the absence of a washing step following carbonization.
e Attrition

When selecting granular adsorbents for wastewater treatment, resistance to attrition is a significant
parameter to consider(Wuana, et al 2015). This parameter provides valuable information regarding the
mechanical strength of the carbon and its ability to withstand disintegration during transportation,
regular handling, and regeneration(Alcafiiz-Monge et al., 2022, Kale, 2019). The potential for

intraparticle abrasion is significant in granular carbons due to their properties and applications(Toles et
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al., 2000). This can result in the formation of fine particles with low abrasion resistance (high losses),
potentially causing system blockages(Mudhoo et al., 2023). The attrition test was exclusively conducted
on GAC and AW-AC due to the refined nature of the particles of HC-PS-WAS-Scr, which are typically
in powdered form, making it challenging to determine loss through attrition accurately. The findings
presented in Table 4.2 indicate that GAC demonstrates a comparatively lower resistance to attrition
(32%), in contrast to HC-PA-WAS-Scr (76%). The outcome of HC-PS-WASP-Scr indicates carbons
obtained from biomass rich in cellulose, which is brittle by nature(Jjagwe et al., 2021) and consequently
has a more excellent attrition value. This finding provides further evidence in favor of the hypothesis
that the attrition resistance of carbon is directly influenced by its precursor(Sugumaran et al., 2012).
The findings of this research further corroborate the assertion made by (Toles et al., 2000) that a
correlation exists between attrition and density, wherein carbons with reduced density generally
demonstrate increased attrition. This phenomenon is illustrated with HC-PS-WAS-Scr, which exhibits
a greater attrition value of 76% in contrast to the 46% recorded for GAC, and a lower bulk density of
0,32g/cm3 in comparison to GAC (0.49 g/ cm?).

e Ash content and surface area

In contrast to HC-PS-WAS-Scr, which possesses a substantial surface area of 115.21 m%g and a high
ash content of 69.8%, GAC, and HC-PS-WAS-Scr exhibit notably reduced ash contents of 2.9% and
69.8%, respectively, in addition to a substantial surface area of 1055 and 115.21 m?/g. In the literature,
the relationship between high ash content and low surface area has been extensively debated, with the
primary cause being the occlusion of pores by the ash(Ma et al., 2013, Everson et al., 2008,
Ahmaruzzaman, 2010). The HC-PS-WAS-Scr values obtained in this research exhibit a relatively high
ash content, which is similar to the values documented in the literature regarding adsorbents derived
from sludge (Almahbashi et al., 2021, Mkungunugwa et al., 2021). The correlation between high ash
content and low carbon content was also documented, and this is corroborated by the EDS spectrum

data presented further down in this chapter.

e Moisture content (%)

Moisture content was found to be the lowest in GAC and HC-PS-WAS-Scr, which were the two
activated carbons (4.01 and 1.49%, respectively). Activated carbons derived from lignocellulosic
materials typically contain the highest moisture content(Koseoglu and Akmil-Basar, 2015, Cheok,
2013). There is evidence that activated carbons with a high moisture content have a diminished
adsorption capacity (Vasiraja et al., 2023).The moisture content of the two activated carbons is below
8%, which satisfies the American Water Works Association's (AWWA) GAC requirements(BECKER
et al., 1974).
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e Bulk density

An essential parameter for determining the volume capacity of activated carbon, bulk density is
typically correlated with the capacity of the carbon to adsorb more adsorbate per unit volume during
adsorption(SE et al., 2013, Doyle et al., 2018). The respective bulk densities of GAC and HC-PS-WAS-
Scr are 0.490 g/cmand 0.320 g/cm®. The practical use of activated carbon is limited to 0.25gm/l, as
established by the American Water Works Association(BECKER et al., 1974, Evbuomwan et al., 2013).
All three carbons have bulk density values exceeding this threshold, indicating their suitability for
wastewater treatment. Carbon bulk density is significantly influenced by the precursor and treatment
method employed. It has been reported that the bulk densities of adsorbents derived from woody
biomass are greater than those of industrial and municipal solid wastes such as sludge(Jindo et al.,
2014). On the contrary, it has been suggested that an adsorbent with a bulk density below 1.2 g/cm?®

possesses a reduced particle size, enhancing its adsorption capacity(Kennedy and Summers, 2015).

