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Abstract

In recent decades, occurrence of pharmaceutical pollutants in aquatic environment has become
a growing concern due to their low biodegradability, high persistence, and facile
bioaccumulation. Different carbonaceous materials such as activated carbon, biochar and
pyrochar are widely utilised for removal of pharmaceuticals from water or wastewater. This
thesis presents a challenge-based innovation of End of Life Tyres (ELTs) pyrolysis for
magnetic pyrochar production and synthesis with evidence of its use as low-cost, novel
adsorbent for pharmaceuticals removal from aqueous solutions. Magnetic tyre pyrochar (MTC)
derived from ELTs at Technology Readiness Level 3-7 (TRL3- 7), was tested for the removal
of ciprofloxacin (CIP), propranolol (PRO) and clomipramine (CLO), from water. The
morphological and chemical properties of the adsorbents were assessed using Brunauer
Emmett Teller (BET) surface area, Vibrating Sample Magnetometer (VSM), Fourier
Transform Infrared (FTIR), Scanning Electron Microscope coupled with Energy Dispersive X-
ray (SEM-EDS), elemental analysis and zeta potential measurements. Batch adsorption
experiments revealed MTC’s excellent adsorption efficiency of 85%, 90% and 92% for CIP,
PRO and CLO respectively, higher than that of the non-magnetic tyre pyrochar (TC), due to
the larger surface area, and porosity and lower polarity. Adsorption of the compounds onto
MTC was highly pH dependent, and favourable at lower ionic strength. The experimental data
were well described by pseudo-second order kinetic and Freundlich isotherm models. Based

on FTIR and zeta potential analysis, the interaction mechanisms were explained by cation-,
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n-n electron donor acceptor (EDA), cation exchange, electrostatic repulsion and hydrophobic

effect.

In fixed-bed column experiments, MTC, activated tyre char (ATC) and commercial activated
carbon (CAC) were used as packing materials in lab-scale column study for the adsorption of
the three pharmaceuticals from aqueous solution. The obtained breakthrough curves (BTCs)
suggest that, lower flow rate, greater bed height, higher pH and nano particle size led to
increased adsorption of PRO. The lowest adsorption capacity was observed for CIP either from
single or ternary solution while it was significantly higher for CLO. Surface area of ATC
increased nearly twelve-fold (38.17 to 453.81 m?/g), after thermal and chemical activation and
its adsorption capacity was comparable to commercial activated carbon. The suitability of
Hydrus-1D model incorporating chemical non-equilibrium process to simulate the
pharmaceutical transport and fit experimental BTCs was demonstrated (0.97<R2<0.99) in
comparison to other common models (Adams—Bohart, Thomas and Yoon—Nelson). The
modelling suggests the existence of non-equilibrium conditions and rate-limited sorption sites
and the effect of dispersion and mass transfer mechanisms in the solute transport under

dynamic conditions.

The competitive effects of different fractions of wastewater treatment plant effluent organic
matter (EfOM) on adsorption of PRO were investigated in a fixed-bed column packed with
MTC. Based on results, presence of EfOM inhibited adsorption of PRO in real wastewater and
decreased the PRO adsorption capacity from 5.86 to 2.03 mg/g due to competitive effects and
pore blockage by smaller EfOM fractions. Characterization of EfOM using size exclusion
chromatography (LC-OCD) showed that the principal factor controlling EfOM adsorption was
pore size distribution. Low molecular weight neutral fraction of EfOM had the highest
adsorption onto MTC while humic substances were the least interfering fraction. Effect of

important parameters (contact time, linear velocity and bed height/diameter ratio) on MTC
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performance in large-lab scale columns revealed that linear velocity and contact time were

effective in increasing adsorption capacity and delaying breakthrough time. Increase in linear

velocity from 0.64 cm/min to 1.29 cm/min increased mass transfer and dispersion, resulting in
considerable rise of adsorbed amount (5.86 mg/g to 22.58 mg/g) and increase in breakthrough
time (15.8 to 62.7 hours). Efficiency of non-equilibrium Hydrus model considering dispersion
and mass transfer mechanism was shown for real wastewater and scale-up purposes. Based on
the modelling results, non-equilibrium Hydrus model could describe the experimental data well
(R? > 0.98). Ball milling was used for degradation of adsorbed PRO and regeneration of MTC.
The adsorbed PRO onto MTC was degraded more than 79% after 5 hours milling at 550 rpm
and the addition of quartz sand increased the efficiency to 92%. In the context of the circular
economy, this ELTs based low-cost magnetic adsorbent (estimated at 299 US$/tonne) can be
potentially used at full-scale industrial wastewater treatment for the removal of pharmaceutical
drugs from aqueous solution, offering sustainable environmental remediation. The cost
analysis showed that unit cost for treatment of wastewater using fixed-bed columns of tyre char

was calculated to be 1.57 US$/m® which can be deemed as commercially feasible.
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CHAPTER 1: Introduction




Background

1.1. Background

Pharmaceuticals, as a class of emerging contaminants, are one of the most important
environmentally relevant chemicals due to their ubiquity in the aquatic environment and
potential toxic effects on wildlife and human (Ahmed & Hameed, 2018; Grover et al., 2011;
Zhou et al., 2009). Antibiotics, used for human and animal therapy, are considered as pseudo-
persistent pharmaceuticals due to their permanent presence in the environment and their
frequent use causes development of antibiotic resistance to microorganisms (Sarmah et al.,
2006; Li, 2014b). Ciprofloxacin (CIP) is a widely used and frequently detected antibiotic in
aquatic ecosystems that pose major threats to the ecosystems and human health (Li et al.,
2014a). Beta-blockers, another group of pharmaceuticals, are used for the treatment of high
blood pressure and are ubiquitous in different environmental compartments. One of the most
commonly used beta-blockers with high acute and chronic toxicity is propranolol (PRO)
(Giltrowa et al., 2010; Maszkowska et al., 2014b). Antidepressant pharmaceutical such as
clomipramine (CLO) has been widely prescribed for the treatment of mood disorders and CLO
has been detected in various water matrices at trace levels. CLO has been also found to exert a
direct effect on neuro-endocrine signalling and can be potentially harmful to aquatic organisms
(Yuan et al., 2013). Discharged effluent from hospital, drug factories and households are major
potential sources of range of pharmaceuticals to the aquatic environment (Li, 2014b).
Conventional primary and secondary water treatment technologies are not efficient enough to
remove or degrade these emerging contaminants. Therefore, to safeguard environmental and
public health, development of suitable technologies for satisfactory removal of

pharmaceuticals from aqueous solutions is much warranted.

Advanced water treatment techniques such as photodegradation, membrane filtration,

oxidation and ozonation have been used for removal of pharmaceuticals from agueous



Background

solutions (Estrada-Arriaga et al., 2016; Lu et al., 2019; Nassar et al., 2017; Radjenovic¢ et al.,
2009). However, most of these treatment systems are not techno-economically feasible or they
have some disadvantages such as generation of toxic byproduct and complicated procedure
(Sophia A. & Lima, 2018). For example, metabolites produced through oxidation process may
risk public health (Gwenzi & Chaukura, 2018), while the cost of water treatment using these
technologies can range from 10-450 US$/m® (Ali et al, 2012). Amongst all available
developed treatment methods, adsorption is considered to be as a promising method for
pharmaceuticals removal from water bodies due to its high efficiency, ease of operation, simple
design and low energy demand. Activated carbon is the most commonly used adsorbent for
water and wastewater treatment; however, its high cost has restricted its widespread use (De
Gisi et al., 2016). It is therefore of great importance to develop low-cost adsorbents for large-

scale applications in water remediation.

Biochar or pyrochar, a low-cost and renewable adsorbent, is produced via pyrolysis of
feedstock in the absence of or under limited oxygen conditions. This emerging adsorbent is a
stable carbon dominant material and can be obtained from different types of abundant and low-
cost feedstock, mainly agricultural biomass and solid waste (Gwenzi et al., 2017; Tan et al.,
2015). Biochar has been found to be highly effective in pharmaceuticals removal from aqueous
solutions (Jing et al., 2014; Kong et al., 2017; Liet al., 2018a; Li et al., 2018c; Liu et al., 2017;
Shang et al., 2016) . For example, Li et al. (2018a) pyrolyzed used tea leaves at different
temperatures to prepare tea-leaf biochar for removal of high concentrations of CIP from
aqueous solutions. The biochar obtained at 450 °C showed excellent capacity for adsorption of
CIP at pH 6 and 40 °C. Based on the results, hydrogen bonding, electrostatic attraction and 7-
7 interactions were postulated to be the main adsorption mechanisms. In another study, rice
husk biochar and methanol modified rice husk biochar were used for adsorption of tetracycline

in water (Jing et al., 2014). The adsorption capacity of rice husk biochar for tetracycline
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increased considerably after simple methanol modification (95.6 mg/g). This increase could be
attributed to the changes in the oxygen containing functional groups in the modified biochar

which affected n-n interactions between the adsorbent and adsorbate.

End of life tyres (ELTs), including passenger cars, trucks, airplanes and motorcycle tyres,
constitute a big proportion of hazardous solid waste. About 1.5 billion tyres are produced and
discarded every year throughout the world. Due to infusible, insoluble, durable and resistant
nature of tyres, their disposal has currently become one of the serious environmental problems
(Iraola-Arreguis et al., 2018). Moreover, disposing of waste tyres onto landfills is banned in
many countries due to the waste management legislation and recycling is now considered as
an alternative mode of managing the waste tyres (European Environment Agency, 2009; Iraola-
Arregui et al., 2018; Labaki & Jeguirim, 2017). Therefore, pyrolysing waste tyres and
converting them into tyre pyrochar and using it as adsorbent for contaminants removal has
gained growing attention (Hakimi Mohd Shaid et al., 2019; Manirajah et al., 2019; Mashile et
al., 2018; Mui et al., 2010). Biochar is produced through thermal conversion of biomass to
black carbon; however, tyre is not a lignocellulosic material or biomass. As a generally
accepted terminology between biochar, activated carbon, pyrochar and char is lacking, in this
thesis, these terms have been used interchangeably in order to have simplicity to interpret the

results and discussion.

In recent years, magnetic adsorbents have been widely used to remove contaminants from
water bodies. This technology has eased the separation of powdered biochar from aqueous
solution by an external magnetic field which avoids the use of inefficient and costly filtration
techniques (Li et al., 2020; Rocha et al., 2020). Magnetisation can also increase the surface
area of the adsorbent and its removal capacity for a variety of contaminants (Devi & Saroha,

2014; Zhu et al., 2014), however, reduction in surface area has also been reported (Reguyal et
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al. 2017). Magnetic biochar is produced via pyrolysis activation, chemical co-precipitation,

calcination and mechanical milling synthesis routes (Li et al., 2020; Rocha et al., 2020).

Most of the studies on the pharmaceuticals adsorption in aqueous solutions have been carried
out under batch operation in stirred reactors (Calisto et al., 2014; Liu et al., 2017; Shang et al.,
2016; vom Eyser et al., 2015; Wu et al., 2017; Zeng et al., 2018); however, application of
continuous fixed-bed adsorption has been considered only in a smaller number of studies
(Darweesh & Ahmed, 2017a; Mansouri et al., 2015; Nazari et al., 2016). Compared to batch
adsorption, dynamic adsorption has some advantages such as high adsorption performance,
flexibility and easy scale-up (Ahmed & Hameed, 2018). Moreover, fixed-bed column studies
are more realistic and can be very helpful to simulate the transport of contaminants, using
appropriate models. Studies have shown that the models that consider physical and/or chemical
non-equilibrium processes, diffusion, dispersion and mass transfer mechanisms are more
successful in predicting the solute transport (Jellali et al., 2016; Liao et al., 2013; Vilardi et al.,
2019). In dynamic adsorption, breakthrough time and adsorption capacity can be changed
regardless of the adsorbent used by altering flow rate, adsorbent bed height, initial
concentration of adsorbate, particle size of adsorbent, solution pH and presence of effluent

organic matter (EfOM) in water matrix.

Natural organic matter present in WWTP effluents is considered as EfOM and its presence in
secondary effluents can pose serious problems for environmental safety and promote
irreversible fouling (Gonzalez et al., 2013). Carbon-based adsorbents have been shown to have
high effectiveness in adsorption of EfOM in water solutions (Nguyen et al., 2013;
Shanmuganathan et al., 2015). As EfOM consists of hydrophobic and hydrophilic fractions
with different molecular sizes, it has been found to strongly deteriorate adsorption of organic
micro pollutants (OMPs) such as pharmaceuticals onto adsorbents due to competitive effects

(Zietzschmann et al., 2015). After adsorption, spent adsorbents are considered as hazardous
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waste and should be regenerated for more use or disposed properly (Muranaka et al., 2010).
Regeneration of exhausted adsorbents can reduce the need for new adsorbents and can be
beneficial both economically and environmentally (Radhika et al., 2018). There are different
methods for reutilization of saturated adsorbents such as chemical regeneration (Zhang, 2002),
thermal regeneration (Alvarez et al., 2004), steam regeneration (Xin-hui et al., 2012), oxidative
regeneration (Muranaka et al., 2010) and mechanochemical regeneration such as ball milling
(Shan et al., 2016). Ball milling is an emerging technique which has been successfully used for
destruction of persistent organic compounds and degradation of chemical species. Ball-milling
is a low-cost and environmentally friendly technology as it does not require any solvents and
consumes relatively low energy during milling process (Cagnetta et al., 2017; Lyu et al.,

2018b).

1.2. Rationale for the research

The occurrence of CIP, PRO and CLO emissions to the aquatic environment has been reported
to be harmful to human health as well as ecosystem even at trace concentrations (ng/L - pug/L)
(Lietal., 2014a; Maszkowska et al., 2014b; Minguez et al., 2016; Yuan et al., 2013). The main
source of these OMPs residues in the environment is WWTPs. Therefore, different advanced
wastewater treatment technologies such as photodegradation, membrane filtration, oxidation,
ozonation and adsorption have been utilized for removing OMPs from WWTP effluent (Kong
etal., 2017; Luetal., 2019; Nassar et al., 2017; Radjenovi¢ et al., 2009). Although some studies
have investigated removal of CIP and PRO using adsorption technology (Darweesh & Ahmed,
2017a; Deng et al., 2019), CLO adsorption onto carbon-based adsorbents in aqueous solutions
has been studied just in one study (Zhao et al., 2018). End-of Life Tyres (ELTS), as non-

biodegradable materials, pose serious environmental risks. Production of carbon-based

6



Rationale for the research

adsorbents from waste tyres has both advantages of water treatment and waste management.
Previous investigations have examined pharmaceuticals adsorption onto different carbon-based
adsorbents, however, to-date, tyre char application for pharmaceuticals adsorption has been
investigated in only a few studies (Acosta et al., 2016; Azman et al., 2019; Styszko et al.,
2017). Moreover, despite many studies on using different magnetic adsorbents for adsorption
of pharmaceuticals application of magnetic tyre char for removal of pharmaceuticals from

aqueous solutions has been hitherto neglected.

Although continuous adsorption process has the advantages of high adsorption performance,
flexibility and easy scale-up, fewer studies have been conducted on the fixed-bed adsorption
of pharmaceuticals compared to batch studies (Nazari et al., 2016; Yanyan et al., 2018).
Furthermore, column experiments evaluating the transport of pharmaceuticals through the tyre
char has not been performed yet. Traditional numerical models which do not consider mass
transfer and dispersion mechanism have been used to simulate contaminants transport in
continuous columns in many studies in the past. However, there have been only limited number
of studies which investigated the effect of mass transfer, dispersion and diffusion mechanisms
(Jellali et al., 2016; Liao et al., 2013; Vilardi et al., 2019). Hydrus model considering non-
equilibrium process, mass transfer, diffusion and dispersion mechanisms has not been used for
the prediction of pharmaceuticals transport in fixed-bed columns packed with carbon-based

adsorbents.

EfOM which is contained in WWTP effluents deteriorates OMPs removals. Although
adsorption of composite EfOM onto adsorbents has been studied in most published research
(Dittmar et al., 2018; Erdem et al., 2020; Yu et al., 2012); adsorption of its individual fractions
has been investigated in fewer studies (Filloux et al., 2012; Zietzschmann et al., 2014). There
is a lack of knowledge regarding the effect of EfOM fractions on the removal of

pharmaceuticals in column-mode experiments in municipal wastewater and their adsorption
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mechanisms onto carbon-based adsorbent. Moreover, there is a dearth of information in the
literature about scale-up studies in fixed bed column treatment systems and evaluating
numerical models for contaminants transport prediction in larger scale column packed with
adsorbent (Ferndndez-Gonzalez et al., 2019; Vilardi et al., 2019). Techno-economic
assessment of tyre char as an adsorbent for contaminants removal from aqueous matrix is also
lacking. Moreover, despite simplicity and versatility of ball milling technology for degradation
and destruction of organic compounds, the technology is still in its infancy. To-date, there has
been only one study on ball-milling application on regeneration of exhausted adsorbent (Shan

et al., 2016).

The results obtained in this thesis could be utilised as baseline information to use tyre char as
a low cost and environmental friendly adsorbent for removal of contaminants from real
wastewater systems. In addition, the results can provide useful information to investigate tyre

char production and application at large scale systems.

1.3. Research objectives

The overarching aim of this thesis was to synthesise a low-cost and environmentally friendly
adsorbent derived from End of Life Tyres (ELTs) for removal of pharmaceuticals with different

physiochemical properties from aqueous solutions.
The specific objectives of this study were to:

1. synthesise and characterize a magnetic pyrochar derived from ELTs for adsorption of CIP,

PRO, and CLO selected as model adsorbates in aqueous solution;
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2. study the adsorption of the selected pharmaceuticals onto magnetic tyre char (MTC) under
batch conditions and elucidate the adsorption mechanisms involved by specifically focusing

on the effect of pH and ionic strength of the solution;

3. conduct column experiments packed with MTC, chemically activated tyre (ATC) char and
commercial activated carbon (CAC) for pharmaceutical adsorption and simulate the transport

of contaminants using Hyrdus-1D model,

4. analyse the effects of operation parameters (flow rate, initial concentrations, bed heights,
pH), presence of competitive adsorbates and the particle size of adsorbents on the breakthrough

time and adsorption capacity;

5. investigate the effects of water matrix constituents on the PRO removal using MTC and

identify EfOM fractions contributing most to adsorption inhibition on the adsorbent;

6. study the applicability of laboratory data as the basis for designing a pilot-scale adsorption
column and investigate the effect of important design parameters such as contact time, linear

velocity and bed height/diameter ratio on breakthrough curves; and

7. determine the feasibility of MTC regeneration using ball milling and investigate the
destruction efficiency for PRO, the influence of milling time, milling speed and different
additives on PRO degradation during ball-milling and its final by-products and intermediates,

and also.

8. assess the techno-economic feasibility of tyre char as an adsorbent and compare its cost and

sustainability with commercial activated carbon.
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1.4. Thesis structure

In chapter 1, background, rationale behind the study, overarching aim and specific research

objectives and the thesis structure are presented.

Chapter 2 presents the literature review, which includes sources and occurrence of
pharmaceuticals in water bodies and discusses properties and ecotoxicity of CIP, PRO and
CLO in environment. The chapter also introduces current methods on pharmaceutical removal
in agueous solution and highlights the importance of adsorption technology, low-cost carbon-
based adsorbents, magnetic adsorbents and tyre char as an efficient and cost-effective strategy
for mitigation option of pharmaceuticals in contaminated waters. Different methods for
modification of adsorbents are also discussed in this chapter. Moreover, this chapter introduces
methods for regeneration and reuse of exhausted adsorbents. The literature review builds upon

the knowledge gaps and the objectives of the whole study.

Chapter 3 explains how tyre char is synthesised and magnetized at Technology Readiness Level
3-7 (TRL3-7). In this chapter, characterization of magnetic tyre char and its application for
adsorption of CIP, PRO and CLO in aqueous solution in batch mode are also presented.
Moreover, this chapter investigates the adsorption mechanisms of the selected pharmaceuticals
onto MTC and the effect of pH and ionic strength on their adsorption. Finally, a techno-
economic feasibility assessment of tyre char as an adsorbent for water remediation is presented

in this chapter.

Chapter 4 presents the findings of adsorption of the selected pharmaceuticals in a fixed-bed
column packed by magnetic tyre char, activated tyre char and commercial activated carbon. In
addition, the effect of different parameters, such as flow rate, initial concentration of adsorbate,
bed height of adsorbent, solution pH, particle size of adsorbent and the presence of competing

compounds (CIP and CLO) on adsorption of PRO under dynamic condition is discussed.
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Application of Hydrus-1D model considering equilibrium and non-equilibrium processes to
predict transport of contaminants in columns is also proposed in this chapter and compared
with other commonly used and traditional models used for adsorption studies on a fixed-

column.

Recognizing the importance of EfOM on wastewater treatment, Chapter 5 is devoted to the
discussion of the results related to the EfOM present in real wastewater on adsorption of PRO
under the fixed-bed column experiments. A particular aspect in this chapter was to determine
how different fractions of EFOM could potentially compete for adsorption sites. Moreover, the
application of larger scale columns on adsorption of PRO onto MTC and suitability of Hyrdus-
1D model for scale-up purposes are discussed. Regeneration of spent adsorbents using ball

milling as a green technology is also presented in this chapter.

