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ABSTRACT

The widespread use of antibiotics contributes to the discharge of a large amount of
these pharmaceuticals into the environment worldwide. To address ever-increasing concerns
about negative impacts of antibiotics in the environment, especially antimicrobial resistance,
various treatments have been used to control the release of antibiotics. Among the applied
treatments, adsorption with powder activated carbon has attracted great attention due to
several advantages. Although activated carbon is a promising adsorbent, it suffers from
difficulties in subsequent separation from the treated water, which can be considered the
inherent disadvantage of the adsorption process. It can also cause turbidity in the treated
effluent. To overcome these disadvantages, one possibility is the development of magnetized
activated carbon. In contrast to traditional adsorbents, which are mostly removed by
screening, magnetized activated can be effectively separated from waste streams by applying
an external magnetic field.
In this research, a commercial activated carbon was magnetized using a coprecipitation method. The physicochemical properties of the developed adsorbent were
investigated using different characterization techniques. The performance of the prepared
adsorbent in removing tetracycline and lincomycin as two different model antibiotics from
water was studied. The obtained adsorption data were modelled by Langmuir and Freundlich
isotherms. Additionally, some preliminary adsorption experiments were performed for direct
removal of tetracycline from liquid manure supernatant. It is expected that the outcomes of
this research will contribute to addressing the existing problems of adsorption process and
make it a step closer to sustainable treatment of wastewater.
The results of characterization techniques show that iron oxide nanoparticles (γFe2O3) with an average particle size of 10.2 nm were deposited into commercial activated
carbon. It was also found that the developed adsorbent was sufficiently magnetized to be
separated from water using a simple magnet. Notably the prepared adsorbent possesses
superparamagnetic properties. This confirms that the developed magnetic adsorbent can be
easily re-dispersed in water after removing the magnetic field.
The results of adsorption studies indicate that the initial concentration of the
antibiotics in the single- or binary-solute adsorption process affected the adsorption uptake.
Also, the adsorption capacity of activated carbon decreased after magnetization process, but it
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still has a relatively high adsorption capacity. Interestingly, the obtained results indicated that
the adsorption capacity of magnetic activated carbon toward tetracycline (mg g-1) was up to 4
times higher than that of lincomycin at room temperature depending on the equilibrium
concentration of antibiotic in the liquid phase. Moreover, the results indicated that
tetracycline was preferably adsorbed when both antibiotics were present in water. In addition,
the overall adsorption capacity in binary-solution adsorption was higher than that of the
individual antibiotics. On the other hand, the presence of each of these two antibiotics in
mixture decreased the adsorption capacity of the adsorbents toward the other one.
The adsorption of tetracycline from liquid manure supernatant was studied at 60 mg
L-1 manure solution using three dosages of adsorbents (1500, 2500 and 4000 mg L-1). The
obtained adsorption data indicated that the effective removal of tetracycline from liquid
manure supernatant requires around 15 times more adsorbent compared to adsorption in
water.
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1 INTRODUCTION

Use of antibiotics in animal production is one of the major sources of antibiotics in
the environment. According to the Public Health Agency of Canada, tetracyclines and
lincosamides are among the most commonly used antibiotics for animals [1]. The widespread
use of these antibiotics contributes to the high amount of their discharge into the
environment. In fact, residual concentration of the antibiotics can be found in animal urine
and faeces because of their incomplete metabolism. As a result, there is a considerable level
of tetracyclines and lincosamides in the waste stream of animal production facilities, which
could eventually reach surface-water bodies [2].
There are increasing concerns about negative impacts of antibiotics presence in the
environment, especially the development of antimicrobial resistance. To address these
concerns, various methods have been used so far to remove antibiotics from aqueous
matrices. Among the applied methods, the adsorption process has attracted great attention
because this process can remove a wide range of antibiotics with different physiochemical
properties, either at a high or low level of concentrations [3].
Among various adsorbents used for antibiotic removal, activated carbon is one of the
commonly used adsorbents in the industry since it has high adsorption capacity and can
remove a wide range of antibiotics. The high adsorption capacity of both powdered and
granular activated carbons is related to their large surface area and high microporosity.
Adsorption by granular activated carbon is one of the most commonly used processes
in water treatment processes. On the other hand, powder activated carbon is considered a
more efﬁcient adsorbent than granular activated carbon as far as the removal of contaminants
is concerned. Although powder activated carbon is a more effective adsorbent in removing
contaminants from a continuous ﬂow system, its large-scale application has been limited
because it causes turbidity in effluent and requires further separation processes such as
ﬁltration [4, 5]. To take advantage of relatively high adsorption capacity of powder activated
carbon, one needs to address the mentioned problem associated with its small particle size. In
this regard, one possibility is the development of magnetic activated carbon, so that a
magnetic field can prevent the fine particles from being carried over by effluent.
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In this research work, a commercial activated carbon was magnetized using coprecipitation method. Also, the physiochemical properties of magnetic activated carbon were
studied through different characterization techniques. The developed magnetic adsorbent was
used to study the adsorptive removal of individual tetracycline and lincomycin from water for
a wide range of concentrations and temperatures. This was followed by investigating the
adsorption in a mixture of these two antibiotics. Conducting the tetracycline adsorption
experiments at different temperatures allowed the thermodynamic characterization of the
adsorption process. Additionally, the adsorptive removal of tetracycline from liquid swine
manure supernatant was studied. To allow the establishment of a benchmark, in all cases
similar experiments were also carried out using non-magnetized activated carbon. Finally, the
acquired adsorption data were fitted into a suitable isotherm model.
This thesis consists of five chapters including introduction, literature review and
research objectives, materials and methods, results and discussion, and conclusions and
recommendations for future work.
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2 LITERATURE REVIEW AND RESEARCH OBJECTIVES