e Particle size

The particle size of the adsorbents was determined using sieves, following the methodology described
in the preceding chapter. A range of sieves with apertures between 425 um and 2360 pm was employed
to ascertain which sieves would exhibit the most significant retention of GAC at a mass of 100g. A
combined percentage of 91.6% of the carbon was retained on the 425 um and 2360 pm sieves; thus,
this fraction was utilized in all experiments. The particle size distribution of HC-PS-WAS-Scr was
assessed using sieves with a range of 45 to 150um. 99.8% of the carbon material was retained on the

79 and 180um sieves, and this fraction was utilized for the experimental analysis.
e lodine number

The iodine number is a method employed to determine the surface area and microporosity of activated
carbon accurately; it is also utilized to assess the activation level of an adsorbent(Ahmed and Theydan,
2012). It is defined by the procedure of the American Society for Testing and Materials(D4607-94,
2006) as the quantity of iodine adsorbed per gram of carbon at a 0.02 N residual iodine concentration,
expressed in milligrams. Table 4.2 presents the iodine number values that were acquired for the three
adsorbents. The obtained iodine concentrations for HC-PS-WAS-Scr and GAC were 1201.03 mg/g and
86.12 mg/g, respectively. The GAC has an iodine number ranging from 500 mg/g to 1250 mg/g,
suggesting a significant level of activation. One may assert that HC-PS-WAS-Scr exhibits minimal
activation by employing the identical metric. While the American Society for Testing and Materials
(D4607-94, 2006) procedure does not permit generalization of the relationship between the iodine
number and surface area, the obtained results corroborate with the BET results that the surface area of
the GAC is higher than that of HC-PS-WAS-Scr
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e Raman spectroscopy

Raman spectra were acquired across a wavelength range of 10-3000 cm™. The appearance of two
discernible peaks on each of the carbon samples is illustrated in Figure 4.3. The GAC and HC-PS-
WAS-Scr are carbon samples whose Raman spectra contain 1336 cm™ and 1356 cm™ characteristic
bands, respectively. The D band peaks, present in this particular range, emphasize imperfections and
disarray within the carbon crystalline structure(Ghosh et al., 2018). At 1595 cm™ and 1586 cm, sharp
peaks are observed for the GAC and HC-PS-WAS-Scr samples. The peaks observed within this
frequency range indicate the G-band, a graphitic arrangement that is the principal signature for sp2
carbon in Raman spectra. a C-C bond in the G-band signifies that sp2 atom pairings are stretched in
rings and chains(Chia et al.,, 2012). Vague second-order Raman spectra exhibited peaks at
approximately 2881 and 2662 cm™ for GAC, HC-PS-WAS-Scr, respectively. The peaks falling within
this range are known as 2D bands, which indicate that these carbons possess a low level of organization
in aromatic regions but have a high concentration of sp3 bonds(Belousov et al., 2022, Orlando et al.,
2021). The presence of both D and G bands provides evidence of the carbons chia's polyaromatic and
graphitic nature(Chia et al., 2012). Within the context of graphene and carbon materials, the intensity
of the D band in the GAC (Graphene and Amorphous Carbon) spectrum is greater than that of the G
band. This heightened intensity suggests the presence of a significant amount of disorder in the
arrangement of carbon atoms. The D band in AW-AC and HC-AC exhibits lower intensity compared
to the G band, indicating a minor level of carbon atom disorder. The degree of disorder in carbon
materials is quantified by the ratio of intensities between the D and G bands (R = ID/IG)(Medhat et al.,
2021). The intensity ratios of the activated carbons GAC, AW-C, and HC-AC are 0.84, 0.84, and 0.86,
respectively. The resemblance of the three numbers indicates that the carbons possess comparable

graphitic structures (Katz et al., 2022).
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Figure 4-3:Raman spectra of (a) GAC, (b) HC-PS-WAS-Scr