Finally, chapter 6 discusses and ties up the key findings of the research reported in each of the
chapters in this study and provides some recommendations and knowledge gaps for future

research.
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2.1. Occurrence of pharmaceuticals in the environment

In recent decades, the presence of pharmaceutical compounds in surface water, groundwater
and wastewater across different parts of the world has been considered as an emerging global
concern. These emerging contaminants may pose a significant risk to human health and the
environment, even at extremely low concentration levels due to their persistent and potential
non-wanted biological effects (Kasprzyk-Hordern et al., 2008; Manaia et al., 2012).
Pharmaceuticals are largely excreted unchanged or as metabolites via faeces and urine and
subsequently reach the wastewater treatment plant (WWTP) through the reticulated sewers
system. Effluents from drug manufacturers, hospitals, and households are considered as the
main contributors towards pharmaceutical contamination in wastewater (El-Shafey et al.,
2012). The pathways of pharmaceuticals pollution to different receptors are shown in Figure

2.1.

Pharmaceuticals consist of different therapeutic classes, such as antibiotics, B-blockers, and
antidepressants. Pharmaceutical antibiotics have been produced in large quantities and
extensively used in medical and veterinary practices for several decades. A variety of potential
adverse and toxic effects on human health as well as environment were induced due to
antibiotics residues released from treated wastewater and agricultural runoff (Zeng et al., 2018).
CIP, one of the most widely used antibiotics, belongs to the third generation of the
fluoroquinolone (FQs) family and is used to treat infectious diseases in both human and animals
(Carabineiro et al., 2011). CIP concentrations have been detected ranging from ng/L to pg/L in
surface and ground water (Karthikeyan & Meyer, 2006; Kolpin et al., 2002). Higher
concentrations of CIP have been found in the wastewaters of hospitals (3—-87 ug/L) and drug

factories (31 mg/L) (Carmosini & Lee, 2009). Discharged CIP in aqueous solution can lead to
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antibiotic resistant development, even at low concentrations, which is harmful to human health

and environment (Sun et al., 2014).

Beta-blockers, which are extensively utilized to treat cardiovascular diseases including
hypertension and cardiac arrhythmias also fall in one of the most frequently detected groups of
pharmaceuticals in water treatment plants, receiving river waters and groundwater (Wick et
al., 2009). Beta-blockers are known as endocrine disrupting chemicals and can cause
toxicological effects on non-target organisms (Godoy et al., 2015). PRO, a crucial nonselective
beta-blocker, was shown to have the highest acute and chronic toxicity among beta-blockers

(Giltrowa et al., 2010).

Human antidepressants, such as CLO, are another group of widely prescribed and commonly
detected pharmaceuticals in various environmental compartments and justify the growing
public concerns due to their harmful effects on the environment and human health. (Fong &
Ford, 2014; Yuan et al., 2013). These psychiatric pharmaceuticals directly affect central

nervous system and interrupt neuro-endocrine signalling (Yuan et al., 2013).
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Figure 2. 1. Sources and pathways of pharmaceuticals pollution in the environment.
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2.2. Properties and ecotoxicity of selected pharmaceuticals in
environment

2.2.1. Ciprofloxacin

CIP, a broad-spectrum antibiotic, is the most active pharmaceutical in FQs group (Zateska-
Radziwilt et al., 2014). The risk posed by the impact of CIP on microorganisms has been
assessed in some studies. CIP showed extreme toxicity and high toxicity to nine species and
had toxicity to three bacteria species according to the European Union (EU) criteria. For
example, as shown in Table 2.1, in a 24-h bioluminescence test, CIP was extremely toxic to
Vibrio fischeri and luminescence and the bacteria was inhibited in 50% at the concentration of
0.0137 pg/L. Ecotoxicological assessments for CIP have been conducted in surface waters and
a significant risk to microorganisms was demonstrated (Zaleska-Radziwitt et al., 2014).
Natecz-Jawecki et al. (2014) analysed microbial assay for risk assessment (MARA) test on
various antibiotics and observed growth inhibition of sensitive microbial strain at
concentrations 12-75 pg/L of CIP. Also, adverse effects of CIP on aquatic organisms including
the cynobacterium; Microcystis aeruginosa, duckweed; Lemna minor, the green alga;
Pseudokirchneriella subcapitata, the crustacean; Daphnia magna and fathead minnow;
Pimephales promelas have been reported in some studies (Ebele et al., 2017; Obinson et al.,
2005). Ecotoxicological risk assessments for CIP, PRO and CLO in various organisms with
different toxicological endpoint tests based on effect concentration (EC50) and lethal

concentration (LC50) are summarised in Table 2.1.
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Table 2. 1. Ecotoxicity of CIP, PRO, CLO.

Toxicological  Ecotoxicity Toxicity

Pharmaceutical ~ Organism ) Reference
endpoint data (ng/L)  assessment
Comamonas Extremely
) EC50 (18 h) 56.1 )
testosteroni toxic
Delftia Extremely
) EC50 (18 h) 6.2 .
acidovorans toxic (Zateska-
Citrobacter Extremely Radziwitt,
CIp - EC50 (18 h) 4.6 )
freundii toxic Affek, & Rybak,
Vibrio Extremely 2014)
) ) EC50 (24 h) 0.0137 .
fischeri toxic
Pseudomonas Extremely
EC50 (16 h) 0.175 )
fluorescens toxic
Acutel Huggett et al.,
Medaka LC50 24.3 ) Y (Hugg
toxic 2002)
Reduced (Huggett et al.,
Medaka LC50 0.5
growth 2002)
PRO
Rainbow Impaired (Owen et al.,
LC50 10
trout growth 2007)
] Altered (Ferrari et al.,
Zebrafish LC50 7.002
blood flow 2004)
Skeletonema o (Minguez et al.,
CLO o EC50 1.7 high risk
marinoi 2016)

2.2.2. Propranolol

Beta-blockers such as propranolol have been known to be one of the most important therapeutic
classes among other pollutants due to their frequent presence and detection at high maximum
concentrations in waterbodies. Antihypertensives presence in environment can cause
toxicological impacts on non-target organisms (Godoy et al., 2015). According to Maszkowska
et al. (2014b), beta-blockers are considered as endocrine-disrupting chemicals because they

can disrupt the levels of testosterone in male organisms. Also, in another study, high mobility,
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hydrolytic stability and bioavailabllity of beta-blockers were confirmed in the environment
which may lead to their accumulation in the water ecosystems (Maszkowska et al., 2014a).
One of the most commonly consumed and detected beta-blockers in the environment is PRO
which is prescribed to treat high blood pressure (Wick et al., 2009). Based on calculated chronic
risk quotients, PRO indicated an ecological risk to both fresh and salt waters (Ferrari et al.,
2004). Also, considering ecotoxicological data from the green algae test (S. vacuolatus), PRO

can be considered to have deleterious effects on aquatic organisms (Maszkowska et al., 2014b).

2.2.3. Clomipramine

Tricyclic antidepressants (TCAs) have been widely used, especially in the developed countries,
to treat depression and mood disorders and have been frequently detected in different
environmental surface waters. Complete removal or degradation of many TCAs during
wastewater treatment process cannot be obtained and their discharge into waterbodies causes
potential threats to non-target aquatic organisms (Ziarrusta et al., 2016). Psychiatric drugs are
one of the most toxic pharmaceuticals to aquatic life and detrimental effects on aquatic
organisms can be revealed by this group because of disturbing homeostasis in vertebrates and
invertebrates even at low concentrations (ug/L or even ng/L) (Giebultowicz & Natecz-Jawecki,
2014). CLO, atricyclic antidepressant, is one of the most toxic compounds for Daphnia magna
(Minguez et al., 2014). Also based on a survey conducted in the Northwest France, CLO was
highlighted as high risk pharmaceutical in marine waters at levels of ng/L (Minguez et al.,
2016). Therefore, antidepressants deserve attention due to their potential high ecological risk
in surface water ecosystems. Table 2.2 shows some physicochemical properties of CIP, PRO

and CLO.
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Table 2. 2. Some physicochemical properties of CIP, PRO and CLO.

Water
Molecular
solubility Molecular
Compound weight Structural formula pKa
(g/L) at formula
(9/mol)
25T
X
cIp 30000 33135  CiHisFNOs L .~ 618,876
A L ww

PRO 62 250.34  CigHauNO, "o ‘ 9.42
CLO 0.294 314.85 Ci9H23CIN; J) 9.20

2.3. Current methods on pharmaceutical removal in aqueous
solution

Mixtures of multiple pharmaceuticals of different physico-chemical properties are present in
WWTPs which complicate the removal process and their removal rate depends on the
physiochemical characteristics of the pharmaceuticals and treatment technology of plants
(Nielsen & Bandosz, 2016). Removal and degradation of CIP, PRO and CLO have been done
by different treatment methods such as ozonation (Lu et al., 2019), oxidation by chlorine
(Estrada-Arriaga et al., 2016), photo-Fenton process (Perini et al., 2018), photocatalytic
degradation (Nassar et al., 2017), membrane bioreactor (Radjenovi¢ et al., 2009) and
adsorption (Kong et al., 2017). It is worth-mentioning that conventional treatment technologies

are not efficient enough to remove pharmaceuticals, and tertiary treatments technologies suffer
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from some disadvantages, such as being expensive, complicated treatment process, or
producing secondary pollution (Deng et al., 2011; Mondal et al., 2016). Therefore, developing
effective, inexpensive and environmentally friendly technologies to remove pharmaceuticals
from aqueous solution is of utmost importance and the following section briefly discusses this

aspect.

2.4. Adsorption technology and biochar

Among the existing advanced treatments technologies, adsorption has been demonstrated as an
effective and simple technique to remove contaminants from water bodies even at very low
concentrations. Batch and dynamic conditions are two different operation modes of adsorption
experiments involving contaminants. Batch adsorption takes place in stirred reactors while
column adsorption is performed in fixed-bed columns. Adsorption in fixed bed is simpler and
more effective than batch adsorption. Moreover, continuous adsorption is capable of treating
larger volumes of contaminated water and can be easily scaled up for industrial applications
(Ahmed & Hameed, 2018). Activated carbon, the most commonly used adsorbent, has been
extensively applied to remove pollutants from water (Deng et al., 2011). However, its high cost
has limited its application in water and wastewater treatment systems. Therefore, developing

effective, low-cost and environmentally friendly adsorbents is imperative.

Biochar is produced through pyrolysis of biomass in the absence or under oxygen-limited
environment resulting in a porous and low-density carbon-rich solid material. As a
multifunctional product, biochar has been utilised for a variety of applications including clean
energy provision, carbon sequestration, greenhouse gas emission mitigation, soil remediation

and fertilization, and contaminant remediation (organic and inorganic) in water systems
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(Rajapaksha et al., 2016), development of wood plastic biochar composites (Das et al., 2015)
and use in construction materials (Akhtar & Sarmah, 2018; Praneeth et al., 2020). There are
several advantages of using biochar as an adsorbent for water and wastewater remediation
(Figure 2.2). A wide range of feedstock including plant waste, crop residues, agro-processing
wastes (e.g., sawdust), wastewater sludge, wood biomass, animal wastes and waste tyres can
be utilized to produce different types of biochar (Acosta et al., 2016; Tan et al., 2015). The
renewable resource, economic and environmental benefits of biochar make it a promising

adsorbent for water contaminants treatment.
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Figure 2. 2. Biochar benefits for wastewater treatment (Source: Tan et al., 2015).

The main processes to produce biochar are conventional carbonization (i.e. slow pyrolysis),
intermediate pyrolysis, fast pyrolysis and gasification (Table 2.3) (Ahmad et al., 2014; Manya,
2012). The physiochemical properties of biochar such as porosity, pore size distribution,
surface area, and surface functional groups greatly depend on key determinants such as
pyrolysis temperature, heating rate, residence time and feedstock types (Ahmad et al., 2014).
For example, at pyrolysis temperature less than 400 °C and between 550 °C to 600 °C, the
specific surface area of biochars vary from less than 10 to 400 m?/g, respectively (Brown,
2012). In general, biochars with more aromatic groups were formed through high-temperature
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pyrolysis (600-700 °C), but they contained fewer hydrogen and oxygen-containing surface
functional groups because of deoxygenation and dehydration reactions of the biomass. On the
other hand, biochar pyrolysed at lower temperatures (300-400 °C) showed more variety of
organic charactersistics, and was found to possess more C=0 and C-H functional groups
(Rajapaksha et al., 2016). Using biochar as an adsorbent can be deemed as a “‘win—-win”’

scenario for both waste management and protecting the environment.

Table 2. 3. Pyrolysis processes for biochar production (Source: (Ahmad et al., 2014)).

Products
Temperature  Residence
Process Liquid (bio-oil)  Solid (biochar) Gas (syngas)
(°C) time
(%) (%) (%)
Fast
300-1000  Short (<2 s) 75 12 13
pyrolysis
Intermediate Moderate (10—
~500 50 25 25
pyrolysis 20s)
Slow Long (5-30
100-1000 30 35 35
pyrolysis min)
Moderate (10—
Gasification >800 5 10 85
20s)

Biochar, a carbon rich by-product, has been recognized as an emerging technology for water
remediation. Compared to activated carbon, biochar appears to be renewable, low-cost and
sustainable and could potentially replace activated carbon which is considered a universal
adsorbent for water treatment (Mohan et al., 2014). There is a growing body of literature that

provides evidences pertaining to using biochar for adsorption of organic and inorganic
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contaminants in aqueous solutions. Biochar and its activated derivatives have been successfully
used for the removal of different organics (Li et al., 2018d; Liang et al., 2019; Mohan et al.,
2011; Oladipo & Ifebajo, 2018; Reguyal & Sarmah, 2018) and inorganic (Wang et al., 2014;
Wang et al., 2015; Zhang et al., 2015) pollutants from aqueous solutions. Meanwhile, some
studies have shown comparable or better adsorption efficiency for biochar than activated
carbon (Karakoyun et al., 2011; Xue et al., 2012; Yang et al., 2014). Process parameters such
as dosage of adsorbent, initial contaminant concentration, solution pH, competitive
compounds, and solution temperature are some of the factors that influence the adsorption
capacity of biochar. Moreover, generic properties of biochar, such as high carbon content,
porous microstructure, specific surface area and cation exchange capacity play an important
role in contaminant remediation in water. Intermolecular transfer of contaminants onto the
surface of the adsorbents is involved in adsorption process and adsorption mechanisms are
dependent on the composition of adsorbent and chemical nature of adsorbate (De Gisi et al.,
2016). Electrostatic interactions, hydrophobic effect, pore-filling, n-m interactions, and
hydrogen bonding are accounted as dominant adsorption mechanisms for binding organic

contaminants to biochars (Figure. 2.3) (Gwenzi et al., 2017; Tan et al., 2015).

23



Biochar Modification

1. Hydrogen bonds

Hydrogen bond ?
e il

’
2. Electrostatic H

attraction 6. Others

-

®

\ s, @H-O
) ; . Surface

o precipitation

v

pH < pHpze .\
Anion attraction

pH > pHpze

= Hydrophobic interaction
Cation attraction i

i Noncarbonized
o i [fractions *..5. Hydrophobic effect

3. Pore-filling 4. Partition into 3
i uncarbonized fractions™._

e Organic contaminants

@ Metals attached on biochar

Figure 2. 3. Summary of proposed mechanisms for organic contaminants adsorption on biochars

(Source: Tan et al., 2015).

2.5. Biochar Modification

In recent times, much attention has also been placed on biochar modification to enhance its
properties such as pore structure, surface area and functionality to increase its removal
efficiency for variety of contaminants from water and wastewater (Jung et al., 2013; Sophia A.
& Lima, 2018; Zhang et al., 2015). Different modification methods to enhance biochar's
sorption capacity have been introduced and applied including chemical modification (such as
chemical oxidation and acid/base modification), physical modification (such as steam and gas
purging), impregnation with mineral oxides, and magnetic modification (Figure 2.4)

(Rajapaksha et al., 2016).
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2.5.1. Chemical and physical modifications

Treatments to raw biochar via chemical activation have been shown to have a profound effect
on efficiency of biochar (Kasparbauer, 2009). Acidic modification can produce both oxygen
and nitrogen containing acidic surface functional groups such as amine and carboxylic groups
on biochar. These functional groups play a significant role in increasing biochar’s sorption
capacity due to cation exchange and surface complexation. Alkaline modification via
potassium hydroxide (KOH) and sodium hydroxide (NaOH) leads to an increase in oxygen
containing surface functional groups and surface basicity (Fan et al., 2010; Li, 2014a) and also
introduces larger surface area and more surface hydroxyl groups (Basta et al., 2009; Oh & Park,
2002). Furthermore, production of positive surface charges via alkali activation contributes to
adsorption onto negatively charged biochar sites (Ahmed et al., 2016). In addition, KOH or
NaOH modification has been reported to produce additional and abundant sorption sites on
increased surface areas for biochar (Chia et al., 2015). Hydrogen peroxide (H202) has been
demonstrated to enhance oxygenated functional groups (particularly carboxyl groups) on
biochar surfaces, cation exchange sites, and finally its contaminant sorption ability (Tan et al.,
2011; Xue et al., 2012). Compared to chemical modification methods, physical modifications
are simpler and less effective. Through steam activation process, new pores and oxygen-
containing functional groups (e.g. carboxylic, carbonyl, ether and phenolic hydroxyl groups)
on surface of adsorbents are created. Also, it contributes to an increment of pore volume of the
biochar due to the removal of the trapped products and surface areas by liberating the additional
syngas (Rajapaksha et al., 2016; Ahmed et al., 2016). Xiong et al. (2013) demonstrated that
carbon dioxide (CO.) and ammonia (NHs) modification increased surface area and pore

volume of cotton stalk biochar.
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2.5.2. Impregnation with mineral oxides

Impregnation of minerals such as montmorillonite, kaolinite, iron oxides and gibbsite with
biochar is considered as a new concept for biochar modification. These minerals have been
extensively applied for removal of contaminants because of their cation exchange capacity,
composition, surface charge and mineralogical structure (Rajapaksha et al., 2016). Yao et al.
(2014) mixed clay minerals (montmorillonite and/or kaolin) with three biomass feedstocks
(bamboo, bagasse, and hickory chips) and then pyrolyzed at 600 °C for 1 h ina N2 environment.
The results showed an increase in biochar’s functionality and adsorption ability to methylene
blue, a model contaminant after impregnation with minerals. In another study, Song et al.
(2014) modified corn straw biochar using KMnO4 at 600 °C. Results showed that addition of
KMnO4 had a great impact on surface area and pore volumes of biochar, leading to a substantial
decrease in surface area (61 to 2.28 m?/g) and decrease in average pore width (23.7 to 92.2
nm). Moreover, O-containing functional groups increased considerably in the biochar modified

with KMnOg4 (Song et al., 2014).
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Figure 2. 4. Biochar modification techniques

2.5.3. Magnetic modification

Biochar with multi-functional characteristics has shown to have excellent ability to adsorb

different organic and inorganic pollutants in water and wastewater. However, difficulty in

separating these powdered adsorbents after treatment from a large volume of water is one of

the drawbacks of biochar’s use. Magnetic modification of biochar has overcome the referred

shortcoming by facilitating separation of adsorbents by application of magnetic field or using

a magnet (Chen et al., 2011; Shan et al., 2016). Also, due to negative charge on surfaces of

biochar, the adsorption of anionic compounds by biochar is relatively low, and therefore, these

engineered biochars have shown enhanced adsorption potential for anionic contaminants
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(Beesley & Marmiroli, 2011). In some studies, decreased surface area and/or adsorption
efficiency after magnetisation have been reported (Chen et al., 2011; Mohan et al., 2011;
Reguyal et al., 2017); however, magnetisation has been also found to lead to increase surface
area and adsorption efficiency in other studies (Devi & Saroha, 2014; Shan et al., 2016; Zhu et
al., 2014). Magnetic biochar, as a promising method has attracted widespread attention in water
treatment field and several studies have been conducted to prepare magnetic adsorbents in order
to contribute to easy separation of biochar particles from aqueous solutions after treatment
(Danalioglu et al., 2017; Hu et al., 2019; Zhang et al., 2013b). There are four kinds of methods
that have been reported in the literature for the production of magnetic adsorbents: pyrolysis
activation, calcination, chemical co-precipitation and mechanical milling and the following

sections briefly discuss them.

2.5.3.1.  Pyrolysis activation

Magnetic adsorbents can be produced in one-step by pyrolysis activation via synthesis of
biomass saturation in iron oxides or iron salts followed by pyrolysis. Although pyrolysis
activation method is effective, it may reduce surface area and can cause unavailability of some
surfaces for adsorption. Also, it may lead to formation of hematite which is less magnetic than
magnetite (Shan et al., 2016). For instance, in a study by Chen et al. (2011), three different
biochars were produced by pyrolysing a mixture of orange peel and FeCl;.6H.0 and FeCls
under different temperatures (250 °C, 400 °C and 700 °C) for 6 hours. The authors reported
that that destruction of pores led to smaller surface area after magnetization and iron oxide
(Fe203) was introduced as the magnetic source of the adsorbents. In another study by Wang et
al. (2015), pinewood was suspended in solution of hematite mineral for 2 hours and then was
dried in a vacuum oven at 80 °C. Following that, the mixture was pyrolysed in a tube furnace

at temperature of 600 °C for 1 hour. Based on the results, magnetisation did not block pores of
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biochar and the magnetic biochar had high magnetic property and higher adsorption efficiency

compared to non-magnetic biochar (Wang et al., 2015).

2.5.3.2.  Calcination

Calcination method is a thermal treating process, where carbonaceous precursors are
impregnated with iron or other salts and then heated in a pressurized autoclave under certain
temperature and period. In this process, H20, CO., SO, and other volatile components are
removed and magnetic particles are incorporated into the biochar. This process is relatively
simple and is widely applied in the production of magnetic biochar (Rocha et al., 2020; Thines
et al.,, 2017). Saucier et al. (2017) and Sellaoui et al. (2017) used calcination method to
magnetise commercial activated carbon. Carboxylic acid and metal salts were mixed to form
Fe'' and Co'"' carboxylates, combined with commercial activated carbon followed by
calcination at different temperatures (between 260 and 600 °C) (Saucier et al., 2017; Sellaoui
et al., 2017). Their results showed that the magnetic adsorbents can be easily separated from
solution. Elsewhere in a separate study conducted by Gao et al. (2015), pinecone was employed
for the production of magnetic biochar in the presence of FeClz in a Teflon-lined high-pressure
reaction autoclave. The authors reported the surface area and pore size of the magnetic biochar

increased due to combination of calcined porous pinecone (Gao et al., 2015).