2.1 Use of Antibiotic
Human and animal antimicrobial uses are two major sources of antibiotics in the
environment. According to the most recent annual report issued by the Public Health Agency
of Canada, around 78% of antimicrobials sold or distributed in 2016 were used for animal
production, 20% for humans, and 2% for crops and companion animals [1]. The report
indicates that although antimicrobials used for humans and animals are similar, some classes
of antibiotics were predominantly used for humans and others for animals. According to this
report, cephalosporins and fluoroquinolones, for example, are mostly used in humans, but
tetracyclines and lincosamides are commonly used for animals. The annual report pointed out
that in 2016, 22% of grower-finisher pig farms used lincosamides and tetracyclines for
growth promotion. Similar to antimicrobials used for humans, antimicrobials use for
production and companion animals result in the development of antimicrobial-resistant
bacteria. These bacteria can be easily transferred to humans mainly through food processes,
direct contact, and waterborne routes [1]. In this regard, use of antibiotics as a growth
promoter is restricted in Canada through recently passed regulations. For example, it has not
been allowed that medically important antimicrobials be labelled as growth promotor since
2018 [6]

2.2 Physiochemical properties of selected antibiotics
2.2.1 Tetracycline
The structure of tetracycline is depicted in Figure 2.1. As can be seen, tetracycline has
a C6-hydroxyl group. This antibiotic is produced from bacteria categorized as the
Streptomyces family [7], and it is active against various gram-positive and gram-negative
organisms [8]. Three pKa values, 3.3, 7.68 and 9.69, are reported for tetracycline, indicative
of the tricarbonyl system, phenolic diketone system, and the dimethylammonium group,
respectively [9]. Henry’s constant for tetracycline is relatively low, indicating this molecule is
hardly lost through volatilization (3.45 × 10−24 - 3.91 × 10−26 atm m3 mol-1). In addition, the
water solubility of tetracycline is high (0.008 – 0.062 mol L-1) and its n-octanol/water
partition coefficient is low, indicating its hydrophilic nature (log Kow is in the range of −1.25
to −1.12) [10].
3

Figure 2.1 Structure of the tetracycline molecule

2.2.2 Lincomycin
Although the Public Health Agency of Canada has classified both lincosamides and
tetracyclines as medically important antimicrobials, lincosamides are classified as highly
important drugs in human medicine [1]. Lincomycin is categorized as a lincosamide
antibiotic, and it is produced from the bacteria Streptomyces lincolnensis. Lincomycin is
active against both gram-positive and anaerobic bacteria [11]. The lincomycin structure is
shown in Figure 2.2. Lincomycin is a basic compound consisting of a single amino acid,
which is linked to an amino sugar. This free base is soluble in water and most organic
solvents, and its pKa value is 7.6 [12].

Figure 2.2 Structure of the lincomycin molecule
2.3 Treatments for removal of antibiotics from water
2.3.1 Conventional treatments
To address ever-increasing concerns about antimicrobial resistance, various
treatments have been used to control the concentration of antibiotics in aqueous matrices.
Over the last two decades, conventional treatments such as biological processes,
coagulation/flocculation and filtration have been used to remove antibiotics from water.
However, these treatments cannot completely remove antibiotics from water. For example, in
4

2011 Deblonde et al. [13] reported that the removal rate of tetracycline in sewage treatment
plants were around 95%. In fact, they reported that the concentrations of tetracycline in the
influent and effluents of sewage treatment plants were around 48.0 and 2.4 μg L-1,
respectively. Similarly, in 2004, Miao et al. [14] reported that residual concentrations of
tetracycline were in the range of 0.15 to 0.97 μg L-1 in the final effluents of eight water
treatment plants in Canada. The problem of incomplete removal is that the residual antibiotic
can enter surface waters and eventually reach groundwater. Thus, to protect human health, it
is essential to find efficient techniques to completely remove antibiotics from wastewater [3].