The FTIR (Figure 4.4) was used to analyze the surface functional groups of the prepared activated
carbon. Fewer functional groups were detected on the surface of the tested samples. For example, the
bands corresponding to the C-H bending and C-O stretching were observed on HC-PS-WAS-Scr. In
contrast, only the C-O stretching was found on the GAC. These C-O bands may have originated from
some methyl ethers, but future studies may be useful to validate this possibility. On the other hand,
some important vibrational bands, such as O-H stretching, were not detected on either sample,

indicating the tested sample's dryness (absence of water molecules).
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Figure 4-4: FTIR analysis of the tested samples

e Energy Dispersive Spectroscopy (EDS) mapping

Each activated carbon sample was marked with five spectra, but only the elemental results of one were
shown. Figure 4.5 displays the predominant elements found in the two activated carbons: carbon and
oxygen. The observed GAC in HC-PS-WAS-Scre had a carbon-to-oxygen ratio that was nearly 1:1,
with carbon being more abundant. Among the two, GAC had the highest carbon content at 78.8%, while
HC-PS-WAS-Scre had a carbon content of 43.4%. While HC-PS-WAS-Scre had a lower carbon content
than the other substance, it had a significantly higher oxygen content (40.5%), nearly three times the
amount of oxygen found in GAC (13.5%).
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Figure 4-5: EDS spectrum of a) GAC, b) HC-PS-WAS-Scr
4.2 Lead (Pb (I1)) adsorption

Lead (Pb (I1)) adsorption refers to removing lead ions from a solution by binding them to a solid surface,
typically a material with specific adsorption properties. This is a necessary environmental and water
treatment process, as lead is a toxic heavy metal that can have detrimental effects on human health and
the environment. Various materials can be employed for lead adsorption, and the choice often depends
on factors such as cost, availability, and the specific characteristics of the wastewater or solution being
treated(Largitte et al., 2016).

4.2.1 Influencing conditions on the adsorption performance

This subsection consists of the evaluation of the potential of the activated carbon prepared under optimal
conditions to remove lead (I1) ions from simulated wastewater solutions. The effect of contact time, pH,
contaminant (Pb2+) concentration, adsorbent dosage, etc., on the adsorption process of the target
contaminants is conducted. Finally, well-known models are applied to fit the equilibrium and kinetics
data.
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4.2.1.1  Effect of solution pH on adsorption of lead (I1) ions

In an aqueous solution, the pH value is an essential factor in adsorption processes, as it not only
influences the surface charge of the adsorbent but also facilitates the removal of lead by adsorption by
affecting the properties of the metal ion(Alabi-Babalola et al., 2023, Onwordi et al., 2019). Figure 4.6
illustrates the impact of pH on the removal of lead by the three activated carbons. The reduction of lead
was least pronounced in the acidic pH range of 2-4,The slight increase in lead removal at pH range of
3-4 can be seen as a balance between the decrease in electrostatic repulsion ,reduction competion from
H* ions, and potential changes in lead ion speciation and all of which contribute to more effective
adsorption . This phenomenon has been extensively debated in the literature and is ascribed to the
competition between Pb®* ions and H* ions for active sites, which are abundant in acidic
environments(Deng et al., 2017, Largitte et al., 2016). The progressive rise in pH resulted in an
augmentation in the adsorption of lead due to the presence of negatively charged functional groups on
the surface of the adsorbents, rendering them highly accessible for lead adsorption. The optimal pH
value for achieving maximum lead removal through true adsorption was determined to be 7 for all two
adsorbents. This is because pH values above 7 are thought to promote the formation of lead hydroxide
species through precipitation(Alghamdi et al., 2019, Mandal et al., 2023). They found that Lead removal
rates above 90% were achieved at a neutral pH. The study emphasized the importance of treating
wastewater at a neutral pH because using higher pH values for lead removal would lead to higher post-

treatment costs.
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Figure 4-6:Effect of pH on the adsorption of Pb (1) ions - initial concentration: 5.1 mg/L;
solution volume: 100 mL, solution pH: 2-8, contact time: 120 min; adsorbent dose: 0.6 g/100
mL).
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4.2.1.2 Effect of Dosage on adsorption of lead (I1) ions