2.5.3.3.  Co-precipitation

Chemical co-precipitation modification involves pyrolysing raw feedstock and subsequently
mixing with magnetic particles in an aqueous solution followed by microwave heating. In this
method, as shown in Eq. 1, ferrous (Fe>*) and ferric (Fe*) salts are mixed in an aqueous

medium and magnetite (Fes0a) is precipitated and produced at pH between 8 and 14. Magnetite
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is unstable and can be oxidised and transformed into maghemite (Eg. 2) which is less magnetic
(Thines et al., 2017). This method is relatively simple, but it may lead to unavailability of some

surfaces due to the blockage of the adsorbent pores (Shan et al., 2016).
Fe?* + 2Fe3*80H" —» Fe304 + 4H20 (2.1)
FesOs + 2H* —» y-Fe,03 + Fe**H,0 (2.2)

Some parameters such as pH, temperature, type of iron salts, the ratio of ferrous to ferric and
ionic strength can change the particle size and magnetisation of adsorbents (Thines et al., 2017).
Many researchers have utilised this method in the synthesis of magnetic biochars. Mohan et al.
(2011) synthesised a magnetic adsorbent by suspension of almond shell activated carbon in a
solution of FeClz and FeSO4, followed by NaOH treatment and the mixture was oven-dried at
50 °C. The surface area of magnetic biochar (527 m?/g) was found to be lower than non-
magnetic biochar (733 m?/g) which was attributed to blockage of pores by iron oxide particles
or smaller proportion of carbon content in the magnetic adsorbent. Similarly, Devi & Saroha
(2014) employed paper mill sludge biochar to produce zero-valent iron magnetic biochar
through the chemical precipitation in the FeSO4 solution. The authors used NaBHj as the
reducing agent for the reduction of Fe(ll) to Fe(0). The findings showed that magnetisation
increased surface area (1.5-fold) and micropore volume of biochar. The increase in surface area
can be due to immobilization and distribution of the zero-valent iron particles on biochar

surface (Devi & Saroha, 2014).

2.5.3.4.  Mechanical milling

An effective and economical technigque that can be used to prepare magnetic materials is the
high energy ball milling (Shan et al. 2016), which produces ultrafine magnetic powders. In
their study, Shan et al. (2016) used different types of biochars and activated carbon, by mixing
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with iron or iron oxides, followed by milling in a planetary ball mill at a speed of 550 rpm for
different duration of time (1-7 h) to obtain the optimized milling time. The results showed that
the adsorbents produced after 2 h milling had higher adsorption efficiency and surface area

than non-magnetic adsorbents and could be easily separated from solution (Shan et al., 2016).

2.6. Adsorption of pharmaceuticals onto magnetic biochar

Magnetic biochar has been widely applied for the removal of pollutants from aqueous solution
as it overcomes the limitation of biochar in separating from the treated water and also improves
the adsorption capacity of adsorbents due to increased surface area. The magnetic biochar can
be separated easily from water solution by applying an external magnetic field. Magnetic
separation of adsorbents after treatment has been shown as an advantage for effective
wastewater treatment and a solution for practical separation and recovery problem of

exhausted/spent adsorbents (Rajapaksha et al., 2016).

In a study conducted by Oladipo & Ifebajo (2018), chicken bone biochar was magnetized and
used to adsorb rhodamine B dye and tetracycline in aqueous solution. Based on results, the
surface area of the adsorbent increased slightly after magnetisation (316 to 328 m?/g).
Freundlich model best described the adsorption isotherm of rhodamine B dye and tetracycline
which indicates multilayer sorption mechanism of contaminants on magnetic adsorbent with
maximum sorption capacity of 113.31 and 98.89 mg/g, respectively. Based on the comparative
performance, the adsorption capacities for both adsorbate are higher than similar adsorbents in
previous studies (Oladipo & Ifebajo, 2018). Similarly, in the work of Kong et al. (2017), the
BET surface area of herbal biochar increased magnetic modification. The magnetic biochar

was used for CIP removal and it was found to be a cost-effective and environmental friendly
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adsorbent for adsorption of CIP in the aqueous phase. Results from isotherm modelling showed
that the Langmuir model described the adsorption process well (Kong et al., 2017). Elsewhere,
Shan et al., (2016) proposed using ball milling to synthesize magnetic biochar/FesO4 and
magnetic activated carbon/Fez 04 for carbamazepine and tetracycline elimination from aqueous
solutions. A substantial increase in surface area of biochar was observed after magnetisation
(30.9 to 365 m?/g); however, magnetisation decreased surface area of activated carbon (994 to
486 m?/g). According to the authors, the Kinetic profiles of pharmaceuticals onto magnetic
biochar were faster than onto magnetic activated carbon. In addition, the adsorption occurred
at the surface of the biochar, however, the contaminants adsorbed preferentially on micrpores
of activated carbon. The authors also reported that Langmuir model best described the
adsorption of carbamazepine and tetracycline with maximum adsorption capacity of 62.7 and
94.2 mg/g for magnetic biochar and 135.1 and 45.3 mg/g for magnetic activated carbon,
respectively. In another study, Reguyal et al. (2017) synthesized magnetic pine saw-dust
biochar using oxidative hydrolysis of FeCl, and formed magnetic iron oxides onto biochar
which led to high saturation magnetisation of the adsorbent. The magnetic biochar was used
for adsorptive removal of sulfamethoxazole from aqueous solution and the authors reported
that sulfamethoxazole adsorption onto modified biochar was efficient at low pH and isotherm
was best described by the Redlich-Peterson model. However, the adsorption capacity and
surface area of modified biochar decreased after magnetisation. Tang et al. (2018) investigated
the effect of different modification methods and pyrolysis temperatures on biochar’s properties.
They synthesized an alkali-acid modified magnetic biochar derived from municipal sewage
sludge to adsorb tetracycline in water solution. Authors reported an increase in surface area (39
to 2020 m?/g) and optimum adsorption capacity (286.913 mg/g) of the biochar after alkali-acid
combined modification. Other studies included Wang et al. (2017a) who prepared magnetic

biochars with corn stalks, reed stalks, and willow branches and used for adsorption of
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norfloxacin in water. Surface area and pore volume of magnetic biochars were found to be
>700 m?/g and >0.3 cm®/g, respectively. All the magnetic biochars demonstrated strong
adsorption of norfloxacin which could be related to their large surface area and pore volume.
Similarly, Hu et al. (2019) fabricated novel magnetic biochars derived from camphor leaf for
CIP adsorption from water solution. The results demonstrated a substantial increase in surface
area of magnetic biochar from 19 to 915 m?/g (49 times). Also, the adsorption capacity of the
adsorbent increased after magnetization (449.40 mg/g) that can be attributed to the large

surface area of modified biochar.

2.7. Adsorption mechanisms of pharmaceuticals onto magnetic
biochar

In order to use magnetic adsorbents in water treatment rationally, understanding adsorption
mechanisms of pollutants on magnetic biochar is important. Important mechanisms
contributing adsorption of pharmaceuticals onto magnetic biochar are electrostatic attraction,
n-m interaction, cation exchange and hydrogen bonds. Pharmaceuticals with different
physiochemical properties have different functional groups, hydrophobicity and molecular
charge. These various properties lead to different affinities towards magnetic adsorbents
(Rocha et al., 2020). Solution pH as an important parameter for ionisable pharmaceuticals can
affect pharmaceuticals' speciation and consequently change their interaction with the magnetic
adsorbent (Reguyal et al., 2017). In addition, Octanol-water partition coefficients (Kow) of
pharmaceuticals can play an important role on their adsorption. Pharmaceuticals with higher
log Kow (>2) are more hydrophobic and therefore, they have higher affinity to hydrophobic
surface of adsorbents. Point of zero charge (pHpzc) of adsorbents can influence their adsorption

affinity toward pharmaceuticals. For solution pH < pHpzc, the adsorbent is positively charged
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and for Solution pH > pHpz, the adsorbent is negatively charged. Electrostatic interactions is

highly dependent on the adsorbent’s pHpzc and pharmaceuticals’ speciation (Rocha et al., 2020).

Investigating the removal of sulfamethoxazole from aqueous solution using magnetic pine
sawdust biochar, Reguyal et al. (2017) found that the main adsorption mechanisms might be
the hydrophobic interactions as electrostatic interactions cannot occur between the positively
charged adsorbent (pHpzc = 9.5) and neutral adsorbent (pKa:1.25 and 5.29) at pH 4. Wan et al.
(2014) studied the adsorption mechanism of sulfamethoxazole on magnetic manganese ferrite
nanoparticles and reported that that 7—= interaction and hydrogen bonds were responsible for
sulfamethoxazole adsorption process. Wong et al., (2015) showed higher adsorption capacity
of ibuprofen (pKa=4.91) by palm shell waste-based at pH 4 than pH 7. Based on the results
obtained, the authors concluded that the governing adsorption mechanism did not occur via
electrostatic interactions between positive surface of adsorbent (pHp.=9.1) and the
deprotonated form of ibuprofen at pH 7. Instead, the main involved mechanism was due to =-
7 interactions between the graphitic carbon of adsorbent and aromatic ring of ibuprofen. The
study by Hu et al. (2019) showed that the adsorption mechanism of CIP on magnetic camphor

leaves biochar was mainly due to n-7 interaction, electrostatic interaction and cation exchange.

2.8. Tyrechar

2.8.1. Waste tyre as an environmental problem

About 1.4 billion/year of new tyres are produced and sold worldwide and as many are discarded
as end-of-life tyres (Figure 2.5) (Martinez et al., 2013). In New Zealand, nearly 5 million tyres
reach their end of life each year (Tasalloti et al., 2020). The considerable rise in global tyre

production due to ground transportation need and the lack of proper mechanisms for waste

34



Tyre char

tyres disposal make them a matter of increasing concern as it poses a serious threat to public
health and environment. Tyres are produced from synthetic and natural rubber (60-65 wt.%)
plus other additives like carbon black (25-35 wt.%) with high carbon content (70—75 wt.%),

sulphur and zinc oxide (Martinez et al., 2013; Miguel et al., 1998; Mui et al., 2010).

M Asia and Oceania M Europe ® North America © South and Central America M Middle and East Africa

Figure 2. 5. Global production of tyre (2011) (Source: Antoniou et al., 2014).

Waste rubber tyres are extremely durable, non-biodegradable and do not decompose easily,
and as a result majority of them are disposed in landfills traditionally (Merchant & Petrich,
1993). The disposal of tyres in landfills occupies large volumes resulting in massive stockpiles
that poses a risk of accidental fires with high emissions of dangerous gases such as sulphurous
compounds, oxides of carbon and nitrogen and particulates (Norgay, 2004). Leachate from
ELTs also contain heavy metals which can infiltrate and contaminate soils, groundwater and
surface water (Sandrk Nukic & Milicevic, 2019). Environmental pollution and wasting
valuable rubber are the two problems caused by disposal of waste rubber tyre. ELTs have been
used for various useful applications, such as a supplementary fuel in cement kilns and power
plants, concrete and asphalt manufacturing, or roofing applications (Arabani et al., 2010;

Barlaz et al., 1993; Navarro et al., 2010; Siddique & Naik, 2004). Alternatively, characteristics
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of value-added pyrolysis products of ELTs such as fuel oil, gas and activated carbons for

industrial applications have attracted much attention.

2.8.2. Adsorption of organic contaminants onto tyre char

Considering the environmental problems caused by ELTs and the cost of adsorbents for water
treatment as key factors, tyre char, as a low-cost adsorbent, is gaining attention for large-scale
applications in water treatment. Many researchers have recently worked on ELTSs pyrolysis and
tyre char production for water treatment and they have shown the capability of such carbon-
based adsorbents for removal of different types of contaminants like heavy metals, dye,
pesticides and pharmaceuticals from aqueous media. Production of carbon-based adsorbents
from ELTs is shown in Figure 2.6. Different factors such as activating agent (steam or carbon
dioxide), the degree of the activation, and pyrolysis temperature can affect characteristics of
tyre char. In spite of being similar to activated carbon, the carbonaceous tyre char has much
smaller surface area (Saleh & Gupta, 2014b). However, the surface area of untreated tyre char
can be greatly improved by physical or chemical modification methods and therefore its

adsorption efficiency is enhanced (Acosta et al., 2016; Li et al., 2010a; Styszko et al., 2017).
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Figure 2. 6. Schematic diagram of the main steps in production of carbon-based adsorbents from ELTs
(Source: Saleh & Gupta, 2014b).

Use of tyre char for adsorption of organic contaminants other than pharmaceutical compounds
has been reported in some studies; however, to-date, adsorptive removal of pharmaceuticals
using tyre char has been studied by just a few authors (Acosta et al., 2016; Azman et al., 2019;
Styszko et al., 2017). Table 2.4 depicts literature works regarding the production and utilization
on tyre char for the removal of organic contaminants from aqueous solutions. The following
information is provided: treatment activation agent, specific surface area, target organic
compound, experimental conditions, adsorption Kinetics and adsorption equilibrium. For
instance, Azman et al. (2019) reported the use of tyre char (pyrolysed at 800 °C), followed by
activation with nitric acid (HNOs) to study the removal capacity for aspirin in aqueous phase.
The best adsorption was reported to be 40.40 mg/g at an adsorbent dosage of 0.02 g at pH 3
with an initial concentration of 100 mg/L (Azman et al., 2019). In the study by Acosta et al.
(2016), the application of tyre pyrolysis char activated with KOH was investigated for the

removal of tetracycline from aqueous solutions. The surface area of tyre char increased
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substantially after KOH activation (60 to 814 m?/g). The maximum adsorption capacity of
tetracycline was obtained 312 mg/g which was higher than commercial activated carbon as
mentioned in the literature. In another study, tyre char was activated by CO> and impregnated
with amines solutions and then was employed for adsorption of selected xenobiotics in aqueous
phase. Based on results, a considerable increase in surface area (36 to 128 m?/g) was observed
after activation and high removal efficiencies (up to 99 %) were obtained for adsorption of the
pharmaceuticals onto the activated char (Styszko et al., 2017). In all these aforementioned
studies, tyre char was shown to be an effective and promising adsorbent for the removal of

pharmaceuticals from aqueous solutions.

Tyre char has also been utilised for the adsorption of other organic contaminants from water
bodies. In a study by Li et al. (2010a), activated carbon derived from waste scrap tyres applied
for cationic dye removal, Rhodamine B, from aqueous solutions. The results showed that the
adsorption was highly dependent on solution pH and temperature while ionic strength had little
influence on the adsorption process. The maximum adsorption capacity of Rhodamine B onto
tyre char was 307.2 mg/g which was higher than other adsorbents reported in the literature. In
another report (Ariyadejwanich et al. , 2003), waste tyres were pyrolysed at 500 °C in nitrogen
atmosphere and then was activated with steam at 850 °C. High mesopore volumes (1.09 cm®/g)
and surface areas (737 m?/g) were obtained after activation. Treatment with 1 M HCI at room
temperature for 1 day prior to steam activation further increased the mesopore volumes and
surface areas of the adsorbents to 1.62 cm®/g and 1119 m?/g, respectively. Activated adsorbents
were used for adsorption of phenol and Black 5 dye from aqueous solutions and their adsorption
capacities were reported to be comparable with commercial activated carbons (Ariyadejwanich
etal. , 2003). Table 2.4 shows published works on adsorption of organic compounds in aqueous

media using tyre char.
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Table 2. 4. Adsorption studies for the removal of organic compounds from aqueous solutions with tyre-
based adsorbents

Organic

Modification

BET Adsorption Adsorption Adsorption References
Compound method (m?/g) conditions kinetic equilibrium
*T: 30, 50, 70
°C pH: 7 T
pH:3711 | +T:30°C .T?g)':f,c
. * Dose: 2-20 g/L | < te: 60 min - (Azman et
Aspirin HNO: )  Contact time: « Ci: 100 :DOS‘?' 420%{:)_ al. 2019)
30 s-150 min mg/L Amax- g
«C;10-100 | *Dose: 2 g/L ma’g
mg/L
*T: 15, 25, 35
°C *T:25°C
Tet i KOH. HCI 814 . I%I;::'i ;/E . (t:e. ll%g . D. T .28 ;C L (Acosta et
etracycline ’ * Contact time: 300 mg/L . os.eélz. g / al. 2016)
30s-25h - Dose: 0.5 | * dmex °2e MG
« Ci: 50-300 g/L
mg/L
*T:25°C
*pH: 5 *pH: 5,25 VT 0B
Acid Blue » Dose: 10.9“‘ °c . . L-re{nzgiqtfi:r (Gupta et al
113 H,0,, HCI 562 » Contact time: * te: 40 min « qraxc 9.20 2011a) o
30 s-100 min * P10 Tgx'/ :
- Ci 1-12%10-5 9
M
*T:20°C
*pH: 6.8 +T:20°C .
Megl]géene Steam or CO; 1070 * Dose: 1 g/L ) ¢ Langmuir (e?zr: 'vz“g];;)l
* Ci: 100-1000 * qmax: 360 mg/g N
mg/ |
*T:25°C * Langmuir
Basic *pH: 2,7,12 * qmax for Basic
Astrazon *Dose : 0.5¢/L ) dye (PH 12): (Acevedo et
Yellow and HNO;3 1126 « Contact time: 1055 mg/g
. al., 2015)
Reactive 48 h * qmax for
Rifafix Red * Ci: 12 - 1000 Reactive dye
mg/l (PH 2): 68 mg/g
T: 18, 135, and T 18°C
7 da sLangmuir 10, dmierek
Triton X-100 | KOH, HCI 426 | i Zi/;S/L - . qmax:/ 220 | ¢ ;ll 2020)
+ Ci: 10-1000 morg
mg/ |
°T: 25°C
*pH: 6.6 *pH: 6.6 .
*Dose: 0.1g/L | *te: 60min (Iq_gax Fr)rr]fir;?-l
* Contact time: * P20 51 gg mg /g'
phenol and 30sand2h «Cijof 10 . .meth lene | (Makrigianni
methylene HNOs; 135 | *Ci: (Cphenol - 2, | mg/L for Gmax bl y | go
blue 5,10,20,50, | phenol, C; of ue | etal,2015)
(Freundlich):
100mg/L, 20 mg/L for 65.81 ma/
Chmethylene blue: 2, methylene ' 9’9
5, 10, 20, 40, blue
80, 100 mg/L
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*T: 25°C )
« pH: 3-9 Do 1;1;13 * pH:4
Microcystin * Dose: 1-5 g/L gL *Dose:3g/L | \pochile et
LR H.O> 1111 * Contact time: « s 34 min * Langmuir al., 2018)
5-60 min ° P20 * qmax: 357 Hg/g N
* Ci: 0.52 to 65 C25 La/l.
ug/L "M Hg
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* pH: 2-12
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. « Dose: 2-10 g/L o8¢ « Dose: 5 g/L .
Cylindrosper i « Contact time: g/L « Lanemuir (Mashile et
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5-60 min « P20 (Ci of * qmax: 110 pg/g
* Ci: 5-65 pg/L 25 1g/L)
*T: 40,55,70 °C
* pH: 3-7
. Dosg:/l(_).OZ—l (Saleh &
Methyl orange HCI, H;0, 465 « Contact time: - - Gupta,
5-50 min 20143)
*Ci:l x 106 to
1 x10-4 M
T:25°C
*pH: 3,5,7, .l
and 10 Dose 2
2- H,0,, KOH, 208 * Dose: 1-10 g/L n ' i (Manirajah
Chlorophenol HCI « Contact time: ot 'glo min et al., 2019)
0 s and 30 min ¢
- Ci: 10-100
mg/l
*T: 30-50 °C + g phenOL:
s pH: 2-12 ste: 72 hr 3max : .
. . . 4.8 mg/g (Hakimi
Methylene HNO:s 352 Dose: 1 g/L P20 * gmax Methylene | Mohd Shaid
blue, phenol « Contact time: «Ciof5 blue: 108 ma/ et al,, 2019)
Osand72h and 20 mg/L ) 99 N
* Ci: 5-200 mg/I
*T: 30, 40 and T: 50 °C
Methylene 50 °C ) * Langmuir (Lin &
blue Steam 602 * Dose: 4-20 g/L * gmax: 250 mg/g | Teng, 2002)
* Ci: 5-600 mg/I
Methoxychlor, *T: 25°C *T: 25°C . L';I;;nzuir
atrazine and * pH: 2-11 *pH: 2 . (Guptaetal.,
methyl KOH, HCI %81 *Dose: 0.02to | «Dose: 0.1 metho?(n)]/a(;(hlor' 2011b)
parathion 0.10 g/L g/L 112.0 ma/g
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* Contact time: *Cit 12 * qmax atrazine:
0-150 min mg/L 104.9 mg/g
+Ci:2mg/L to * te: 60 min * qmax Methyl
12 mg/L *P1O parathion: 88.9
mg/g
*T:45°C *T:25°C
*T: 25-45°C *pH: 7 epH: 7
* pH: 2-11 * Dose: 0.6 * Langmuir
p-cresol and * Dose: 0.6 g/L g/L * gmax p-cresol: | (Guptaetal.,
phenol KOH, HC 1802 * Contact time: *Cii 12 250mg/g 2014)
5-210 min mg/L * gmax phenol:
* Ci: 3-300 ppm | < te: 90 min 100 mg/g
* P10
*T:25°C
. *pH: 6.6 . .
chh;?]ré)’meth « Dose: 0.2-10 Dgo/slf. 5 -
chloroform, HNOs and 6235 g/L . ., : 60 min * Dose: 5 g/L (Abdelbassit
H20; + Contact time: . * Freundlich et al., 2020)
carbon_ 30 s and 100 * P20 (Ci of
tetrachloride . 05,1,2
min
cCi3-12mgn | MYV

Abbreviations: initial concentration of Compounds (Ci); maximum adsorption capacity (gmax); pseudo first order kinetic

model (P10); pseudo second order kinetic model (P20); equilibrium time (te).