For the effective uptake of lead ions, it is critical to use the optimal dosage of the adsorbent during the
adsorption process; this ensures that the ions have access to active sites(Ranaweera et al., 2020, Ashfaq
et al., 2021). The findings presented in Figure 4.7 indicate that GAC and HC-PS-WAS-Scr exhibited
superior lead ion removal efficiency. With an increase in adsorbent dosage from 0.03 g to 0.3 g, the
lead ion removal percentage for GAC rose from 97.96 % to 99.96 %, while for HC-PS-WAS-Scr it rose
from 92.40% to 94.51%. This indicates that the removal rate exhibited an upward trend in response to
the adsorbent dosage. This phenomenon can be explained by the increased surface area or the number
of active sites per unit of adsorbate molecules, which enables the Pb (I1) ions to more easily adsorb onto
the adsorption sites of the activated carbons (Harshananda et al., 2020). After 0.6g, subsequent increases
in adsorbent dosage for GAC and HC-PS-WAS-Scr resulted in a constant value, owing to the high
capacity for the mole of analyte in the reaction. It generally indicate that the adsorption process has
reached equilibrium This means that the maximum adsorption capacity of the adsorbent has been
achived and adding more absorbent soes not significant increase the amount of adsorbate being
removed from the solution. Furthermore, no substantial enhancements were observed in the Pb (1) ion
removal percentage. The phenomenon described may be ascribed to the excessive concentration of

adsorbent particles in the solution, which results in the overlap of adsorption sites(Ashfaq et al., 2021).
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Figure 4-7: Effect of adsorbent dosage on the adsorption of Pb (Il) ions - initial
concentration: 5.1 mg/L; solution volume: 100 mL, contact time: 120min; adsorbent dose:
0.03-0.3g/100 mL; solution pH: 7

4.2.1.3 Effect of initial concentration on adsorption of lead (11) ions
The initial concentration of the adsorbate is an essential determinant in surmounting any resistance to

Pb (I1) mass transfer between the aqueous and solid phases(Ranaweera et al., 2020). Furthermore, it
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regulates the rate at which the adsorption process occurs, rendering it a critical element that must be
considered to achieve effective adsorption. A range of adsorbate concentrations from 2.5 mg/l to 20
mg/l was utilized to examine the impact of concentration on the adsorption process. Figure 4.8 shows
that the percentage of lead ions removed increased initially as the lead ion concentration increased until
5.0 mg/l was reached, across all adsorbents. The percentage of Pb (II) ion removal by HC-PS-WAS-
Scre and GAC at a concentration of 5.0 mg/l was 99.996% and 99.98%, respectively. An additional 5
mg/I of concentration resulted in a reduction in the uptake of metal ions by all three adsorbents. The
strong interaction between the adsorbate and the numerous active sites of the adsorbent, which are
available for adsorption at lower adsorbate concentrations and thus result in greater removal, is
responsible for the observed phenomena (Tasar et al., 2014) The saturation of active sites can explain
the reduction in removal efficiency at higher concentrations; when the quantity of lead ions increases,
the number of active sites on the activated carbon remains constant. Consequently, following the
adsorption process, residual ions are in solution (James et al., 2016). The observed reduction in removal
efficiency at higher concentrations may also be attributed to the participation of active sites that are
energetically unfavourable to adsorption, given that the more favourable sites will be occupied to
capacity. Furthermore, elevated ion concentrations give rise to accelerated ion collision and diffusion

rates, both of which contribute to a reduction in removal efficiency(Mahmoodi et al., 2011).
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Figure 4-8: Effect of initial concentration on the adsorption of Pb (Il) ions - initial
concentration: 2.5-20 mg/L; solution volume: 100 mL, contact time: 120 min; adsorbent dose:
0.3 g for GAC and HC-PS-WAS-Scr; solution pH: 7.

4.2.1.4 Effect of contact time on adsorption of lead (I1) ions

An experiment was performed to determine the effect of contact time over a range of 10-280 minutes.
The optimum conditions, which were determined by varying the parameters in the preceding sections
(pH 7, adsorbent dosage of 0.3 g for GAC and HC-PS-WAS-Scr, and initial concentration of 5.0 mg/l),
were utilized. Figure 4.9 below illustrates the correlation between the percentage of lead removal and

the contact time. Initially, the adsorption process transpired at a rapid pace. During the initial thirty
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minutes, GAC exhibited a removal rate of 97.90%, while HC-PS-WAS-Scr achieved 96.93%. This
trend, which indicates a swift decrease in the initial rate of adsorption, might have been facilitated by
the activated carbons' exterior surface possessing an adequate quantity of active functional groups and
vacant active sites(Ranaweera et al., 2020). Granular activated carbon (GAC) attained equilibrium more
rapidly than HC-PS-WAS-Scr; the change in removal percentage was nearly constant from 100 to 280
minutes, with a slight inflection at 160 minutes, indicating that equilibrium had been reached. The HC-
PS-WAS-Scr uptake exhibited a marginal decline following 90 minutes, potentially due to active site
saturation following the attainment of equilibrium(Asuquo et al., 2017, Mansha et al., 2020). An
increase in contact time beyond this threshold has been associated with a decline in removal percentage,
as there are fewer available Pb (II) ions to bind to the active sites that remain (Yao et al., 2016).
Following this, the rate of uptake exhibited a negligible change. It is worth mentioning that under ideal
conditions, HC-PS-WAS-Scr (98.93%) and GAC (99.91%) exhibited the highest percentage removal,