2.9. Adsorption of pharmaceuticals onto biochar in fixed-bed
columns

The batch adsorption studies do not provide accurate equilibrium and kinetic data for
optimization and proper design of fixed-bed columns. Moreover, laboratory experiments under
dynamic conditions using columns are easy to scale up for industrial applications (Jaria et al.,
2019; Ahmed & Hameed, 2018). Therefore, in order to have practical information for scale-up
applications, studying fixed-bed columns and associated breakthrough curves determination
are of paramount importance as the information obtained from such studies under dynamic
conditions provide realistic parameters for pilot scale study. Design parameters and the best
operating conditions can be identified and determined by analysing data obtained from
continuous experiments (Mondal et al., 2016). Simple operation mode, high removal efficiency
and easy scale-up are accounted as advantages of fixed-bed adsorption (de Franco et al., 2017).

Compared to batch studies, a smaller number of column studies have been carried out on
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adsorptive removal of organic compounds from water. Nazari et al. (2016) used walnut shell
activated carbon for adsorption of cephalexin, a beta-lactam antibiotic, from aqueous solution
in a fixed-bed column. The authors reported that the highest adsorption capacity (211.78 mg/g)
was obtained under inlet concentration of 100 mg/L, bed height of 2 cm and flow rate of 4.5
mL/min flow rate. High flow rates resulting in rapid breakthrough could be attributed to the
insufficient contact time between cephalexin and adsorbent. Mondal et al. (2016) tested the
influence of inlet concentration, bed depths and flow rates on the shape of the breakthrough for
adsorption of ranitidine onto activated mung bean husk biochar. The results suggested that
breakthrough time decreased with rise in initial concentration and flow rate. At higher bed
heights, ranitidine molecules obtained a sufficient time to diffuse into the SMBB. Thus, drug

uptake was elevated, and breakthrough time was prolonged.

Darweesh & Ahmed (2017a) illustrated the adsorption dynamics of CIP and norfloxacin on
date-stone carbon and the influence of flow rate, bed height, and initial concentration on the
behaviour of breakthrough of CIP and norfloxacin curves was investigated. Results
demonstrated that the adsorption capacity of both drugs and their breakthrough and saturation
time decreased at higher flow rates that can be related to the high rate of mass transfer. In
another study, Yaghmaeian et al. (2014) explored the trend of the breakthrough curves for the
adsorption of amoxicillin onto NH4Cl-activated carbon (NAC) and standard activated carbon
(SACQ) in the fixed-bed columns. Adsorption capacity of NAC was shown to be much higher
than SAC at different empty bed contact times. Elsewhere, Liao et al. (2013) studied the
continuous adsorption of tetracycline and chloramphenicol on a bamboo charcoal. Higher
adsorption capacities of tetracycline and chloramphenicol on the charcoal were observed at

higher flow rate, lower bed height, and lower initial concentration.
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2.10. Modeling the transport of contaminants in fixed-bed
columns

To represent and correlate the experimental breakthrough curves, numerical or mathematical
models are required which provide some useful information such as adsorption capacity,
regeneration time, breakthrough time and mechanism of the adsorption process (Patel, 2019).
Numerical models can also facilitate the scale-up and industrial design. Estimation of
concentration profile for a given adsorbate in the liquid phase within the fixed-bed column can
be determined using verified mathematical models (Ahmed & Hameed, 2018; Lin et al., 2017).
Several adsorption phenomena such as dispersion, mass transfer and intraparticle diffusion
occur simultaneously during the adsorption of contaminants onto adsorbents packed in
columns (Vilardi et al., 2019). The models that consider these adsorption mechanisms can
successfully predict transport of contaminants in fixed-bed column (Jellali et al., 2016; Liao et
al., 2013). Therefore, to obtain a more accurate estimation of adsorption parameters for scale-
up applications and real industrial plants, suitable theoretical models should be used as they
can successfully simulate breakthrough curves and accomplish evaluation of adsorption

processes in fixed-bed columns.

Adams—Bohart, Thomas, and Yoon-Nelson are commonly used models for analysing
breakthrough curves obtained in fixed-bed column studies. However, these models consider
insignificant and/or no axial dispersion and mass transfer in modelling breakthrough curves
(Ahmed & Hameed, 2018; Chu, 2010; Patel, 2019). In contrast, non-equilibrium adsorption
and mass transfer, dispersion and diffusion are taken into account in some models such as
Hydrus (Jellali et al., 2016; Siminek & van Genuchten, 2008). Based on previous studies
(Hanna et al., 2010; Jellali et al., 2016, Suarez et al., 2007), models that consider physical
and/or chemical non-equilibrium processes, mass transfer and dispersion mechanisms have
been found to successfully predict the transport of contaminants in porous media.
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Nazari et al. (2016) analysed the data for adsorption of cephalexin onto walnut shell biochar
using Adams—Bohart, Thomas and Yoon—Nelson models. Thomas and Yoon—Nelson models
(R? of 0.54-0.95) described the measured data better than Adams-Bohart model (R? of 0.29—
0.84) under various conditions. Mondal et al. (2016) reported the simulation of ranitidine
adsorption data for an activated mung bean husk biochar packed in a fixed-bed column. All the
three common models were tested for modelling the data and Yoon—Nelson model was shown
to simulate the breakthrough curve of the adsorbate better than other models. In another study
(Darweesh & Ahmed, 2017a), a poor correlation was reported by the Adams—Bohart model for
adsorption of CIP (0.750-0.84) and norfloxacin (0.767—0.854) on date-stone activated carbon.
However, Thomas and Yoon—Nelson models could predict the data well for both adsorbates.
Based on the results, Langmuir type isotherm, second-order Kinetics, and decreasing adsorption
rate were related to the to the adsorption of CIP and norfloxacin in the fixed-bed column
(Darweesh & Ahmed, 2017a). Yaghmaeian et al. (2014) used the Thomas and Yoon-Nelson
models to predict the breakthrough data for amoxicillin adsorption on permanganate activated
carbon. Both Thomas and Yoon-Nelson models described the experimental data well with R?
values of 0.95-0.97 and 0.93-0.97, respectively. Liao et al. (2013) developed a mass transfer
model considering surface and intraparticle diffusion to investigate adsorption process of
tetracycline and chloramphenicol. Based on their findings, the developed model predicted the
experimental data well and the surface diffusion was shown to be the rate-limiting step for

adsorption of both contaminants.

Hydrus model has been used for predicting the transport of organic and inorganic contaminants
in porous media in last two decades (Jellali et al., 2010; Martinez-Hernandez et al., 2017,
Suarez et al., 2007); however its application for modelling contaminants transport in carbon-
based adsorbents in fixed-bed columns was tested in only one recent study (Jellali et al., 2016).

Jellali et al. (2016) used Hydrus model for prediction of transport parameters of lead adsorption
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in fixed-bed columns packed with raw sawdust and magnesium pretreated biochar. The results
showed that non-equilibrium Hydrus model described the experimental data well (R? of 0.97-
0.99) for both adsorbents and provided valuable data for scale-up purposes. To date, application
of Hydrus model for modelling the fate and transport of pharmaceuticals in fixed-bed columns

packed with carbon-based adsorbents has not yet been studied.

2.11. Regeneration of spent adsorbent using ball milling

Regeneration of spent adsorbents can make adsorption technology more economical and
feasible. Moreover, disposal of the exhausted biochar represents serious environmental
problems as they are loaded with toxic pollutants. Some techniques such as microbiological,
chemical, thermal, microwave, and electrochemical can be utilized in regeneration of spent
adsorbents (Ahmed et al., 2016). Solvents such as HCI, NaOH, ethanol, methanol, acetone,
acetic acid, EDTA and NaCl are extensively used in desorption cycles (Ahmed et al., 2016;
Reguyal et al., 2017). In order to investigate the reusability of spent adsorbents, some studies
have been conducted on desorption of adsorbed contaminant and regeneration of used
adsorbents (Parshetti et al., 2014; Reguyal et al., 2017; Zhang et al., 2013a). However,
desorption of adsorbed contaminants and reintroducing them back into the environment may
not be a logical and appropriate way to solve the issue. Moreover, these methods are usually

sophisticated and need high energy input and toxic and costly reagents.

Ball-milling technology has recently been receiving increasing interest as a cheap, effective
and green technique for mechanochemical degradation of contaminants such as
pharmaceuticals and production of nanoparticles (Naghdi et al., 2017; Samara et al., 2016).

Mechanochemical degradation process is a chemical reaction driven by the application of force
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by milling, grinding or compression. Mechanical forces may cleave the particles and increase
their surface area (Samara et al., 2016). Important parameters affecting the degradation of
chemicals are shown in Figure. 2.7. Ball milling technology is still in its infancy and only a
few studies have been done on degradation of pharmaceuticals using ball milling (Shan et al.,
2016, Samara et al. 2016). For example, Shan et al., (2016) used ball milling to degrade the
adsorbed contaminants (carbamazepine and tetracycline) onto the adsorbent. The results
demonstrated that about 90% of adsorbed carbamazepine and tetracycline onto biochar were
easily degraded by mechanochemical ball milling. The degradation of carbamazepine was
improved after adding quartz to the adsorbent. In another study conducted by Samara et al.
(2016), ball milling degraded 94% of applied carbamazepine after milling for 30 min. Yan et
al. (2017) reported that ball milling could greatly degrade Hexabromocyclododecane after 2
hours milling and with addition of sodium hydroxide and sodium persulfate as co-milling
reagents. Gao et al. (2021) reported the successful degradation of high concentrations of
dichlorodiphenyltrichloroethane (DDT) in contaminated soil using ball milling. Removal rate

of DDT after ball milling for two hours with ball diameters of 19.6 mm was around 95%.

Planetary ball
milling .

Figure 2. 7. Schematic diagram of the main factors affecting degradation.
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2.12. Scale-up and techno-economic feasibility of tyre char as an
adsorbent

Scarcity of data in techno-economic feasibility of engineered biochars and design and scale-up
of biochar-based treatment systems has constrained application of biochar technology in
industry-scale applications for water and wastewater treatment. Therefore, to determine the
economic standing of biochar-based adsorbents, future studies should focus on the cost analysis
of engineered biochars produced from different feedstocks. Also, design and optimization of

biochar-based water treatment systems could be a focus in future research.

Techno-economic assessment of biochar production derived from different feedstocks has been
investigated in a few studies (Choy et al., 2005; Lai & Ngu, 2020; Leon et al., 2020; Toles et
al., 2000). Similarly, cost analysis of pyrolysis of waste tyre has been also reported by a few
authors (Islam et al., 2011; Ko et al., 2004; Li et al., 2010b; Zabaniotou et al., 2014). For
example, in the study by Islam et al. (2011), techno-economic feasibility of pyrolysis process
for converting ELTSs into pyrolysis oils, solid char and gases was carried out in three different
plant sizes. The authors reported that the medium commercial-scale plant gave the lowest unit
production cost for the production of pyrolysis oil (136 US$/tonne). By considering the revenue
from solid char and gas, the total production cost for oil was reduced to 62 US$/tonne. An
example of the conceptual design for pyrolysis plant used by Islam et al. (2011) is presented in
Figure. 2.8. In another study, pyrolysis was shown as the most eco-effective treatment
technology for ELTSs, where Li et al., (2010b) found that pyrolysis of tyre char had higher
economic benefit and lower environmental impacts compared to dynamic devulcanization and
ambient grinding treatment technologies. It was found that the cost of carbon black obtained
from pyrolysis was estimated to be 450 US$/tonne. Much earlier, Ko et al. (2004) demonstrated
the feasibility of converting waste tyres and coal to activated carbons and the results from
economic analysis revealed that using waste tyres as precursor for production of activated
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carbon has higher return of investment (27.4%) and lower operating costs compared to using

coal as precursor.

Other studies include an economic evaluation of activated carbons production derived from
almond shell and activated through different activation/oxidation conditions (Toles et al. 2000).
The authors compared their findings against commercial activated carbon and reported that
based on the estimated production costs, the unoxidized almond shell adsorbent activated
through steam activation was found to have the lowest production costs (1540 US$/tonne).
Also, the estimated costs for all other activated carbons derived from almond shell were lower
than commercial activated carbon (3300 US$/tonne). Elsewhere, cost estimation of activated
carbon derived from waste nutshells using pyrolysis and steam activation was studied by Leon
et al. (2020). Based on the production rate of 6.6 tonne/day in a 10-year project, the production

cost of the activated carbon was calculated 2150 US$/tonne.
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Figure 2. 8. An example of conceptual design for pyrolysis plant (Source: Islam et al., 2011).
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2.13. Summary and knowledge gaps

Pharmaceuticals are emerging contaminants of growing concern that are ubiquitously found in
the aquatic environment with a potential risk for human health and ecosystem. CIP, PRO and
CLO as widely prescribed pharmaceuticals have been frequently detected in the aquatic
environment. These pharmaceuticals could cause harmful effects on human and aquatic life
and have been found to be toxic in different organisms even at small concentrations (ng/L to
Mg/L) (Maszkowska et al., 2014b; Minguez et al., 2014; Zaleska-Radziwilt et al., 2014). In

response to this, special attention to their environmental fate is required.

Based on available studies in literature, various treatment methods such as ozonation,
oxidation, photo-Fenton process, photocatalytic degradation and membrane bioreactor have
been applied for removing these pharmaceuticals from aqueous solutions (Estrada-Arriaga et
al., 2016; Lu et al., 2019; Nassar et al., 2017; Nielsen & Bandosz, 2016; Perini et al., 2018;
Radjenovi¢ et al., 2009). These methods, however, have some disadvantages such high cost,
complicated treatment process, or producing toxic by-products. Adsorption technology has
been recognized as a promising method for removal of emerging contaminants due to its low-
cost, ease of operation and high efficiency. However, difficulty in separation of adsorbents
from aqueous solution after treatment is one of the drawbacks of the adsorption technology.
This difficulty can be overcome by magnetisation of adsorbents using various metallic ions
and then separation of the powdered magnetic adsorbent by application of the external
magnetic field. In some studies, magnetic adsorbents have demonstrated higher surface area
and significant morphology after magnetisation that could increase their capacity for adsorption

of contaminants (Devi & Saroha, 2014; Shan et al., 2016; Zhu et al., 2014).

Different carbon materials are extensively used as adsorbents for adsorption of contaminant

from water bodies. However, low-cost activated carbons derived from ELTs are more
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promising for real applications as they have co-benefits including provision of clean water and
minimisation if solid waste. Although removal of pharmaceuticals using different adsorbents
have been investigated in many studies, there is very few information available on adsorption
of pharmaceuticals on tyre char (Acosta et al., 2016; Azman et al., 2019; Styszko et al., 2017).
Therefore, removal of pharmaceuticals from aqueous solutions using tyre char and studying
adsorption mechanisms warrant investigation. Moreover, adsorption of pharmaceuticals onto

magnetic tyre char has not been investigated yet.

Many studies have demonstrated the high capacity of biochar for adsorption of contaminants
from water bodies (Li et al., 2018d; Liang et al., 2019; Mohan et al., 2011; Oladipo & Ifebajo,
2018; Reguyal & Sarmah, 2018). However, the bulk of existing research is on batch adsorption
of pollutants and limited studies have been conducted on the fixed-bed adsorption of
contaminants. Therefore, to date there has been no attempts for development of column pilot
and industrial scale of biochar-based water treatments systems. Moreover, information
obtained from column studies is critical and helpful for predicting contaminants transport in
column, validating existing models and propagation of data in industrial scale especially using
appropriate mathematical models. Based on recent studies, the models that consider non-
equilibrium processes, dispersion, mass transfer and diffusion mechanisms can successfully
predict the transport of contaminants in fixed-bed columns (Jellali et al., 2016; Liao et al.,
2013). There are limited studies on the modelling the transport of pharmaceuticals in fixed-bed
column using appropriate models (Liao et al., 2013) and most studies have used traditional
models such as Adams—Bohart, Thomas, and Yoon-Nelson which do not consider all
adsorption mechanisms in column studies (Darweesh & Ahmed, 2017b; Mondal et al., 2016;

Nazari et al., 2016).

Biochars obtained from feedstocks or waste materials are considered as low-cost and renewable
technology for water and wastewater treatment; however, there is limited literature on reliable
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techno-economic assessment of carbon-based adsorbents (Choy et al., 2005; Islam et al., 2011;

Ko et al., 2004; Lai & Ngu, 2020; Leon et al., 2020; Toles et al., 2000).
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Introduction

Antibiotic residues released from treated wastewater and agricultural runoff can lead to the
development of antibiotic resistance in human health and wildlife (Sun et al., 2014; Zeng et al.,
2018). CIP, a broad-spectrum antibiotic, is marketed and used globally for the treatment of
infectious diseases in humans and animals (Carabineiro et al., 2011). Beta-blockers are known
as endocrine disrupting chemicals and have toxicological effects on non-target organisms in
the environment. PRO is one of the beta-blockers which is prescribed for heart disease and
commonly detected in water bodies (Wick et al., 2009). Another group of widely prescribed
pharmaceuticals are antidepressants, such as CLO, which have a direct effect on central

nervous system and can interrupt neuroendocrine signalling (Yuan et al., 2013).

In WWTP, mixtures of multiple pharmaceuticals with diverse chemical structures exist
simultaneously, and their removal rates are different based on the physiochemical properties
of the pharmaceuticals (Nielsen & Bandosz, 2016). It is well recognized that conventional
treatment technologies are not capable enough to eliminate these pollutants, even with tertiary
treatment. Therefore, developing effective technologies to eliminate pharmaceuticals from the

environment is continuously in demand and imperative.

Biochar or pyrochar, a carbon-rich porous solid material derived from thermochemical
conversion of biomass, has been demonstrated as a promising adsorbent for the removal of
various pollutants from waterbodies because of its high efficiency, low-cost and low
environmental risk (Kong et al., 2017). Recent studies have shown biochar as an effective
adsorbent for pharmaceuticals and personal care products (PPCPs) removal (Yao et al., 2012;
Zhu et al., 2014). However, one of the drawbacks of using biochar is the difficulty in separating
from aqueous solution after treatment. Hence, magnetic biochar, as an emerging method, has

attracted considerable interests in water treatment as it can be easily collected after adsorption
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by application of external magnetic field or using a permanent magnet instead of filtration and

centrifugation (Wang et al., 2014).

Magnetic adsorbents, because of its ease of recovery and regeneration properties are potentially
applicable at full-scale industrial wastewater treatment and batch adsorption tests for several
times. Magnetic medium (such as maghemite) and carbonaceous adsorbents are typically
combined by chemical co-precipitation or pyrolysis activation (Rajapaksha et al., 2016;
Reguyal et al., 2017; Reguyal & Sarmah, 2018). The introduction of magnetic particles to the
carbon-based adsorbent has led to reduction in surface area and adsorption capacity in
comparison to pristine adsorbents (Reguyal et al., 2017); however, opposite trend of increased
surface area and adsorption efficiency after magnetisation has also been reported (Chen et al.,

2011; Devi & Saroha, 2014; Mohan et al., 2014; Shan et al., 2016; Zhu et al., 2014).

While pyrochar can be produced from a range of waste biomass (rice-husk, coconut shell, pine
sawdust, sewage sludge, orange peel etc.) via pyrolysis, the end of life tyres (ELTS) can be a
feasible raw material due to its high carbon content. Globally, over one billion waste
automotive tyres are being generated every year causing serious environmental problems
associated with their improper disposal, non-biodegradable nature and pollution emissions (de
Toledo et al., 2018; Loloie et al., 2017). The disposal of tyres in landfills occupies large
volumes resulting in massive stockpiles that poses a risk of accidental fires with high emissions
of dangerous gases such as sulphurous compounds, oxides of carbon and nitrogen and
particulates (Norgay, 2004). Leachate from ELTs also contain heavy metals which can
infiltrate and contaminate soils, groundwater and surface water (Sandrk Nukic & Milicevic,
2019). Environmental pollution and wasting valuable rubber are two problems caused by
disposal of waste rubber tire. Adsorbents produced from ELTs have been successfully used for
the adsorption of different inorganic (Quek & Balasubramanian, 2009; Quek &

Balasubramanian, 2011) and organic contaminants (Rozada et al., 2005a; Rozada et al., 2005b;
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Rozada et al., 2007). However, until now only a few studies have been conducted on the use
of ELTs based adsorbents to remove pharmaceuticals from aqueous solution (Acosta et al.,
2016; Azman et al., 2019; Styszko et al., 2017). For instance, Azman et al. (2019) evaluated
aspirin removal using tyre waste adsorbent synthesized with chemical and thermal treatment
and concluded the highest adsorption performance of aspirin at pH 3 and temperature of 30 °C.
Similarly, tyre pyrochar activated with CO. and impregnated with amines was utilized for the
elimination of selected pharmaceuticals in aqueous phase (Styszko et al., 2017). In the study
conducted by Acosta et al. (2016), tyre pyrolysis pyrochar, tyre pyrolysis pyrochar activated
by KOH and a commercial activated carbon were used to investigate Tetracycline removal
from aqueous solution. Although the application of tyre pyrochar to treat drug pollutants has
been studied, adsorption mechanisms of pharmaceuticals onto tyre adsorbents has not been

explained well.

Despite a large number of research studies on the development of char as adsorbents for water
treatment, transposing the process from small-scale studies to large-scale systems in order to
demonstrate feasibility and performance remains a significant barrier. TRL assessment is
carried out to identify the challenges and describe the maturity of a new technology based on
technology concepts and requirements. TRL are based on a scale from 1 to 9 assigned to lab-
scale development (levels 1-4), pilot-scale development (levels 5-7) and industrial-scale

development (levels 8, 9) (Buchner et al., 2019).

Therefore, the overarching aim of this Chapter was to produce low-cost and environmentally
friendly adsorbent achieving two targets with environmental, market and societal outcomes: a)
a new low-cost product for environmental remediation and b) sustainable management of
ELTs. Specific objective was to produce and synthesise magnetic tyre pyrochar at TRL3-7 and
investigate the adsorptive removal of CIP, PRO, and CLO selected as model adsorbates in

aqueous solution. Effects of pH and ionic strength on the adsorption of the contaminants onto
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magnetic tyre pyrochar were studied to gain information on the behaviour of the compounds.
A secondary objective was to conduct a preliminary assessment on the techno-economic
feasibility of tyre pyrochar's usage as an adsorbent by comparing the proposed innovative
process and product with the activated carbon in terms of production cost, effectiveness and

sustainability.

3.2. Materials and methods

ELTs samples, mixtures of car tyres and truck tyres, to a mass ratio (90/10) were used as
pyrolysis feedstocks to produce the pyrochars. All chemicals (CIP, PRO, CLO, FeCls-6H-0,
FeSO4-7H,0) and methanol (LCMS grade, 99.9% purity) were purchased from Sigma-Aldrich,
New Zealand. Other chemicals including KOH, formic acid (CH202), NaOH, NaCl and HCI

used in this study were of analytical grade and commercially available.

3.2.1. Pyrolysis of ELTs at TRL7

Pyrolysis of the ELTs was carried out in a prototype designed in Greece and constructed by the
Irish PGE company in collaboration with the University College of Cork, in the context of an
EU Life + project, the LIFE10 ENV/IE/000695 (Antoniou & Zabaniotou, 2018). The TRL of
Pyrolysis was 7. The continuous-operation pilot plant, is based on a rotary Kiln reactor and is
consisted of the following sections: feeding system, rotary Kiln reactor, vessel for solids
collection, liquid cooling, condensing and collection system, gas furnace and control systems
(Figure 3.1). The prototype plant can process up to 100 kg/h of pre-treated, steel-free tyre
granulates with a mass flow rate of 20 kg/h. The pyrolysis experiments were carried out at the
optimised conditions: Temperature = 550 °C, heating rate = 20 °C min~* and particle size 20
mm, under oxygen-free and atmospheric pressure. Nitrogen (N2) was initially used to purge

the whole system, thus assuring oxygen-free conditions for pyrolysis.

56



Materials and methods

For replicability reasons, five consecutive samplings were performed under the same feeding
rate. Sampling of non-condensable gas, liquid and solid products took place when the steady
state was reached, approximately after 30 min from pyrolysis start-up. Every 30 min, gas, liquid
and solid samples were taken so that the continuation, replicability and reproducibility of the

process could be verified.

The gas, liquid, and solid product yields in percent weight (wt. %) were 14.5 + 2%, 37.5 £ 1%
and 48.0 + 2%, respectively. The results showed high reproducibility and stability. The
standard deviation and the absolute error were considered as very low, considering the
complexity involved in pilot plants of this size and the associated experimental error, related

to solid residues handling.

Char was collected in a vessel for solids recovery, during pilot-scale pyrolysis. Char
composition depends on both pyrolysis conditions and ELTs composition. ELTs pyrolysis
char, known also as pyrochar or recovered carbon black, consisted of the initial carbon black

(used during tyre manufacturing), ashes and tarry compounds produced during pyrolysis.

Table 3. 1. Physicochemical properties of CIP, PRO and CLO.

Parameter Ciprofloxacin Propranolol Clomipramine
Molecular
C17H18FN3O3 C16H21NO2 C19H23CIN2
formulae
CAS
85721-33-1 525-66-6 303-49-1
number
Molecular
331.35 g/mol 259.34 g/mol 314.85 g/mol
weight
Log Kow 0.28 2.90 5.19
pKa 6.18, 8.76 9.42 9.20
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Water
solubility 30,000 mg/L 62 mg/L 0.294 mg/L
(25C)
OH O
Chemical 0 | ; /L 0
Structure A Q . % -
|

3.2.2. Synthesis of magnetic tyre pyrochar (MTC) at TRL 3

MTC in this study was prepared using a modified method developed earlier by Wang et al.
(2014). Briefly, sieved pyrochar (10 g) was added into a solution containing 1.5 g of
FeCls-6H20, 3.5 g of FeSO4-7H.O and 200 mL of deionized (DI) water with continuous
stirring (900 rpm) for 1 h at 60 °C. The pH of the mixture was increased to 9—11with dropwise
addition of KOH solution (3.0 M) and the reaction was undertaken for another hour. After
being stirred for 60 min, the magnetic pyrochar was separated from the solution via
centrifugation at 4000 rpm. Finally, the obtained pyrochar was rinsed with deionized water for
five times, dried in a vacuum oven at 50 °C for 48 h and sieved to a uniform size (75-300 um)
before performing adsorption experiments. Figure 3.2 shows the schematic representation of
the sample pyrolysis and magnetisation at TRL 7 and TRL 3, respectively. Table 3.1 presents

the physicochemical properties of CIP, PRO and CLO.
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Waste Tyres

Figure 3. 1. Flow sheet and photos of the pyrolysis prototype (Source: Antoniou & Zabaniotou, 2018)

3.2.3. Characterisation of adsorbents

Brunauer—-Emmett—Teller (BET) specific surface areas and Barrett— Joyner—Halenda (BJH)
cumulative pore volumes of pyrochars were obtained from the N2 adsorption isotherm data
under liquid nitrogen at —196 °C by Micromeritics Tristar 3000 instrument. Samples were first
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degassed for 12 hours at 60 £ 1 °C under N2 gas. The elemental composition (C, H and N) of
the pyrochar was determined using an elemental analyser at Mass Spectrometry Centre, The
University of Auckland, New Zealand. The magnetic strength was assessed at external
magnetic fields by Physical Property Measurement System (PPMS) under Vibrating Sample
Magnetometer (VSM) option at room temperature. Fourier transform infrared (FTIR)
spectroscopy (Varian 7000) analyses of pyrochar samples were carried out to detect the
functional groups. Surface morphologies of the adsorbents and distribution of iron on the
surface were observed by using Hitachi SU-70 FE-SEM equipped with Energy Dispersive X-
ray (EDX) facility at 1 kV and 5 kV acceleration voltages. MTC zeta potential was tested by a

Zetasizer analyser (Nano ZS90, Malvern, UK).

Pyrolytic gas
14.5 wt.
*  Pyrolysis Process 48 wt.% w

A
% Stirring at 60 °C and
o Adjusting pH to 9-11
~
™

Pyrolytic oil

Figure 3. 2. Schematic representation of sample pyrolysis and magnetisation.

3.2.4. Batch adsorption studies

Batch adsorption studies were conducted in a 50 mL glass Kimax centrifuge tube with Teflon-

lined screw caps. A volume of 25 mL of pharmaceuticals solution (CIP, PRO, CLO) and 50
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mg MTC was used. The centrifuge tubes were then shaken in an end-over-end shaker in the
dark at 50 rpm at room temperature (22 °C + 2) for 24 hours. The effect of different parameters
including contact time, pyrochar dosage, solution pH, ionic strength, sorption kinetics and
sorption isotherm were examined. Based on preliminary studies, equilibrium time for all three
compounds were obtained in <15 h. The influence of adsorbent dosage of 25, 50 and 100 mg
in 25 mL (which corresponded to 0.8—4 g/L) of solution was studied at two concentrations: of
0.2 and 1 pg/mL. In order to identify optimum initial pH, the pH of solution at concentration
0.2 and 1 pg/mL was adjusted between 3 and 10 using dropwise solution of 0.1 mol/L of HCI
or NaOH. The concentration of NaCl (0—1 mol/L) was varied to investigate the effect of ionic

strength on the sorption of selected pharmaceuticals onto magnetic pyrochar.

In addition, kinetic studies were performed at two concentrations of 0.5 and 5 ug/mL with
different contact times ranging from 30 s to 15 hours, at pH ~ 6 for CIP and 9 for PRO and
CLO, and ionic strength of 0.01M NaCl for CLO. For the isotherm studies, initial equilibrium
concentrations were used in the range of 0.2 to 10 pg/mL for both TC and MTC. All the

experiments were performed in duplicates.

The amounts of CIP, PRO and CLO adsorbed, ge, were determined as follows:

ge = (C;— Co) X — (3.1)
where, Cj and Ce are the initial and equilibrium concentrations of CIP, PRO and CLO (pg/mL),

m is the mass of the pyrochar (g), V is the volume of solution (mL) and ge is the amount of

compound sorbed (ug/g).
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3.2.5. Analytical quantification of pharmaceuticals

Following centrifugation, all samples were filtered through 0.20 pum cellulose acetate
membrane filters. The concentrations of CIP, PRO and CLO were measured directly with a
liquid chromatography tandem mass spectrometer (LC-MS/MS) using an Eclipse plus C18
column (100 x 2.1 mm, particle size 3.5 pm). The mobile phase consisted 0.1% formic acid in
water (A) and 100% methanol (B) and were used at a flow rate of 0.2 mL/min and a column
temperature of 40 °C. All three compounds were determined in the positive mode electrospray
ionization (ESI). Sample injection volume was set at 1 pL and the run time was 14 min with
retention times 6.12, 7.19 and 7.89 min for CIP, PRO and CLO, respectively. The detection

limit for all three compounds is 2 ppb.

3.2.6. Data analysis and modelling

In order to investigate the mechanism of the adsorption onto pyrochars, measured kinetic
datasets were fitted to two kinetic models: the pseudo-first order and pseudo-second order

models as shown in Egs. (3.2) and (3.3), respectively below.

qe = qe(1 —e™™1t) (3.2)
_ qdkat
U= Tiqoiot (3.3)

where t is the adsorption time, ge and gt (ng/g) are the amount of CIP, PRO and CLO adsorbed
onto pyrochars at equilibrium and at time t, respectively. ki (1/min) and k2 (g/ug min) are rate

constants of pseudo-first and pseudo-second, respectively.

To have a better description and deepen the understanding of the adsorption process,

experimental data of the pharmaceuticals sorption onto the adsorbents were fitted to four
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typical isotherm models: Langmuir (Eg. (3.4)), Freundlich (Eg. (3.5)), Temkin (Eq. (3.6)) and

Dubinin- Radushkevich (Eqg. (3.7)) models as below.

ge = TmE (3.4)
qe = K¢ C¢' (3.5)
qe = By In(AC,) (3.6)
d. = qrexp(Be?) where &= RTIn(1+ Cie) (3.7)

In the above equations, Ce is the equilibrium concentration (ug/mL), Qe is the amount of CIP
adsorbed per gram of pyrochar (ug/g), KL is the Langmuir constant (mL/ug), Om is the
maximum adsorption capacity (ug/g), Kt is the Freundlich isotherm coefficient (ug/g)(mL/ug)",
n is a measure of adsorption linearity. A (mL/ug), R (8.314 J/mol K), and T (K) are Temkin
isotherm equilibrium binding constant, gas constant and absolute temperature, respectively.
The parameter b is Temkin isotherm constant, By = RT/b, B is a constant related to the mean
free energy of adsorption (mol?/KJ?), q: is the theoretical isotherm saturation capacity (ug/g),

and ¢ is Dubinin-Radushkevich isotherm constant.

3.3. Results and discussion

3.3.1. Pyrochar characteristics

Selected physical and chemical properties of non-magnetic tyre pyrochar (TC) and magnetic

tyre pyrochar (MTC) are summarised in Table 3.2.

Surface characteristics of TC and MTC are shown in SEM images (Figure 3.3a and b). The
surface morphologies of pyrochars indicate a porous texture of the material that can provide

active sites for the sorption. It can be observed from SEM images that the surface of the MTC
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was covered with iron nanoparticles after magnetic activation. Based on the elemental
composition of pyrochars, the lower C content for magnetic pyrochar versus non-magnetic
pyrochar could be attributed to the introduction of iron particle onto the magnetic pyrochar.
Also, O and H content decreased after magnetisation. Elemental molar ratios for the sorbents
were calculated to estimate their aromaticity (H/C) and polarity (O/C), which were 0.252 and
0.127, respectively for MTC, suggesting its lower aromaticity and polarity as compared to the

raw pyrochar. The EDS spectra of MTC showed the presence of iron in particles on the surface

of the adsorbent which is 27.45% Fe (Figure 3.3c).

Table 3. 2. Chemical and physical properties for pyrochars.

Properties TC MTC
C (%) 79.93 59.45
H (%) 1.39 1.25
N (%) <0.3 <0.3
S (%) 1.74 1.42
0" (%) 16.64 10.13
H/C 0.208 0.252
o/IC 0.156 0.127
Fe (%) n.d. 27.45
BET surface area (m?/g) 38.17 49.23
BJH cumulative pore volume (cm®/g) 0.37 2.66
BJH average pore diameter (nm) 35.38 19.65

*0Oxygen content was determined by difference.
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The BET surface area of TC and MTC are 38.17 m?/g to 49.23 m?/g, respectively. This increase
in Sget could be attributed to the activation processes resulting in more porous MTC compared
to TC. Magnetic composites with larger surface area compared to raw material have been
reported in several of the past studies (Devi & Saroha, 2014; Kong et al., 2017; Shan et al.,
2016; Zhu et al., 2014). Also, it is noteworthy that the cumulative pore volume of magnetic
pyrochar was higher than the pristine pyrochar which could be due to the result of crushing of
iron particles into the pyrochar and creating more pores. However, the average pore size of
pyrochar decreased from 35.38 nm to 19.65 nm after magnetisation. The low BET surface area
of TC is consistent with previous studies (61 m?/g (Acosta et al., 2016), 22 m?/g (Gupta et al.,
2011b), 32 m?/g (Hadi et al., 2016) and 61.09 m?/g (Kim et al., 2018)). The differences in
surface areas might be due to different brands and rubber components in tyres as feedstock that
can lead to the different properties of pyrochar (Lah et al., 2013). Also, original carbon black
compounds and more abundant elements and additives which are presented in raw tyre tread

from waste tyre might be ascribed to higher surface area of char products (Wang et al., 2019).

Magnetic hysteresis curves of MTC represent the saturation magnetisation of 10.8 emu/g which
is magnetic strength of the pyrochar (Figure 3.4a). In addition, the magnetic separation power

of MTC was tested by application of an external magnet as shown in Figure 3.4b.

The FTIR spectra of pyrochars, magnetic and non-magnetic, measured in the 4000-500 1/cm
region and are shown in Figure 3.5. The broad band observed at approximately 3550 1/cm can
be assigned to the hydroxyl groups (—OH) and the peak at around 2700 1/cm can be ascribed
to aromatic C-H. The bands at about 2150 and 2200 1/cm correspond to C=C and C=N,
respectively. The band at 1194 and 1650 1/cm can be assigned to C-O and C=C. These relative
peaks show that original organic residues are present on the surface of pyrochars and may

contribute to adsorption process as discussed later. Based on the FTIR spectra results,
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magnetisation did not change surface functional groups of pyrochars, but decreased the

intensity of peaks.

keVv

Figure 3. 3. SEM/EDS elemental mapping analysis for TC and MTC (SEM images of TC (a) SEM images
of MTC (b) and EDX result of selected area of MTC (c)).
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Figure 3. 4. Magnetic hysteresis cycles of MTC (a) and Magnetic separation of MTC after adsorption (b).
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Figure 3. 5. FTIR spectra of TC and MTC.

3.3.2. Effect of pH on the adsorption of CIP, PRO and CLO onto MTC

One of the most important parameters in adsorption process is the pH of the solution as it
affects the surface charge of the adsorbent and the degree of ionization and the speciation of
the adsorbates (Kotodynska et al., 2012). To identify the optimum pH for the adsorption of the
pharmaceuticals onto MTC, the impact of solution pH on the adsorption of CIP, PRO and CLO
was investigated at different initial pH values (3—10) at two initial concentrations of 0.2 and 1
ug/mL (Figure 3.6). Given these pharmaceuticals have different physiochemical properties and
all being ionisable compounds, the trend in their adsorption capacity is dependent on the pH
which varied from 3 to 10. As CIP molecules contain amine and carboxylic acid groups, it can

behave as cation (CIP*), anion (CIP"), uncharged molecule (CIP®) and zwitterion (CIP*) in
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solution at different pH levels (CIP: pKa: = 6.18 and pKa2 = 8.76). In the present study, an
increase in the solution pH resulted in higher removal rate of CIP using MTC. The trend can
only be observed from pH 3 to 6, however, at pH > 6, the CIP removal rate decreased. Similar
findings were also observed in earlier published studies (Kong et al., 2017; Rakshit et al.,
2013). The effect of solution pH on the removal behaviour of CIP can be ascribed to a

combination of pH-dependent speciation of CIP and surface charge characteristics of the

adsorbent.
100 500
o CIP (@) —a—CIP (b)
90 | - CLO
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80+
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Figure 3. 6. Effect of solution pH on magnetic pyrochar adsorption capacity of MTC at initial
concentrations of 0.2 pg/mL (a) and 1 pg/mL (b).

PRO has pKa > 9 and exists in the cationic form at pH < 9. The adsorption capacity of MTC
increased between pH 3 and 9 and reached the highest value at pH 9, which is close to the pKa
of PRO. At pH > 9, the adsorption capacity of MTC pyrochar slightly decreased which was
also observed in a recent study (Wang et al., 2016). Similar results were obtained for the
removal of CLO, with adsorption increased at pH range from 3 to around 9 (CLO: pKa = 9.2),

and then decreased with the change in pH from pH 9 to 10.
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Raw wastewater generally has a pH near neutral, and it may, however range between 6 and 8.
The average pH of raw wastewater in NewZealand is 7.5 (Ray, 2002). In general, MTC can
maintain a high adsorption rate in a large pH range (4-9), indicating that the material can be

applied for the removal of the pharmaceuticals in different pH water bodies.

3.3.3. Effect of ionic strength on the adsorption of CIP, PRO and CLO onto
MTC

Most wastewater contains a certain amount of salt, which may affect the removal of
pharmaceuticals. Thus, the effect of ionic strength on the adsorption of selected
pharmaceuticals onto MTC was carried out via a series of experimental studies by adjusting
the additive amount of NaCl in the range of 0.001, 0.01, 0.1, 0.5 and 1M and the results are
presented in Figure 3.7. Theoretically, when the adsorbate ions have attractive electrostatic
forces on the adsorbent surface, increasing ionic strength leads to a decreasing removal rate
(Al-Degs et al., 2008). For example, CIP removal capacity decreased with increasing NaCl
concentration, which could be ascribed to electrostatic attraction. Explanations for this
observation could be also attributed to the fact that high salt concentration fills the pores of
adsorbent resulting in a decline in adsorption capacity (Afzal et al., 2018). For PRO, there was
a decrease in the rate of adsorption when the NaCl concentration was < 0.5 M. A plausible
explanation for this could be the competition between Na* cations and PRO molecules for
occupying the adsorption sites of the adsorbent (Deng et al., 2019). The adsorption capacity of
PRO increased when the NaCl concentration was > 0.5 M. This increase in PRO uptake can be
due to the ‘salting-out’ effect which improves the activity coefficient of hydrophobic organic
compounds and decreases their solubility in salt solution and has been observed in several

studies (Li et al., 2018a; Reguyal & Sarmah, 2018). Furthermore, it can be observed that CLO
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is insensitive toward ionic strength and its adsorption capacity remained almost constant
indicating the high stability of interaction between CLO and MTC in a certain range of salt
concentration. At very low concentrations of NaCl i.e., 0.001 M, the removal rate of CLO was

found to be the highest (Figure 3.7).
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Figure 3. 7. Effect of ionic strength on CIP, PRO and CLO (~1 pg/mL) sorption onto MTC.

3.3.4. Adsorption kinetics

To better understand the adsorption process and mechanisms associated with their kinetics onto
MTC, kinetic studies were carried out using two different initial concentrations. The adsorption
kinetics of CIP, PRO and CLO onto the MTC are shown in Figure 3.8a to c. For all three
compounds, the adsorption capacity increased rapidly during the first 2 hours, followed by a
gradual rise, and then the adsorption equilibrium was achieved within 15 hours. The initial fast

adsorption could be attributed to the high number of available adsorption sites.
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The pseudo-first order and pseudo-second order models were utilized to evaluate the adsorption
kinetics parameters. The kinetic parameters for the adsorption of CIP, CLO and PRO onto
MTC are summarised in Table 3.3. For all the compounds, pseudo-second order model best
described the experimental data (R?=0.95-0.99) at both concentrations, 0.5 and 5 pg/mL. The
pseudo-second order model was based on the assumption that the rate-determining step may
be controlled by chemisorption and chemical bonding between adsorbate molecules and
functional groups on the surface of adsorbent might be involved (Tan et al., 2015). A similar
behaviour of adsorption kinetics was also observed during the CIP and PRO adsorption by
other carbon-based adsorbent (Afzal et al., 2018; Avci et al., 2019; Deng et al., 2011; Kong et
al., 2017; Li et al., 2018b; Zhou et al., 2019). However, in the absence of data specific to CLO
adsorption by char-like materials; a direct comparison of the past studies with the obtained
results in this research is not possible. The plots for pseudo-first order kinetics were less
comprehensive with poorer R? values (0.79-0.95) and plots were provided in Appendix A
(Figure A.1). Meanwhile, as can be observed in Table 3.3, there was a good agreement between

experimental ge values and the adsorbed amount calculated by the best fit equation.
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Figure 3. 8. Adsorption kinetics of CIP (a), PRO (b) and CLO (c) onto MTC. Symbols represent
measured data and solid lines are Pseudo-second order kinetic model fit.
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Table 3. 3. Kinetic parameters for pseudo-first order and pseudo-second order of CIP, PRO and CLO
onto MTC.