respectively.
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Figure 4-9: Effect of contact time on the adsorption of Pb (I1) ions - initial concentration:
5.0 mg/L; solution volume: 100 mL, adsorbent dose: 0.3 g for GAC and HC-PS-WAS-Scr;
solution pH: 7.

4.2.2 Isotherm Studies for the Adsorption of Lead (II) lons

Equilibrium experiments were conducted using optimal adsorbent masses of 0.3g, which had been
determined previously. The adsorbent was mixed with 100 ml solution of the appropriate Pb?* solution.
The agitation speed of 150 rpm was used for 280 minutes. This experiment was initially done with Pb%*
ions, and the concentration range ranged from 2.5 to 20 mg/L. Figure 4.10 shows the isotherms

performed at room temperature on the commercial GAC and the prepared HC-PS-WAS.
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Figure 4-10: Isotherm adsorption of Pb2+ on Commercial granular activated carbon (GAC) and
the prepared annealed carbon

These data were fitted with the most linearized isotherm models, namely, Langmuir and Freundlich
(Sh. Gohr et al., 2022)as shown in Figure 4.11. Table 4.3 below contains the equations for the

Freundlich and Langmuir isotherm models, which were used to examine the experimental results of the
two adsorbents. Table 4.3 lists the different parameters of the fit.

Table 4-3: Fitting parameters of the isotherms

Materials Langmuir Freundlich
ge(mg/g) Ky (L/mg) R? Kr (mg!''™ n R?
L!"/g)
GAC 59.77 0.317 0.998 22.35 3.49 0.916
HC-PS- 65.61 0.233 0.993 17.69 1.48 0.935
WAS-Scr
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Figure 4-11: Fitting of the isotherm with the Langmuir and Freundlich models; (a), (b)HC-
PS-WAS-Scr, (c) and (d) GAC.

The study of the experimental results using the Langmuir and Freundlich isotherms indicates that the
data for GAC exhibited a comparable fit for both isotherms (R? = 0.998 and 0.916, respectively), with
the Langmuir isotherm providing the most accurate fit. The coefficient of determination (R?) for HC-
PS-WAS-Scr was consistently higher for both isotherms, with the R? value for the Langmuir isotherm
being slightly higher at 0.993(Suresh Jeyakumar and Chandrasekaran, 2014). These findings indicate
that the adsorbents GAC and HC-PS-WAS-Scr had multilayers of adsorbate coverage by natural means.
The Langmuir equation is typically used when adsorption occurs on uniform surfaces and where the
interactions between the adsorbed molecules may be ignored. The Freundlich equation is quite effective
in modeling adsorption in aquatic environments. The correlation coefficient exceeds 0.97 for both
models, demonstrating a strong agreement between the experimental results and the Langmuir and
Freundlich isotherms, as demonstrated in Figure 4.11. The isotherm in question does not anticipate any

saturation of the sorbent by the sorbate. Consequently, it mathematically predicts an infinite surface

Upon comparing the R?values in Table 4.3, it is evident that the Freundlich isotherm model outperforms
the other isotherm models. The values of Ke and n demonstrate that Pb (I1) ions can be easily separated

from the aqueous solution, suggesting that adsorption is likely to occur. The K value of the intercept
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serves as a measure of the adsorbent's adsorption capacity. On the other hand, the slope 1/n reflects the
impact of concentration on the adsorption capacity and measures the intensity of adsorption. If n=1, it
signifies linear adsorption and uniform adsorption energies across all sites. For values of n greater than
1, it is observed that the marginal adsorption energy increases as the surface concentration increases.
Table 4.3 demonstrates that the n value signifies a strong link between the absorbate and adsorbent,
and it also indicates that the surface of the adsorbent is heterogeneous. The Freundlich adsorption
capacity of diatomite investigated in this study is consistent with the findings reported by other
researchers(Zhang et al., 2013, Salman et al., 2016).