Co Qe.exp Pseudo-first-order
Pseudo-second-order kinetics
kinetics
Compound
kl Qe,cal k2
Ce.cal (MO/Q) _ R? ' R?
(Mg/mL)  (Mg/9) (1/min) (na/g) (9/ug min)
0.5 253.89 55.34 0.0028 0.88 248.65 1.1671 0.99
CIP
5 2048.74 926.40 0.0029 0.89 1978.23 0.0553 0.99
0.5 270.16 167.03 0.002 0.87 239.77 0.2300 0.99
PRO
5 1896.83  1307.37 0.0032 0.95 1903.31 0.0195 0.98
0.5 271.28 390.11 0.0024 0.80 265.36 1.8980 0.99
CLO

5 197499 124853  0.0029 0.91 1865.67 0.0238 0.96

3.3.5. Adsorption isotherm

Important information on the adsorption behaviour of adsorbent and adsorbate can be derived
from the adsorption isotherm data. In this study, four well-known isotherm models, Langmuir,
Freundlich, Dubinin-Radushkevich and Temkin were utilized to derive the isotherm
parameters for CIP, PRO and CLO onto MTC at initial concentrations ranging from 0.2 to 10
ug/mL (Figures 3.9 and A2), with parameters being summarised in Table 3.4. Among the
isotherm models, sorption of the pharmaceuticals onto synthesized pyrochars was best
described by Freundlich model having the highest correlation coefficients (R?), which is based
on the assumption that the adsorption occurs at a heterogeneous surface without formation of
a monolayer (Jiang et al., 2017). Isotherms as described by other three models (Langmuir,
Temkin, Dubinin-Radushkevich) considerably resulted in poor fits as shown in Appendix A
(Figure A.2). An examination of the data presented in Figure 3.9a to ¢ and Table 3.4 revealed

that MTC exhibited high adsorption capacity for all three pharmaceuticals than TC, which
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might be ascribed to the lower polarity and larger surface area of MTC. Elimination of organic
contaminants might have been inhibited by polar sites via formation of larger and denser water

clusters (Ahmad et al., 2012).

As defined by McKay (1982), the essential features of the Langmuir equation can be described

according to the constant separation factor (Rv):

R, =— (3.8)

T 14+K.LCo

Langmuir constant. The value of R. indicates whether the type of the isotherm is irreversible
(RL=0), favourable (0 <RL < 1), linear (RL = 1) or unfavourable (R. > 1). The calculated values
of Ri, which range between 0.13 and 0.21, indicate that the adsorption behaviour of the
pharmaceuticals onto pyrochars are favourable. Moreover, this consequence could be
confirmed by the n values in the Freundlich model, which are < 1 and represent a beneficial
adsorption condition. Also, Ea, the average free energy of adsorption from Dubinin-
Radushkevich model has been found to be useful in determining the adsorption mechanism.
For Ea < 8 kJ/mol, physical adsorption is dominant in the adsorption process and chemical
adsorption such as ion exchange exists at 8 < Ea < 16 kJ/ mol, while value of Es 2040 kJ/mol
shows chemisorption (Tahir & Rauf, 2006). In the present study, as the values of Ea are over
17 kJ/ mol, it is conceivable that the CIP, PRO and CLO adsorption process on both adsorbents

is likely to be mainly chemisorption.

For CIP, PRO and CLO, the maximum adsorption capacities were 6.94, 6.6 and 10.55 mg/g,
respectively. Recently, Avci et al. (2019) used commercial activated carbon and reported 1.86
mg/g sorption capacity for CIP. A magnetic biochar-based manganese oxide composite was
reported that having 8.37 mg/g sorption capacity for CIP (Li et al., 2018b). Elsewhere, Zhao et
al. (2019) synthesized magnetic biochar from potato leaves and CIP adsorption capacity was

found 11.46 mg/g. Also, the adsorption capacities of MTC obtained for CIP in this study can
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be compared with the removal capacity of magnetic herbal biochar, rice husk biochar, and
magnetic commercial activated carbon/chitosan which have shown higher adsorption
capacities compared with MTC (Danalioglu et al., 2017; Kong et al., 2017; Zeng et al., 2018).
For example, maximum adsorption capacities of PRO were estimated to be 13 and 146.6 mg/g
for corn straw biochar and activated charcoal, respectively (Wang et al., 2017b; Zhao et al.,
2019). The higher saturated adsorption capacities are likely due to the result of more specific
surface area and pore volume that provided more active adsorption sites. Also, the differences
could be attributed to the employment of a lower initial concentrations for the selected

pharmaceuticals in comparison to other studies.
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Figure 3. 9. Multi-concentration adsorption isotherms of CIP (a), PRO (b) and CLO (c) onto synthesized
adsorbents. Symbols represent measured data, while solid lines are Freundlich isotherm model fits.
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Table 3. 4. Sorption isotherm parameters of CIP, PRO and CLO onto different adsorbents.

Langmuir Freundlich Temkin Dubinin-Raduskevich
Adsorbent Adsorbate K. Om Kt A ot B Ea
R? n R? B R? R?

Ling  9lg (ug/g)(mL/ug)*" (mL/ug) (mg/g)  (molP/k¥)  (kJ/mol)
CIP 0.40 4000 0.82 13.04 0.63 0.96 0.013 557.57 0.87 1020 0.0016 17.67 0.73
TC PRO 0.48 4360 0.82 27.11 056 0.95 0.024 654.52 0.97 1140 0.0016 17.67 0.76
CLO 0.50 5540 0.75 5.60 0.80 0.97 0.034 717.13 0.82 900 0.0003 40.82 0.51
CIP 0.39 6940 0.84 8.12 0.77  0.99 0.053 823.4 0.88 1160 0.0009 23.57 0.67
MTC PRO 0.65 6600 0.96 24.20 0.66 0.98 0.051 813.9 0.89 1160 0.0003 40.82 0.64
CLO 0.50 10550 0.92 19.84 0.74 0.98 0.084 975.91 0.84 1180 0.0001 70.71 0.57
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3.3.6. Plausible adsorption mechanisms

Adsorption mechanisms of pyrochars depend on both the nature and type of adsorbent and
sorbate physiochemical properties (Wang et al., 2016). The compounds under investigation;
CIP, PRO and CLO, are all ionisable compounds, with different physical and chemical
properties. Multiple methods and characterisations were used to obtain quantitative
information in an attempt to identify and elucidate the different sorption mechanisms of the
three compounds onto MTC. Of these, zeta potential, point of zero charge pH (pHpzc) as shown
in Figure 3.10, and FTIR data were useful in explaining the underlying sorption mechanisms
which may have been responsible for the observed trend in the data obtained. A pictorial
diagram in Figure 3.11 is proposed to elucidate the sorption mechanisms involved with detailed

discussion below.
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Figure 3. 10. Zeta potential of MTC under varying pH.
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3.3.6.1. 7-m Electron Donor Acceptor (EDA) interaction

One of the major adsorption mechanisms for organic chemicals interaction with benzene rings
on carbonaceous surface in some studies has been described by n-nt Electron Donor Acceptor
(EDA) interaction (Ma et al., 2015; Moreno-Castilla, 2004; Wang et al., 2014; Zhu et al., 2004).
All three compounds used in the present study possess benzene rings; however, the
electronegativity of the molecular atom or atoms attached to the benzene ring may indicate the
role of benzene ring during the adsorption mechanism. For example, CIP has fluorine group
and N-heteroaromatic ring connected to benzene ring that may function as a m-electron-
acceptor due to the strong electronegativity of F and N. Whereas, the presence of —OH group
on the surface of MTC as determined through the FTIR analysis makes the benzene rings as m-
electron donors, resulting in -7 electron EDA interaction between the adsorbent and adsorbate.
Meanwhile, aromatic C=C bond on the MTC surface (1650 cm™) could be strong m-electron-
donor which might be related with the n-m EDA interaction (Hu et al., 2019; Liu et al., 2019;
Wang et al., 2017a). This type (n-t EDA) of interaction was found to be an important driving
force for the sorption of CIP on carbon surface in a number of studies reported earlier (Afzal
et al., 2018; Li et al., 2014a; Ma et al., 2015; Ramil et al., 2010; Wang et al., 2016; Yu et al.,

2016).

Similarly, the benzene rings in CLO molecules may also act as - acceptor due to the chlorine
atoms substitution and this may interact with electron donor moieties of the biochar via n-nt
EDA interaction. Based on the PRO structure, n—n EDA interaction via the naphthalene rings
of PRO could also contribute to the sorption promotion. Except for m-nm EDA interaction as
described above, cation—m should be another important mechanismresponsible for the
adsorption of the pharmaceuticals by MTC. Under the low pH values (pH < pKa), the positively

charged CIP, PRO and CLO may cause cation-t bonding with 7 electrons on the MTC, which
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was demonstrated to be a specific adsorption mechanism in some studies (Li et al., 2016; Pei

etal., 2012).

3.3.6.2.  Cation exchange and electrostatic repulsion

In addition, CIP, PRO and CLO uptake could be explained by cation exchange and electrostatic
repulsion driven mechanisms. For instance, at pH < 6.18, cationic species of CIP were
dominant and as the surface of pyrochar (pHpzc = 4.65 < solution pH) was oppositely charged
(Figure 3.10), cation exchange could be attributing to the sorptive behaviour of CIP. When pH
of solution ranged between 6.18 and 8.76, zwitterionic form of CIP was dominant, however,
contribution of this form CIP for sorption was found to be negligible. At pH > 8.76, CIP
behaved as anion and due to electrostatic repulsion between ionic CIP molecules and pyrochar,
adsorption capacity reduced. For PRO at the pH range from 4.65 to 9.42, positively charged
PRO (pKa ~ 9.42) easily attracted the adsorbent carrying negative charges which could be
attributed to cation exchange. By increasing pH to above 9, adsorption capacity of pyrochar
decreased slightly probably due to the electrostatic repulsion. For CLO with pKa value 9.20,
the electrostatic attraction between the protonated CLO and the oppositely charged pyrochar
was one of the possible interactions at 4.65 < pH < 9.2. However, for pH > 9.2, repulsive
interaction can take place between negatively charged CLO and the adsorbent. In all the
pharmaceuticals studied, the cation exchange is possible when the compounds are positively
charged based on the pH of the solution and the pHp,c of MTC (Figure 3.10). However, the
reduction of the adsorption capacity of MTC at high pH or at pH where the pharmaceuticals
are negatively charged may indicate electrostatic repulsion. In addition, it also implies that
other sorption mechanism are involved at high pH since MTC can still absorb some of the

adsorbates.
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3.3.6.3.  Kow dependency

The octanol-water partition coefficient (Kow) is often used as an index to show chemical
hydrophilicity and hydrophobicity (Peng et al., 2012). As it can be observed from Table 3.1,
the Kow value of CLO is higher than that of CIP and PRO indicating CLO higher
hydrophobicity. Also, the lower content of O/C of MTC (0.127) indicates its high
hydrophobicity. Highly hydrophobic adsorbates in water solutions have a strong tendency to
be adsorbed on carbon surface (Liu et al., 2010). As the highest hydrophobicity of CIP has been
shown to be around pH 7 (Yu et al., 1994), hydrophobic surface interactions can also be
considered as one of the plausible sorption mechanisms of CIP onto MTC at around pH 7 (Peng
et al., 2016). PRO adsorption could be also affected by hydrophobic effect. At a typical neutral
environmental pH, PRO exists as a cationic species, and it may behave like a cationic surfactant
with the protonated amine and naphthalene ring as hydrophilic and hydrophobic moiety,
respectively (Wang et al., 2016). Hence, hydrophobic tail of PRO (the naphthalene ring) could
be sorbed via hydrophobic interactions in addition to the cationic exchange. Also, as CLO has
high hydrophobicity (3.5 < log Kow) (Choi et al., 2018), its adsorption onto MTC may be

dominated by hydrophobic partitioning.

80



Preliminary techno-economic assessment
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Figure 3. 11. Proposed plausible sorption mechanisms of CIP, PRO and CLO onto tyre pyrochar.

3.4. Preliminary techno-economic assessment

A preliminary feasibility study for the pyrochar production was conducted using data of the
experimental study that was performed at TRL3-7. For the economic assessment, first, the
pyrolysis products yields were considered which according to the pyrolysis pilot plant outputs,
are: gas (14.5 £ 2 wt. %), liquid (37.5 £ 1 wt. %) and pyrochar (48.0 £ 2 wt. %). A full analysis
of the economic assessment is provided in the Appendix B. Briefly, the production cost of tyre
pyrochar for a plant capacity of 6 tonne/day was determined by summing capital charges in the
form of ACC (Annualized capital cost/Capital charges) to the fixed and variable operating costs
(Table 3.5). Estimation of capital and the operating costs for ELTs collection, steel separation,
shredding and pyrolysis process in a pilot-scale Plant determined tyre pyrochar production cost

(Islamet al., 2011).
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Market cost of pyrochar ranges from 350-1200 US$/tonne which is a value lower than that of
the powdered activated carbon (1100-1700 US$/tonne) (Thompson et al., 2016). Revenue
income of selling oil by-product taken from the plant should be considered in total production
cost. Pyrolysis oil can be sold at 400 US$/tonne (Fels and Pegg, 2008), and by deducting the
revenue income from the total production cost, the pyrochar unit production cost can be
decreased to 299 US$/tonne which is a much lower value that the market price 350-1200

US$/tonne (Figure 3.12).

Table 3. 5. Economic analysis of ELTs Pyrolysis in Pilot Scale Plant (6 tonne/day).

Parameters used in cost Bases Production Cost
Location, time, New Zealand, 2020, USD Base equipment cost 120,000
currency
Annual operating time 7512 h Fixed capital 273,000
investment (FCI)
Maintenance 2.5% of FCI Total capital 313,950
required
Overheads 2% of FCI Annualized capital 58,848
cost/Capital charges
Taxes and insurance 1.5% of FCI Annual fixed operating cost
Other fixed operating 1% of FCI Maintenance + 19,110
costs overheads + taxes
and insurance +
other fixed
operating costs
Labour rate * 11.74 USD/h Salary for employee 176,382
(regular duty @ 8 h/day)
Total labours (in 6 Annual variable operating cost
equivalent of shift
operators)
Feedstock cost 20 US$/ton Feedstock 37,560
Electricity price 2 0.098 USD/ kWh Electricity 22,085
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(30 kW for pilot plant)

General overheads 60% of total salaries General overheads 105,829

Interest rate 10% Total annual 360,966
operating cost

Plant life 8 years Total annual 419,814
production cost

Product yield 48% Unit production cost 466

(Pyrochar) (US$/tonne)

By-products Oil 375 400 Revenue income 150,000

tonne/year US$/tonne  Unit production cost 299
after considering
revenue
(US$/tonne)

! https://www.govt.nz/browse/work/workers-rights/minimum-wage/
2 https://www.mbie.govt.nz/building-and-energy/energy-and-natural-resources/energy-statistics-and-

modelling/energy-statistics/energy-prices/electricity-cost-and-price-monitoring/

450,000
= Capital cost
400,000 BV———= = Fixed operating cost
——105820—
350,000 — Feedstock
— Electricity
300,000 22,085 ® General overheads
37,560
250,000
200,000
150,000
100,000
150,000
50,000
0

Figure 3. 12. Cost and revenue distribution of tyre char production in Pilot Scale Plant (6 tonne/day).
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Conclusions

3.5. Conclusions

Through this study the production and synthesis of a novel magnetic adsorbent using pyrochar
from ELTs at TRL7-3 plant was demonstrated. As compared to TC, MTC presented better
performance in the removal of the three pharmaceuticals from water. The adsorption efficiency
was greatly affected by the solution pH and the maximum adsorption was found to occur at pH
7 for CIP and pH 9 for PRO and CLO. The adsorption onto magnetic adsorbent was also
dependent on ionic strength wherein the removal at lower concentrations of ionic strength was
more favourable. The kinetics and isotherm data could be best described by pseudo-second
order kinetic and Freundlich isotherm models. Maximum adsorption capacities were 6.94, 6.6
and 10.55 mg/g for CIP, PRO and CLO, respectively. It was postulated that n-r electron donor—
acceptor interactions, electrostatic interactions and hydrophobic bonding are some of the key
driving forces for sorption of CIP, PRO and CLO onto MTC. An economic assessment revealed
that the pyrochar is economically viable as it is found to be low-cost with production cost was
estimated to be 299 US$/tonne, much lower than existing biochar market price 350-1200
US$/tonne. The concept of circular economy fits well with the approach of ELTs pyrolysis in
conjunction with environmental remediation benefits such as the utilisation of the pyrochar for
magnetisation as a low-cost adsorbent for pollutant removal demonstrating with good
recyclability and reusability performance. However, the present proof of concept needs
upscaling from lab to pilot level before true potential of such technology comes to fruition.
Indeed, various challenges lie ahead in terms of scale-up and the process parameters that need

to be optimised and this could be a focus for future research.
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CHAPTER 4:  Adsorption  of
pharmaceuticals in a fixed-bed column
using tyre-based activated carbon:
Experimental Investigations and
numerical modelling
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4.1. Introduction

Pharmaceuticals and other emerging contaminants such as personal care products have raised
international concerns because of their low biodegradability, high persistence, and facile
bioaccumulation (Zhang et al., 2016). These contaminants are generally present in water at
trace levels (e.g., ng/L), and can have adverse effects on both human and the ecosystem health
(De Andrade et al., 2018). Conventional wastewater treatment plants are not designed and in
effective in the removal/degradation of majority of pharmaceuticals (Bagheri et al., 2014).
Among existing advanced treatments, adsorption has been considered as an attractive
technology due to its simple and effective operation without generation of toxic by-products

(Tong et al., 2010).

Environmental risks posed by ELTs or scrap tyres have attracted increasing global attention
due to the environmental threat following their disposal to landfill or open burning. In New
Zealand, nearly 5 million ELTs are disposed of in landfills, stockpiles, and often are illegally
dumped or unaccounted for each year (Tasalloti et al., 2020). Therefore, the use of ELTs as
precursor for carbon-based adsorbents has added advantages of both waste minimization and
reduction in processing costs. Activated carbon from waste tyres has been found to be effective
for adsorptive removal of pharmaceuticals (Acosta et al., 2016; Azman et al., 2019), dyes
(Hakimi Mohd Shaid et al., 2019; Mukherjee et al., 2019; Tuzen et al., 2018) and heavy metals
(Adio et al., 2019; Kim et al., 2018; Makrigianni et al., 2017) under batch experiments using
aqueous solutions. Magnetisation of carbonaceous adsorbents facilitates their application at
full-scale industrial wastewater treatment as they can be easily separated and regenerated after
treatment. Furthermore, magnetic adsorbent can have higher surface area and adsorption

capacity than non-magnetic adsorbents as have been described in Chapter 3. Magnetic
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carbonaceous adsorbents can be synthesised by chemical co-precipitation or pyrolysis
activation (Chen et al., 2011; Devi & Saroha, 2014)

Fixed-bed granular activated carbon has been identified as a “Best Available Technology” by
the United States Environmental Protection Agency (USEPA) for the removal of organic
contaminants from aqueous solution (Westerhoff et al., 2005). Majority of pharmaceuticals
removal studies in aqueous phase using carbon-based adsorbents has been done under static
conditions (batch mode), and there are limited number of studies on pharmaceuticals adsorption
in dynamic operational conditions using packed-bed columns (Darweesh & Ahmed, 20173;
Darweesh & Ahmed, 2017b; de Franco et al., 2018; Mondal et al., 2016; Nazari et al., 2016).
These studies have mainly investigated the effect of operating conditions (inlet concentrations,
flow rate and adsorbent bed height) on adsorption capacity. For example, Darweesh & Ahmed
(2017b) illustrated the adsorption dynamics of levofloxacin on date-stone carbon and
investigated the influence of inlet concentration (75-250 mg/L). The authors observed that at
high initial concentrations, breakthrough curves shifted toward the origin. Nazari et al. (2016)
studied the continuous adsorption of cephalexin on a walnut shell-based carbon under flow
rates of 4.5, 6, and 7.5 mL/min and a rapid breakthrough was observed at high flow rates.
Mondal et al. (2016) tested the adsorption of ranitidine on activated mung bean husk derived
biochar at different bed heights and the authors observed that the breakthrough time was
prolonged with increasing bed height. A much earlier study by Liao et al. (2013) illustrated the
adsorption dynamics of tetracycline and chloramphenicol on bamboo charcoal at flow rates of
3.3, 6.6, and 10 mL/min and rapid breakthroughs were obtained at high flow rates for both
pharmaceuticals.