4.2.3 Kinetic studies for Pb (11) ions

Adsorption kinetics examines the rate at which a solute is uptaken, determining how long the adsorbate
remains at the solid-solution interface, including the diffusion process. The adsorption mechanism is
contingent upon the physical and chemical properties of the adsorbents, as well as the process of mass

transfer. The experimental data were utilized to investigate the kinetics of metal ion adsorption.

The Kinetics of the two adsorbents were examined at a contact time of 180 minutes and two distinct
Pb®* ions concentrations of 10 mg/L and 20 mg/L, and the other experimental conditions were kept
fixed. The pseudo-first order, and pseudo-second kinetic models are used to fit the experimental data,

and the results are given in Figure 4.12 and 4.13, respectively.

The parameters derived from the plots of the equations are presented in Table 4.4. Upon comparing the
characteristics of the two models, it was determined that the Pseudo-second order model was the most
appropriate for the kinetic data of both adsorbents, particularly at a concentration of 20mg/L (Suresh
Jeyakumar and Chandrasekaran, 2014). The R? values for GAC and HC-PS-WAS-Scr at a concentration
of 10 mg/L were 0.6484 and 0.907, respectively. The second concentration of 20mg/L resulted in R? of
0.9758 and 0.994 for all the adsorbents. The calculated values for GAC and HC-PS-WAS-Scr were
43.38 mg/g and 46.99 mg/g, respectively, at 20 mg/L of Pb?". As a result, there is a strong correlation
between the pseudo-second-order model (PSO) and the adsorption of Pb (1) ions onto the adsorbents
(Manjuladevi et al., 2018).
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Figure 4-12: Fitting the Kinetics with the pseudo-first order kinetic model at different Pb2+
concentrations and adsorbents: at [Pb2+]= 10 mg/L, a)HC-PS-WAS b) GAC; at [Pb2+]=

20 mg/L, c)HC-PS-WAS d) GAC.
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Figure 4-13: Fitting the kinetics with the pseudo-second-order kinetic model at different Pb?*
concentrations and adsorbents: at [Pb?*]= 10 mg/L, a)HC-PS-WAS b) GAC; at [Pb*]= 20
mg/L, c)HC-PS-WAS d) GAC.

Table 4-4:Fitting parameters of the kinetic models at different lead (11) concentrations and
adsorbents

[Pb2+] Materials Pseudo-first order Second-order Kinetic
(mg/L) Qe Ky R? Qe K R?
(mg/g) (1/min) (mg/L) (g/min/mg)

10 GAC 25.6 0.00053  0.819 25.16 0.108 0.6484
HC-PS- 30.6 0.0083 0.962 35.98 0.0119 0.907
WAS-Scr

20 GAC 43.38 0.0086 0.9635  50.07 0.023 0.9758
HC-PS- 46.99 0.0096 0.9236  60.64 0.03 0.994
WAS-Scr
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The properties and adsorption capacity of the prepared activated carbon (HC-PS-WAS-Scr) were
ascertained and compared to those of a commercial activated carbon (GAC) according to the objectives
set out in Chapter 1 . The findings indicate the successful production of activated carbon from hydrochar
and its effectiveness in eliminating lead ions from a water-based solution. Under ideal circumstances,
including pH, adsorbent dosage, beginning solute concentration, and equilibrium duration, HC-PS-
WAS-Scr outperformed GAC.
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5 CONCLUSION

In this chapter, the specific objectives and the concomitant research questions of this study are

summarized to present an overview of the study's conclusions and to make a critical evaluation. This

study assessed the potential of Hydrochar derived from wastewater sludge (HC-PS-WAS-Scr) as a low-

cost adsorbent material for lead (I1) removal on synthetic industrial waste metal solutions. To

accomplish this overall objective, three research questions were elaborated. The first question regarding

the optimal activation conditions for producing hydrochar-based activated carbon with enhanced

adsorption properties was answered by conducting intensive experimental works and the main results

are summarized as follows:

HC-PS-WAS-Scr was synthesized by pyrolysis of waste sludge at 450 °C under a nitrogen
(N2) atmosphere. The results from the SEM-EDS micrographs indicated that these samples
had a heterogeneous and randomized shape with particle size in the 79-180 pum range and
porous structure. The EDS showed that the main elements were carbon (C) and oxygen (O),
which translated to a high ash content of about 69.8 % compared to the commercial GAC
(2.9 %) with defined clinoptilolite crystals. As a result of this high ash content, its surface
area measured by iodine absorption was only 115.21 m?/g, almost ten times lower than
that of GAC (1055 m?/ g).