Dynamic adsorption experiments allow prediction and modelling of breakthrough curves in
simple operation mode and easy to scale-up for industrial applications. Moreover, they are

capable of treating large volume of solution and more realistic for calculating design
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parameters in real-life applications especially by using appropriate numerical models (Jaria et
al., 2019, Kéhne et al., 2009; Reynel-Avila et al., 2015). Mathematical models correlating the
experimental breakthrough curve are needed to design and optimise adsorption columns (de
Franco et al., 2017). To predict organic and inorganic pollutants transport in porous media and
analyse breakthrough data for continuous adsorption, various numerical models have been
developed and exploited, such as the Adams—Bohart, Thomas, Yoon—Nelson, Hydrus-1D and
Hydrus-2D models (de Franco et al., 2017; Engelhardt et al., 2015; Jaria et al., 2019; Liao et
al., 2013; Suarez et al., 2013). Adsorption in fixed-bed occurs by several simultaneous
phenomenon such as mass transfer and dispersion of solutes. Therefore, the models that ignore
either the adsorption parameters or non-equilibrium processes cannot effectively describe

breakthrough curves, especially for scale-up purposes.

The Adams-Bohart model assumes that mass transfer or axial dispersion of solute is
insignificant, and adsorption is proportional to the residual capacity of the adsorbent and the
adsorbate concentration (Chu, 2010). In contrast, the Thomas model which assumes a
Langmuir isotherm and a pseudo-second-order Kinetics without axial dispersion in the
adsorption column (Ahmed & Hameed, 2018) is suited for adsorption processes with
limitations of no external and internal diffusion. Meanwhile, the Yoon—Nelson model (Yoon
and Nelson, 1984), a simple breakthrough model, assumes that decreasing rate of adsorption is
directly proportional to adsorbate adsorption and the adsorbate breakthrough on the adsorbent.
Additionally, the model does not consider the properties of adsorbate, type of adsorbent and
the physical properties of the adsorbent bed. However, Hydrus model allows the numerical
solution of equilibrium and non-equilibrium convective dispersive equations considering mass

transfer, molecular diffusion and hydrodynamic dispersion (Simtinek & van Genuchten, 2008).
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Previous studies (Hanna et al., 2010; Jellali et al., 2016; Suarez et al., 2007), have shown that
predicting the fate and transport of chemicals in porous media using physical and/or chemical
non-equilibrium models can be successful and more realistic. Unlike equilibrium models where
adsorption is an instantaneous process, chemical non-equilibrium models assume that
adsorption is time dependent and a kinetic rate process (Jellali et al., 2010; Siminek & van
Genuchten, 2008). To date, modelling the fate and transport of pharmaceuticals using non-
equilibrium processes in column studies for wastewater treatment applications has not yet been
explored. Additionally, in spite of increasing volume of research on dynamic adsorption of
contaminants from aqueous solution, to-date, there have been only a few studies investigating
the effect of particle size of adsorbent on diffusion pattern of the adsorbate molecules (Gupta
& Garg, 2019) and the effect of nano-particle adsorbents on fate of contaminants has been
hitherto neglected. On the other hand, to have a better representation of what occurs during the
wastewater treatment and to understand the competitive effects on the removal of the targeted
compound, the performance of adsorption process needs to be assessed for solution containing

pharmaceuticals with different chemical properties.

The overarching aim of this study is therefore to evaluate the performance of synthesised MTC
for the removal of three pharmaceuticals from aqueous solution under dynamic operating
conditions. The specific objectives are: (1) to compare the performance of commercial
activated carbon (CAC) and activated tyre char (ATC) with MTC in packed-bed columns for
removal of PRO, (2) to assess the importance of non-equilibrium processes on pharmaceuticals
transport using the Hydrus-1D model and compare the results with those obtained from
Adams—Bohart, Thomas, and Yoon-Nelson models, (3) to investigate the dependence of

adsorption dynamics on operation parameters (flow rate, initial concentrations,
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bed heights, pH), presence of competitive adsorbates (CIP and CLO), and the particle size of
adsorbents and (4) to formulate a conceptual design for large-scale fixed-bed columns of tyre-

based activated carbon for wastewater treatment.

4.2. Materials and methods

4.2.1. Materials

ELTs samples were mixtures of passenger car tyres and truck tyres (ratio of 90:10) and were
supplied by PK Rubber (a tyre recycling company in Cork, Ireland). Coal based commercial
granular activated carbon used in this study was purchased from Chemviron, New Zealand.
Prior to its application in column studies, it was ground, sieved (75-300 um), washed with
deionized (DI) water, and dried in oven at 100 °C overnight. CIP, PRO, CLO, and methanol
(LCMS grade, 99.9% purity) were purchased from Sigma—Aldrich (Auckland, New Zealand).
Formic acid (CH20>), potassium hydroxide (KOH), sodium bromide (NaBr), hydrochloric acid

(HCI), sodium hydroxide (NaOH) and NaCl were analytical grade and were used as received.

4.2.2. Preparation of adsorbents

The MTC used in this study was synthesised and characterised as reported in Chapter 3. Briefly,
the ELTs were pyrolysed in a prototype pilot plant (constructed by the Irish PGE company) at
550 °C temperature, heating rate 20 °C min* and particle size 20 mm under oxygen-free and
atmospheric pressure. TC produced from ELTs pyrolysis was crushed, sieved (75-300 pum),
and 10 g of sieved pyrochar was stirred in 200 mL of DI water containing 1.5 g of FeCl,.4H,0
and 3.5 g of FeSO4-7H20 at 900 rpm for 1 h. Then, the mixture was heated to 60 °C and pH

was increased to 9-11 with dropwise addition of KOH solution (3.0 M) and stirred for an
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additional hour. Following rinsing with DI water for five times, the obtained pyrochar was

dried in a vacuum oven (50 °C for 48 h) and sieved (75-300 um).

In the present study, ATC was prepared using a modified version of chemical activation method
(Antoniou & Zabaniotou, 2015). TC and KOH flakes were mixed (ratio 1:4), heated in a muffle
furnace for 1 h at 400 °C, followed by pyrolysis in a tube furnace for 1 h at 850 °C under N?
atmosphere (100 ml/min). After cooling, the sample was collected and added into a solution
containing 1 L of 0.5 N HCI with continuous stirring (900 rpm) for 1 h at 85 °C. Finally, ATC

was rinsed five times with deionized water and dried in a vacuum oven at 100 °C for 24 h.

To produce nano chars, 5 g of MTC was placed in a planetary ball mill machine (Retsch PM100
Planetary Ball Mill) within stainless steel jars (50 cm®) and balls (diameter 10 mm) (mass ratio
of steel balls: char powder = 4.65:1) and operated (575 rpm for 1.6 h) in ambient air with
rotation direction altered every 0.5 h. The milling time was optimized for the preparation of
MTC in the size of 250 nm. To gain bigger size (500-1000 nm), the speed and milling time was

reduced to 300 rpm and 30 min, respectively.

4.2.3. Characterization

Average particle size and pore size distributions of the adsorbents were measured by laser beam
scattering technique using a Zetasizer Nano S90 apparatus (Malvern Instruments, UK).
Samples were prepared by dispersing in distilled water containing 1% ethanol and 0.5% Tween
80, using Vibra-Cell VCX-130 Ultrasonic Processor (Sonics & Materials, USA) for 60 min.
The samples were kept cold by an external ice bath during the sonication. The Brunauer-

Emmett-Teller (BET) surface area and Barrett—Joyner—Halenda (BJH) cumulative pore
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volumes of the ATC were obtained by N, adsorption at =196 "C using a Micromeritics Tristar

3000 instrument.

4.2.4. Analytical methods

The concentrations of bromide were measured using ion-chromatography (IC) equipped with
an AS18 column, Dionex Corporation, at a flow rate of 1 mL/min and run time of 20 min. The
detection limit of bromide was 0.1 mg/L. Concentrations of CIP, PRO and CLO were
determined by liquid chromatography tandem mass spectrometer (LC-MS/MS) using an
Eclipse plus C18 column (100 x 2.1 mm, particle size 3.5 um). Prior to the analysis, all samples
were filtered through 0.20um cellulose acetate filters. The mobile phase was a mixture of 0.1%
formic acid in water (A) and 100% methanol (B) and was used at a flow rate of 0.2 mL/min
and a column temperature of 40 °C. The runtime was 14 min with CIP, PRO and CLO retention

time of 6.12, 7.19 and 7.89 minutes, respectively.

4.2.5. Column experiments

4.25.1. Fixed-bed column experimental protocol

The fixed-bed column was made of Plexiglas tube with an inside diameter of 1.4 cm and an
adjustable length of 20 cm. For each experiment, the column was uniformly packed with
adsorbent with particle size of 75-300 um. The adsorbent layer was sandwiched by sand from
both sides to maintain a uniform flow. Before each experiment, the column was equilibrated
with a continuous flow of DI using a peristaltic pump (Masterflex®, USA) at up-flow operation

mode for 24 h. Then, conductivity (WTW meter) and TOC (Shimadzu, model TOC-VCPH,
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SSM-5000A) of samples were determined and the stability of the effluent was confirmed based

on the conductivity and TOC values.

To determine the longitudinal dispersivity and the dispersion of adsorbates and to check the
effect of physical non-equilibrium processes, conservative tracer experiments were performed
using 10 mg/L of sodium bromide (NaBr). The aqueous solutions containing the known
concentrations of CIP, PRO and CLO were continuously pumped into the column at a fixed
flow rate of 3 mL/min, equivalent to empty bed contact time (EBCT) of 0.42 min. BTCs were
obtained by collecting 3 mL of aqueous solutions at the outlet of the column at set time intervals
using a programmable fraction collector (OMNICOLL single channel collector). All
experiments were stopped when the saturation state occurred, and outlet column concentration
became constant with the time. The initial pH and the temperature were kept constant to 7 and

20 + 2 °C, respectively.

4.25.2.  Effect of operational conditions on BTCs

The tested operational adsorption parameters under continuous mode were volumetric flow
rates, initial concentrations, mass of adsorbents, single component and ternary solutions,
adsorbent particle size and solution pH. Different flow rates (1, 3 and 5 mL/min) were studied
to determine the impact of flow rate at a constant initial PRO concentration of 2 mg/L and
adsorbent mass of 1.5 g. To determine the effect of initial concentrations, the fixed-bed column
was fed with a single solution of PRO at different concentrations (1, 2, and 5 mg/L) at a constant
flow rate of 3 mL/min and adsorbent mass of 1.5 g (2.1 cm). Three adsorbents mass of 1 (1.55
cm), 1.5 (2.1 cm) and 2 g (2.7 cm) were used to investigate the dependence of adsorption
dynamics on adsorbent mass with set PRO initial concentration and flow rate at 2 mg/L and 3

mL/min, respectively. Adsorption of PRO from single or ternary solutions (PRO, CIP, CLO)
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studies were carried out on individual component solutions of PRO (2 mg/L) and ternary
mixtures of PRO, CIP and CLO (2 mg/L of each pharmaceutical) at the flow rate of 3 mL/min
and adsorbent mass of 1.5 g. To investigate the effect of adsorbent particle size on the
breakthrough profile of PRO adsorption, two different size range of 200-500 nm and 500-1000
nm were employed at initial PRO concentration = 2 mg/L, flow rate: 3 mL/min and adsorbent
mass: 1.5 g. Finally, dependence of adsorption dynamics of PRO as affected by solution pH
(4.0 and 10.0) was studied at a constant PRO initial concentration, flow rate and adsorbent

mass of 2 mg/L, 3 mL/min and 1.5 g, respectively.

4.25.3. Fixed-bed column data analysis

BTCs were obtained by plotting C/Co (C and Co are the effluent and influent concentration in
mg/L) as a function of operating time (t, min) to assess the pharmaceuticals adsorption onto
MTC in a fixed-bed system under different operational conditions. The volume of effluent
treated by the system is determined by breakthrough point (t,) defined as the time at which
C/Co becomes 0.1. The time at which the ratio of effluent concentration (C) to the influent
concentration (Co) reaches a determined value is considered the saturation point (corresponding

to a saturation time (ts)).

The total mass of adsorbate adsorbed per gram of adsorbent at the saturation time in column

(g9s (mg/g)) was calculated from the area above the BTC by the equation below:

gs = -2 =L dt =—2 [, — ¢t (4.1)

" 1000m  1000m “t=0 1000m Jt=0

Where Q and ts are the volumetric flow rate (mL/min) and saturation time (min), respectively.
Co is inlet pharmaceuticals concentration, C; is the measured pharmaceuticals concentration at
the column outlet as a function of time and m is the dry weight of adsorbent (g). Other useful

parameters for the BTCs analysis such as adsorption capacity at breakthrough time (qp), contact
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time (CT), effluent volume until breakthrough (Vess 1), effluent volume until saturation (Vest s)

and length of mass transfer zone (MTZ) were determined using following expressions.

Gy = o [ (Co = Cdt (42)
(T="% (4.3)
Verr s = Qts (4.4)
Verrp = Qtp (4.5)
MTZ=i(1—%— (4.6)

where V¢ is the adsorbent volume (L) and h is the bed height (cm) and all other terms are as

defined earlier.

4.25.4. Breakthrough curves modelling

The solute transport equations in Hydrus model can consider equilibrium and/or non-
equilibrium conditions between the liquid and solid phases, thus improving the description of
solute transport in porous medium. The description of one-dimensional solute transport in
either fully saturated or non-saturated zone is usually described using the convection—

dispersion equation (Simtinek & van Genuchten, 2008):

6ac as a%c ac
D=Av=l% (4.8)

where C is concentration of the solute (g/cm?®), t is time (min), p (g/cmd) is the medium bulk
density, S is the sorbed concentration (g/g), ¢ is the volumetric water content (cm®/cm?®), D is

dispersion/diffusion coefficient (cm?/min), q is the volumetric fluid flux density (Darcy’s
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velocity) (cm/min), A is the longitudinal dispersion coefficient [cm], v the average pore velocity

(cm/min) and Z is the distance (cm).

The equilibrium sorption of solutes can be represented by the following equation below

(Baskaran et al., 1996).

_ Kg4Ch
- 1+77CB (49)

where Kg (cm®/g) is the distribution coefficient, and £ (-) and 5 (cm®/g) are adsorption
coefficients that can be best represented by the isotherm model. When p=1, the adsorption
becomes the Langmuir, when #=0, the equation becomes the Freundlich, and when both p=1

and #=0, it leads to a linear adsorption.

Two-site chemical non-equilibrium model that is available in Hydrus-1D was used to represent
chemical non-equilibrium processes in solute transport. Some studies have successfully used
two-site chemical non-equilibrium models to predict BTCs of organic compounds (Briones &
Sarmah, 2019; Caceres-Jensen et al., 2019; Davidson & McDougal, 1973; Parker & Jardine,
1986) and metals (Fu et al., 2019; Jellali et al., 2016; Zukauskaité et al., 2019) in porous media.
According to two-site model, assuming that the sorption sites can be divided into two fractions,
sorption on one fraction of the sites is assumed to be instantaneous and in equilibrium with the
solution (S°), while time-dependent kinetic sorption (S) occurs on the second fraction
(Simiinek & van Genuchten, 2008). Total solute transport, instantaneous sorption, and rate-
limited or Kinetic sorption, modelled by a first order equation, are described in Eq. 4.10 to

Eqg.4.11, respectively.

S =S¢+ Sk (4.10)
se = f, Kac? (4.11)
€ 14nch '
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ask

- = a[(1 = f)K4C — S¥] (4.12)

where, fe (-) is the fraction of equilibrium sites, and ax (1/min) is a first-order rate coefficient.

Other terms are as described earlier.

To determine the values for /1 and g, simulation of conservative tracer BTCs was performed by
inverse approach using the Levenberg-Marquardt algorithm. Initial and boundary conditions
used in this study were: a concentration flux at the inlet and a zero-concentration gradient at
the outlet respectively. In addition, the adsorbents inside the column were assumed to be
exempt of solute concentration, and constant water content which were equal to the porosity of

adsorbents.

To compare the predicted values obtained by Hydrus-1D with other models, three common

models, Thomas, Yoon-Nelson and Adams-Bohart, were applied as follows:

1

Thomas model: — = (4.13)
Co  1+exp(KTqoM/Q—KrCel)

Adams—Bohart model: Cio = exp(K,Cot — K,NoH /1) (4.14)

Yoon—Nelson model: < = —SXP&Krt=Krn) (4.15)
Co 1+exp(KTt—K7T)

Where kr is the Thomas rate constant (mL/min mg), qo is the adsorption capacity (mg/g), M is
the mass of adsorbent (mg), Q is the inlet flow rate (ml/min), ka is the Adams- Bohart constant
(Vmin.mg), No is the saturation concentration (mg/L), H is bed depth of the column (cm), u is
the superficial velocity (cm/min), Kt is Yoon-Nelson rate constant (1/min), and 7 is the time

required for 50% adsorbate breakthrough (min).
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4.3. Results and discussions

4.3.1. Characterisation of adsorbents

According to N2 isotherm of the ATC as shown in Figure. F.1, adsorption increased
considerably at relative pressures (p/po) above 0.9 and a well-developed micro-porosity was
observed due to N, adsorption at low relative pressures. The surface area of Tyre char was
38.17 m?/g as reported in Chapter 3 and after thermal and chemical activation, it had a
substantial jump to 453.81 m?/g and the total pore volume at P/P, =0.98 was 0.6551 cm®/g was
higher than that were reported earlier (Abdelbassit et al., 2020; Kim et al., 2018; Makrigianni
etal., 2015). The particle size distribution for the samples in experiments with milling condition
1.6 h, 575 rpm, 5 g and 0.75 h, 400 rpm, 5 g were illustrated in Figure. F.2, with the particles

ranging from 100-500 nm and 500-1000 nm, respectively.

4.3.2. Tracer experiment

Before doing the column experiments for the selected pharmaceuticals, the bromide BTC was
established to check the presence of physical non-equilibrium conditions and determine the
longitudinal dispersivity (1) and the Darcy’s flow velocity (g). The bromide BTCs showed a
nearly symmetrical shape without any tailing when C/Co was close to 1 (Figure 4.1), indicating
saturation of column and negligible immobile water fraction for transport under the used
hydraulic conditions (Briones & Sarmah, 2019; Jellali et al., 2010). Hydrodynamic properties
of the column were optimized using Hydrus-1D inverse method, assuming an equilibrium state.
Water contents (6) were assumed constant and set equal to 0.39, 0.42, 0.46 cm3/cm?® for MTC,
ATC and CAC, respectively which is the porosity of packed char. The estimated values of 1
and g for MTC, ATC and CAC are presented in Table F.1. The predicted low A indicated that

the adsorbent was relatively homogenous. In addition, the smaller fitted value for g by Hydrus-
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1D than the experimental one could be attributed to the column packing and presence of two
layers of sand at column boundaries. Based on R? value, the equilibrium model was a good fit
to the bromide BTCs, and the predicted 4 was used for the subsequent solute transport through

the same column.

10F =& A A ; A
A
O A
o 08f 4
c
2
©
s 06
c
[<B}
O
c
8 0.4 r
o A Experimental MTC
.; —— Equilibrium Model. MTC
o 0.2 A Experimental. TC.KOH
¥y —— Equilibrium Model. TC.KOH
A Experimental. CAC
— Equilibrium Model.CAC
OO 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80

Time (min)

Figure 4. 1. Experimental and fitted breakthrough curve of bromide tracer with Hydrus-1D model for
MTC, ATC and CAC (NaBr=10 mg/L; Flow rate=3 mL/min; adsorbent mass=1.5 g).

4.3.3. Comparison of models

The three models introduced in Section 4.2.5.4 were applied to analyse the breakthrough curve
data of PRO adsorption onto MTC at a constant initial PRO concentration of 2 mg/L, flow rate
of 3 mL/min and adsorbent mass of 1.5 g (Figure. F.3). Non-equilibrium Hydrus-1D model

was able to well predict the experimental trends, as indicated by the error analysis (Table F.2).
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Conversely, the predicted values through equilibrium Hydrus-1D, Yoon-Nelson, Thomas, and
Adams-Bohart models were not in agreement with the experimental data. The predicted values
obtained using Thomas and Yoon—Nelson models were quite similar. The lowest root-mean-
square error (RMSE), average percentage error (%) and Chi square (X?) and highest
correlation coefficient (R?) were for the non-equilibrium Hydrus-1D model (Table F.2).
Indeed, the experimental data fitting non-equilibrium Hydrus-1D model was successful, and
this can be related to the effect mass transfer and dispersion mechanisms which were taken into

account.
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Table 4. 1. Efficiency and mass transfer parameters determined from the breakthrough curves corresponding to the fixed-bed adsorption of pharmaceuticals onto
MTC.

Adsorbent Particle Size Cn Q (mL/min) t? pH Vet o tf o MTZ
(mg/L) (9  (min) L) (mglg) (min) (mglg) (cm)
Single Solution
PRO MTC 75-300 pm 2 1 15 950 7 0.95 0.0732 11610 5.86 1.95
MTC 75-300 pm 2 3 15 310 7 0.93 0.0410 3660 453 1.92
MTC 75-300 pm 2 5 15 108 7 0.54 0.0365 3096 3.04 2.02
MTC 75-300 pm 2 3 1 180 7 0.54 0.0334 2160 4.11 1.42
MTC 75-300 pm 2 3 2 540 7 1.62 0.1382 5760 8.25 2.44
MTC 75-300 pm 1 3 15 420 7 1.26 0.0555 4620 3.44 1.90
MTC 75-300 pm 5 3 15 150 7 0.45 0.0771 3480 7.12 2.01
MTC 75-300 pm 2 3 15 120 4 0.36 0.002 3480 1.88 2.02
MTC 75-300 pm 2 3 15 720 10 2.16 0.0594 5760 5.04 1.83
MTC 100-500 nm 2 3 15 540 7 1.62 0.1522 5220 8.43 1.88
MTC 500-1000 nm 2 3 15 360 7 1.08 0.0636 4320 5.40 1.92
ATC 75-300 pm 2 3 15 4800 7 14.40 1.0770 23280 25.32 1.66
CAC 75-300 pm 2 3 15 7620 7 22.86 1.8330 39420 61.31 1.69
CIP MTC 75-300 pm 2 3 15 180 7 0.54 0.0682 3540 4.34 1.99
CLO MTC 75-300 pm 2 3 15 3120 7 9.36 1.1060 6600 16.11 1.10
Ternary solution 7
PRO MTC 75-300 pm 2 3 15 73 7 0.22 0.0081 1500 1.93 2.01
CIP MTC 75-300 pm 2 3 15 60 7 0.18 0.0002 720 1.11 1.92
CLO MTC 75-300 pm 2 3 15 960 7 2.88 0.1685 3600 7.70 1.54
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4.3.4. Fixed-bed adsorption of pharmaceuticals

To predict pharmaceutical breakthrough curves, Hydrus-1D was used under different
experimental conditions. For all conditions, both equilibrium and non-equilibrium modelling
were performed by using hydrodynamic parameters determined from the tracer experiment and
adsorption parameters estimated using inverse simulations based on the Levenberg-Marquardt
algorithm. Table 4.1 shows efficiency and mass transfer parameters of experimental

breakthrough curves on the fixed-bed adsorption of PRO from synthetic wastewater.