The thermal stability of the HC-PS-WAS-Scr was studied using TGA. The results of the TGA
show that the samples continually lost weight after being heated up to 700 °C. This weight
loss was not entirely evident, and maybe it could be due to dehydration and dehydroxylation
processes. The findings from the FTIR spectra mainly showed the presence of a peak
corresponding to C-O stretching and the absence of other functional groups, such as carboxyl
and hydroxyl. This was due to the physical activation route conducted in this study.

The effects of process parameters such as pH, adsorbent dosage, contact time, and initial metal
ion concentration on Pb 2* removal efficiencies were investigated in detail. The equilibrium
studies showed that HC-PS-WAS can be used as an excellent adsorbent for removing heavy
metals from synthetic wastewater solutions. The results showed that the maximum lead (1)
removal capacities Qn of HC-PS-WAS and GAC were 66 and ~ 60 mg/g, respectively.
Moreover, the results indicated that the removal capacity increased with the initial solution pH,
i.e., the removal efficiency rapidly increased from 20 to 100 % with the pH increment from 2
to7.

The Langmuir and Freundlich isotherm models were tested to characterize the experimental
data and assess the adsorption behavior of HC-PS-WAS and GAC for lead. It was noted that

the experimental data was better fitted to the Langmuir isotherm than the Freundlinch
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isotherm. The value of the correlation coefficients R? ranged from 0.993 to 0.998 for the
Langmuir isotherm and from 0.916 to 0.935 for the Freundlich isotherm.

e The effects of initial solution concentration and contact time on the Pb?* removal efficiency of
GAC and HC-PS-WAS were analyzed. The results showed that the optimum contact time was
above 90 minutes. The results from the kinetic study indicated that the Pb?* removal capacity
increased with an initial high Pb?* solution concentration of 20 mg/L compared to that of 10
mg/L. Additionally, the results indicated that the adsorption Pb?* on the selected adsorbents
involves a complex mechanism and several possible rate-controlling steps, including pseudo-
first and second-order reaction kinetics. However, it was noted that the kinetic data fits the
pseudo-second-order reaction better than the pseudo-first order at a higher initial lead(1l)
concentration. The value of the correlation coefficients R? ranged from 0.975 to 0.994 for the
second-order and from 0.923 to 0.963 for the Freundlich isotherm.

From these two latter point the second research question was answered. It can be seen that, Langmuir
isotherms and pseudo-second order kinetics models well described the removal efficiency of the target
micropollutants using the hydrochar-based activated carbon. Moreover, the initial stated hypothesis
turned out to be valid, which is HC-PS-WAS has a better lead (1) removal efficiency than GAC.

Recommended Future Work

The experiments presented in this thesis have shown that both HC-PS-WAS can be used in treating
wastewater. Although the initial goals were achieved in this study, some other aspects were not within
the scope of this study due to the time limitations and availability of Lab equipment. Therefore, further
research and studies are needed, taking into account in order to ascertain the efficacy of low-cost HC-
PS-WAS in heavy metals removal. There are several areas of research that still require exploration in
order to give better perspectives in terms of possible applications. Some recommendations for further

studies are presented below:

e Although the effects of the adsorbent mass, initial solution pH, initial solution concentration,
contact time, agitation speed, and the type of the adsorbent were systematically studied, the
effect of temperature on heavy metal and particularly Pb?" removal capacity was not
included. This aspect (temperature variation) could give some valuable insights in applied
purposes on a large scale where wastewater in changing climate conditions (winter, summer)
should be processed. Therefore, studies involving the simultaneous impact of all these factors
are welcomed.

¢ Kinetic and equilibrium studies were performed throughout this study with solutions only
containing Pb?* cations, while in practice, wastewater contains a combination of cations such
as Cu®, Fe*", Zn?*, and so on. Therefore, as a further study, adsorption studies of a mixture of

heavy metals in solution should be undertaken to ascertain each heavy metal's selectivity.
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