4.3.4.1. Effect of flow rates on adsorption of PRO

BTCs of the PRO varied with flow rates and in general, higher the flow rate, the steeper and
the shorter exhaustion time were observed for the BTCs (Figure 4.2a). A plausible explanation
is that the increasing flow rate from 1 to 3 mL/min tends to lead a shorter contact time from
3.2'to 0.65 min between the adsorbent particles and the adsorbate ions and consequently results
in early arrival of the related BTCs. Additionally, higher adsorption capacities at exhaustion
time were obtained at smaller flow rates (5.86, 4.53 and 3.04 mg/g for applied flow rates of 1,
3and 5 mL/min, respectively). This can be attributed to the higher rate of mass transfer at lower
flow rate. These findings are consistent with those obtained using other biomasses during
pharmaceutical removal from water (Jaria et al., 2019). Also, by decreasing the flow rate from
1 to 5 mL/min, the collected volume at the column outlet at t, increased from 0.54 to 0.95 L
(Table 4.1). Table 4.1 shows that MTZ values are strongly dependent on the bed depth and
equilibrium point (to) and the values for MTZ increased with an increase in bed height. As
discussed in Chapter 3, the same adsorbate-adsorbent system was used in batch mode to
investigate Kinetic and equilibrium adsorption experiments. Based on the results, the adsorption

capacity of PRO (6.6 mg/g) in batch mode was higher compared with column operation. A
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plausible explanation for this could be that in the batch mode, adsorbates have better
interactions with active sites of adsorbents as they can move freely in the aqueous solutions
and the external diffusion is favoured under the stirring conditions.

The non-equilibrium adsorption resulted in a better fit to the BTCs compared to the simple
equilibrium for all flow rates and the correlation coefficients were > 0.98. The estimated
transport parameters using non-equilibrium model are summarised in Table 4.2. By decreasing
the flow rate from 5 to 1 mL/min, an increase in mass transfer and Kq values were observed.
Higher fe values for lower velocities confirm that more adsorbent sites were at equilibrium with
the solution. Similar results were also reported by Jellali et al. (2016) using raw sawdust and

magnesium pre-treated biochar for removal of lead from aqueous solutions.

4.3.4.2.  Effect of initial concentrations on PRO adsorption

Increasing initial concentration of PRO led to decreased breakthrough and exhaustion times
which could be attributed to rapid saturation of adsorption sites and presence of diffusive flux
at higher concentrations (Figure 4.2b). The experimental adsorption capacities obtained by Eq.
(1) increased from 3.44 to 7.12 mg/g when the used initial concentration was increased from 1
to 5 mg/L (Table 4.3). However, there was no marked increase in MTC values (1.90 to 2.01)

with increased initial concentration.

Higher Kq values were obtained for higher initial concentrations which was supported by the
observed increase in adsorption capacity (g») in Tables 4.1 and 4.3 when initial concentration
increased from 1 to 5 mg/L. Given that concentration gradient plays an important role in
adsorption process at high initial concentration, driving force of adsorption is likely to be
greater due to high concentration difference facilitated by high MTZ values. The simulated

BTCs by equilibrium model could not fit the experimental data well with simulated BTCs
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appearing before the measured BTCs indicating a faster transport of the solute. However, BTCs
simulated by the chemical non-equilibrium model could predict PRO adsorption well, implying
that the PRO adsorption is a chemical non-equilibrium process. As can be observed Table 4.3,
fe values tended to be lower at higher concentrations. This could be attributed to the fact that
the diffusive and dispersive flux tended to be higher at higher concentrations and therefore, a

smaller fraction of adsorbent would be in equilibrium with the solute.

4.3.4.3.  Effect of adsorbent mass on PRO adsorption

The experimental and BTCs modelling of PRO adsorption as a function of varied adsorbent
mass is plotted in Figure 4.2c. A close examination revealed that BTCs shifted towards the
origin at smaller bed heights. The observed trend in BTCs can be attributed to early saturation
of the fixed-bed due to presence of less sorption sites and acceleration of adsorption rate at
smaller bed heights (Baral et al., 2009). Furthermore, with an increase in bed height, adsorption
capacity also increased by two-fold (4.11 to 8.25 mg/g) as the adsorbent mass was raised from
1 gto 2 g (Table 4.1). This increase may be attributed due to more binding sites and higher
contact time implying greater diffusion of adsorbate into the solid particles (Darweesh &

Ahmed, 2017a).

For the numerical simulations, transport of PRO at different adsorbent mass was predicted
better by chemical non-equilibrium model than equilibrium model. With the increases in
adsorbent mass from 1 g to 2 g, feincreased from 0.39 to 0.51 implying that more sorption sites

were in equilibrium with the adsorbent particles (Table 4.4).

104



CICy

Results and discussions
(b)

(a)
- 104 e
o
0.8 1 ;
'(
064
o i
O 1mL/min O i 1 mg/L
------ EqM:1mL/min O 1 -—- EqM:1mg/L
—— NonEgM:1mL/min 0.4 1 —— NonEgM:1mg/L
0O 3 mbL/min O 2mg/lL
------ EqM:3mL/min -—- EqM:2mg/L
NonEgM:3mL/min 0.2 4 — NonEgM:2mg/L
O 5mbL/min O 5mg/L
---=- EqM:5mL/min ---- EqQM:5mg/L
i - NonEgM:5mL/min —— NonEqM:5mg/L
0.0 - T T T T T T 0.0 £ T T T T T
0 2000 4000 6000 8000 10000 12000 14000 0 1000 2000 3000 4000 5000 6000
Time (min) Time (min)
(©
1.0 [— e —
/./'/' ///,’;jqj:ﬂ' quj]
/ ’ // 7|
084 ; o
l./' /,./' I:F|
/(( /Il m
EH:FF‘ O 1g9

0649 /
i o[
EHj:FH:' ------ EqM:1g
—— NonEgM:1g
O 15¢

o
O
~
o /
044 i i
e = i — EqM:1.5g
0.2 1 J NonEgM:1.5g
i / O 29
i - EqM:2g
0.0 - : : : : —N?nEqM.Zg
0 1000 2000 3000 4000 5000 6000
Time (min)

Figure 4. 2. Breakthrough curves and fittings of the experimental data to the Hydrus-ID for the

adsorption of PRO onto MTC (pH=7, particle size: 75-300 um) (a) at different flow rates, (b) initial
concentrations, and (c) adsorbent mass
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Table 4. 2. Fixed and estimated parameters from PRO transport through column using two-site chemical
non-equilibrium models in Hydrus-1D for different flow rates (f: fixed parameters and e: estimated
parameters).

Q q° Kg
A (cm) n(em’lg) () o (Umin) fe(-)  R*(%)
(mL/min) (cm/min)  (cm®/g)
1 0.63 0.51 2381 0.27 0.90 1.27E-03 0.61 0.98
3 0.63 1.70 2270 0.25E-04 0.95 8.43E-04 041 0.98
5 0.63 3.10 1362 0.66E-01 091 1.46E-04 0.25 0.98

Table 4. 3. Fixed and estimated parameters from PRO transport through column using two-site chemical
non-equilibrium models in Hydrus-1D for different initial concentrations (f: fixed parameters and e:
estimated parameters).

Cin qe KZ n
' (cm) B() o (Umin) fe(-) R*(%)
(mg/L) (cm/min)  (cm?®q) (cm®/g)
1 0.63 1.75 2132 0.60E-01 0.89 1.08E-03 0.45 0.98
2 0.63 1.70 2270 0.25E-01 0.95 8.43E-04 0.41 0.98
5 0.63 1.81 2719 0.13E-01 0.98 6.27E-04 0.35 0.99

Table 4. 4. Fixed and estimated parameters from PRO transport through column using two-site chemical
non-equilibrium models in Hydrus-1D for different adsorbent mass (f: fixed parameters and e: estimated
parameters).

q° Kg n
m() 4 (cm) B () o (Umin) e()  R*(%)
(cm/min)  (cm®g)  (cm¥g)
1 0.63 1.81 2623 0.12 0.96  3.60E-03 0.39 0.99
15 0.63 1.70 2270 0.25E-01 0.95 8.43E-04 0.41 0.98
2 0.63 1.73 1996 0.56 0.83  7.45E-04 0.51 0.98
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4.3.4.4.  Adsorption of PRO, CIP and CLO with single and ternary solutions

The experimental and modelling of BTCs on the adsorption of PRO, CIP and CLO using single
and tertiary solutions are shown in Figure 4.3, and the effect of competition on the PRO
adsorption was investigated by comparing the BTCs of all pharmaceuticals. Under single
solution, the BTCs of PRO and CIP exhibited similar trend with early arrival and were much
steeper than CLO, with BTC for CLO peaked its exhaustion time much later than PRO and
CIP; 3660, 3540 and 6600 min, respectively. Similar steeper BTCs were observed for tertiary
adsorption, and higher BTCs were observed for CIP and PRO, however, an opposite trend was
found for CLO. Compared to data from single component solution, the saturation time and
adsorption capacity of PRO, CIP and CLO decreased in the ternary solution which could be
likely due to the competitive adsorption of pharmaceuticals in the mixture for the adsorption

sites.

The plots of BTCs in Figure 4.3 and summarised fitted parameters in Table 4.5 using chemical
non-equilibrium models for the experimental results lend further support that chemical non-
equilibrium model described the experimental data better than equilibrium model. In the single
solution, the fitted Kq values of pharmaceuticals followed an order CLO>PRO>CIP. In the case
of ternary solution, a decrease in all Kq values was observed that might be attributed to the
competitive effects amongst the adsorbates. Although the order of Kq values in ternary solution
slightly changed (CLO> CIP >PRO), CIP still exhibited the lowest adsorption capacity. A
general trend observed was the consistent lower values of Ky for all three compounds under
ternary solution suggesting the competition for the molecules for the available sites in the
adsorbents. The lower adsorption of CIP in both single and ternary solution can be explained
by its pKa values (6.18 and 8.76). At pH 7, zwitterionic form of CIP is dominant and there is

no electrostatic attraction between MTC and CIP molecules. However, higher adsorption of
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PRO and CLO can be related to electrostatic attraction as their pKa values are 9.42 and 9.2,

respectively. Also, the octanol-water partition coefficient (Kow) of CLO is higher than CIP and

PRO indicating its high hydrophobicity. Therefore, CLO has higher tendency of adsorption

onto carbon surface in comparison to CIP and PRO (Liu et al., 2010).
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Figure 4. 3. Breakthrough curves and fittings of the experimental data to the Hydrus-ID for the
adsorption of PRO onto MTC from (a) single solution and ternary solution (Q= 3 mL/min, Cin= 2 mg/L,
m= 1.5 g, pH=7, particle size: 75-300 pum)
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Table 4. 5. Fixed and estimated parameters from PRO, CIP and CLO transport through column using
two-site chemical non-equilibrium models in Hydrus-1D in single and ternary solution (f: fixed
parameters and e: estimated parameters).

lf qe Kg n ae RZ
Compound BC) fe()

(cm)  (cm/min)  (cm®g)  (cm3/g) (1/min) (%)

Single
CIP 0.63 1.81 2174 0.98E-01 0.96 1.34E-03 0.28 0.99

solution
PRO 0.63 1.70 2270 0.25E-01 0.95 8.43E-04 0.41 0.98
CLO 0.63 2.08 3024 0.54 0.75 9.07E-03 0.18 0.99
CIP 0.63 1.78 2041.8 0.19 0.98 7.95E-04 0.22 0.97

Ternary
PRO 0.63 1.74 1993.2 0.23 0.92 235E-03 035 0.97

solution
CLO 0.63 1.89 2723 0.30 0.90 9.96E-03 0.16 0.98

4.3.45.  Effect of pH on adsorption of PRO

The effect of pH on the adsorption of PRO was studied at pH 4, 7 and 10 and illustrated in
Figure 4.4. With increasing pH, the breakthrough time was higher, and the BTCs shifted away
from the origin. Breakthrough points were achieved at 720, 310, 120 min at pH 10, 7 and 4,
respectively (Table 4.1). At pH 4, the surface of MTC was positively charged with a point of
zero charge (pHpzc) value of 4.65 as obtained in Chapter 3. At this pH value, the cationic species
of PRO were dominant, and adsorption capacity reduced due to electrostatic repulsion between
cationic PRO molecules and MTC. In addition, higher pH values resulted in the enhancement
of the adsorption capacities. This could be attributed to the electrostatic attraction between the
solutes and adsorbent binding sites as PRO exists as a cationic species at around pH 10 and the
adsorbent is negatively charged. At pH >10, however, the electrostatic interactions would be
expected to have little effect on the sorption process due to neutral molecule of propranolol. It

is noteworthy that the highest pH used in this study was 10, which was about 0.5 log unit higher
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than the pKa of PRO, and it could assumed that higher adsorption observed could be still within
reasonable expectation that pH is near the pKa value of PRO (9.42) and thus the species is still

in positively charged.
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Figure 4. 4. Breakthrough curves and fittings of the experimental data to the Hydrus-ID for the
adsorption of PRO onto MTC at pH 4, 7 and 10 (Q= 3 mL/min, Cin=2 mg/L, m= 1.5 g, particle size: 75-
300 pm)

4.3.4.6. Effect of adsorbent particle size on adsorption of PRO

To observe the effects of particle size on BTCs, column tests were performed at different
particle sizes of MTC (100-500 nm, 500 nm-1um and 75-300 um). By decreasing the particle
size from 75-300 um to 100-500 nm, breakthrough time rose from 310 min to 540 min. Similar
findings were reported by Gupta & Garg (2019). A plausible explanation for the increased

breakthrough time with reduction in particle size could well be attributed to the fact that the
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smaller particle sizes have shorter diffusion paths for adsorbate molecules, leading to an
increase in adsorbate penetration into adsorbent pores and higher adsorption (Gupta & Garg,
2019). Moreover, ball milling is expected to enhance the specific surface area of the chars and
increase the number of active sites for adsorbing the adsorbate molecules (Lyu et al., 2018a).
As it can be observed from Figure 4.5, the BTCs are much closer to the experimental ones
when non-equilibrium modelling was used; however, the simulated BTCs are totally different

from the experimental ones when assuming equilibrium state between adsorbents and

adsorbate.

CICy

Figure 4. 5. Breakthrough curves and fittings of the experimental data to the Hydrus-ID for the
adsorption of PRO onto MTC at different adsorbent particle size (Q= 3 mL/min, Cin=2mg/L, m=1.5g,
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Table 4. 6. Fixed and estimated parameters from PRO transport through column using two-site chemical
non-equilibrium models in Hydrus-1D for different adsorbent particle size (f: fixed parameters and e:
estimated parameters).

Adsorbent
q° K5 n
particle ' (cm) B() o« Umin) fe(-) R*(%)
(cm/min)  (cm®/g) (cm®/g)
size
100-500
0.63 1.72 2955 0.19 0.90 1.18E-03 0.37 0.98
nm
500-1000
0.63 1.81 2401 0.16 0.88 9.19E-04 0.36 0.99
nm
75-300 um 0.63 1.70 2270 0.25E-01 0.95 8.43E-04 0.41 0.98

4.3.4.7. Adsorption of PRO in a fixed-bed column using CAC and ATC

Figure 4.6 shows the BTCs of PRO in the fixed-bed columns filled with the different
adsorbents. The t, for MTC, ATC and CAC were 0.21, 3.3, 5.3 day while ts for MTC, ATC
and CAC were 2.54, 16.1 and 27.37 day, respectively (Table 4.1). BET surface area of ATC
increased considerably after chemical activation enabling treatment of larger volume of
contaminated water than MTC under the same operating condition. Also, the ATC
demonstrated much higher adsorption capacity for PRO (25 mg/g) than MTC (4.5 mg/g), and

its adsorption was comparable to the CAC (61 mg/g).

The model simulated BTCs assuming equilibrium between PRO ions and the adsorbents
appeared much too early compared to the experimental ones; however, the non-equilibrium
model described the experimental data from the column study well for all adsorbents. Chemical
non-equilibrium model parameters are summarised in Table 4.7, and it can be observed that f.
values for ATC and CAC are smaller than MTC implying that smaller fraction of the solid

matrix is in equilibrium with PRO due to higher diffusive and dispersive flux. Contrary to
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MTC, higher «* for ATC and CAC shows that mass transfer of PRO from the aqueous solutions
to the adsorbents was relatively fast. Overall, the experimental findings showed that ATC could
be considered as a potential promising adsorbent due to its high surface area and pore volume

for adsorption of pharmaceuticals.
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Figure 4. 6. Breakthrough curves and fittings of the experimental data to the Hydrus-ID for the
adsorption of PRO onto different adsorbents (Q= 3 mL/min, Cin=2 mg/L, m= 1.5 g, pH=7, particle size:
75-300 um)

Table 4. 7. Fixed and estimated parameters from PRO transport through column using two-site chemical
non-equilibrium models in Hydrus-1D for different adsorbents (f: fixed parameters and e: estimated
parameters).

q° Kg n
Adsorbent 4" (cm) () o @min) f¢(-) R*(%)
(cm/min)  (cm¥g)  (cm®/g)
MTC 0.63 1.70 2270 0.25E-01 0.95 843E-04 041 0.98
ATC 0.74 1.75 8616 0.42 0.81 1.22E-03 0.27 0.99
CAC 0.44 1.79 19143 0.75 0.90 1.97E-03 0.16 0.99
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4.3.5. Scale-up challenges and techno-economic assessment

Low-cost, easily available and environmentally friendly precursors for adsorbent preparation
always are in great demand water and wastewater treatment industries. On the other hand,
expensive, eco-unfriendly and less available materials would be irreproducible on a
commercial scale. As about 4 billion tyres are landfilled or discarded in solid waste streams
worldwide, producing adsorbents from waste tyres and activating them would be potentially
beneficial for minimizing tyre wastes and treating large volume of contaminated water.
Furthermore, the high removal efficiency of tyre char, its low-cost and simple application in
treatment systems could make it economically profitable. Recognising the importance of
technical and socio-economic constraints and techno-economic feasibility, an attempt was
made to briefly discuss this aspect below.

There is a dearth of information on estimation of the cost of adsorbent-based water and
wastewater treatment systems involving several cost elements, volume of treated water, degree
of purification, different techniques, and operating conditions. In this study, economic analysis
of a fixed-bed column of tyre char for wastewater treatment has been conducted to translate
experimental data into economic figures and develop new market accessibility for tyre chars.
Due to the absence of scale correlations, input data were extrapolated from pilot-scale to large-
scale and therefore, the column dimension, flow rate, initial concentration and adsorbent mass
were considered as 2.1x2.75 m, 35 m3/h, 50 mg/L and 4 tonnes, respectively. The breakthrough
time estimated by non-equilibrium Hydrus model (R% 99%) for the scaled-up column with
mentioned specification and input data was 28 days. The production cost of tyre char (299
US$/tonne) was obtained from Chapter 3. The feasibility of the scale-up was estimated by
adding capital charges in the form of annualized capital cost (ACC) to the fixed and variable
operating costs (Table 4.8) (Islam et al., 2011). The data of cost analysis was used to determine

the treatment cost of per cubic meter of wastewater. The estimated treatment costs for a fixed-
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bed column using tyre-based activated carbon showed good potential for wastewater treatment
even though there is variation depending on the specific location, time, and low-cost feed

material.

Table 4. 8. Economic analysis of a fixed-bed column of tyre char for wastewater treatment

Location, time, currency

New Zealand, 2021, USD

Annual operating time 7512 h
Base Plant Cost (BPC) 185,000
Interest rate (1) 10%
Plant life (N) 8 years
Total labours (in equivalent of shift
operators) °
Treated wastewater (m*/day) 840
Parameters used in cost estimation Treatment Cost
Fixed capital investment (FCI) 1.75*1.3*BPC 420,875
Total capital Requirement (TCR) 1.15* FClI 484,006
Annualized capital cost/Capital charges TCRA1- [(1+)] ~-N) } I 90,724
Maintenance 2.5% of FCI 10,522
Overheads 2% of FCI 8,418
Taxes and insurance 1.5% of FCI 6,313
Other fixed operating costs 1% of FCI 4,209
Labour rate 13.57 USD/h (regular duty @ 8 h/day) 203,876
0.098 USD/ kWh (30 kW for pilot 22,085
Electricity price
plant)
General overheads 60% of total salaries 1,196
Tyre char 299 US$/tonne 2,990

Wastewater treatment cost (US$/m°)

1.57
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4.4. Conclusions

The performance of MTC, ATC and CAC fixed-bed columns was evaluated to determine the
removal of three selected pharmaceuticals from aqueous solution. The adsorption performance
was dependent on operating factors such as bed height, initial concentration, inf