2.3.2 Recent treatment approaches
New alternative treatments such as membrane separation, adsorption, and advanced
oxidation processes have been shown to remove antibiotics effectively [3, 17]. Despite their
superiority over traditional methods, these treatment methods have some drawbacks. In
advanced oxidation processes, antibiotics are degraded by highly reactive hydroxyl radicals.
However, advanced oxidation processes require high energy and specific reactor designs, and
are not flexible for treating wide range of contaminated water [3]. These drawbacks limit the
application of advanced oxidation processes in industrial wastewater treatment. The
membrane process is a separation method that transfers antibiotics into a more concentrated
phase. Although membrane processes have shown high efficiency in antibiotic removal,
structural damage and fouling have limited their long-term application, especially in the
treatment of more-concentrated water [3].
The adsorption process transfers antibiotics from the liquid phase to the solid phase
(the adsorbent surface). This process can be used to remove a wide range of antibiotics with
different physicochemical properties from water. Additionally, the adsorption process can be
used to treat water containing high antibiotics concentrations. Many studies suggest that
adsorption process is one of the most efficient methods for antibiotics removal from water
[3].

2.4 Adsorption process
Although adsorption is a well-known process, its application in removal of antibiotics
has not been extensively studied. Adsorptive removal of antibiotics refers to the adhesion of
antibiotic molecules from contaminated water to an adsorbent surface, involving chemical
and/or physical adsorption. Depending on the composition of the waste stream, different
5

types of adsorbents can be used for antibiotic removal. The most studied adsorbents include
activated carbon, carbon nanotube, bentonite, biochar and ion exchange resins [7, 18].
Among various adsorbents used for antibiotic removal, activated carbon has received
great attention. Activated carbons usually have high adsorption capacity and can remove a
wide range of antibiotics. The high adsorption capacity of both powdered and granular
activated carbons is related to their well-developed surface area and high microporosity. The
effectiveness of activated carbon in removing antibiotics through adsorption largely depends
on the properties of the chosen activated carbon, such as the speciﬁc surface area, pore
structures, surface polarity and functionality, as well as characteristics of the adsorbate
compound, such as shape, hydrophobicity and charge [7, 18].
So far, several mechanisms have been proposed to explain the adsorption of
antibiotics onto the carbon-based adsorbents such as activated carbon. Using the proposed
mechanisms, antibiotics are adsorbed into carbon-based adsorbents mainly through
electrostatic interaction, hydrophobic interaction, π–π interactions, hydrogen bonds, partition
to uncarbonized fractions, surface precipitation and pore filling [17].
The adsorption process is an effective technique for removing tetracycline from
contaminated water. So far, various types of adsorbents have been developed and their
efficiency in tetracycline removal have been studied, including alkali bio-char [18], HClmodified zeolite [19], graphene oxide [20], anaerobic granular sludge [21] and activated
carbon [22]. Among developed adsorbents, activated carbon is one of the most promising
adsorbents when its preparation cost and adsorption capacity toward tetracycline are
considered [22].
In 1968, Ezra and Coughlin [25, 26] reported that the adsorption of aromatics on
activated carbon is largely governed by π–π interactions. This finding suggests that
tetracycline is adsorbed on activated carbon mostly due to π–π interactions between π
electrons of the activated carbon and π electrons of the tetracycline aromatic ring. In addition
to π–π interactions, the formation of hydrogen bonds between the oxygenated groups of
activated carbon and the phenolic groups of tetracycline favour this adsorption [23].
Although lincomycin is often detected in water resources, few studies have focused
on its adsorptive removal from water. One of these few studies was published in 2014 by
Hyunook Kim et al. [25]. They studied the adsorption of lincomycin onto carbon-based
adsorbents including activated carbon, single-wall carbon nanotubes and multi-walled carbon
nanotubes in water. Based on their findings, the kinetics of lincomycin adsorption onto
activated carbon can be divided into two different processes; first, the initial adsorption of
6

lincomycin to outer surfaces; second, slow diffusion of lincomycin into interlayers of
activated carbon. Although they have not investigated the mechanism of lincomycin
adsorption, they suggest that since pharmaceuticals like lincomycin are highly hydrophilic,
hydrogen bonds and electrostatic interactions may contribute to this adsorption process [25].

2.4.1 Factors affecting the adsorption process
2.4.1.1 Nature of the adsorbent
Different types of adsorbent materials, such as zeolites, carbon-based materials,
metal-organic frameworks (MOFs) and clays, can be used to remove antibiotics from aquatic
media. Although adsorbents categorized in the same family of materials have some
similarities in their adsorption performance, each one has unique characteristics. In the case
of activated carbon, for example, the source of raw materials (e.g. coconut shells, different
type of wood or bituminous coal), the method of carbonization (reactor temperature and
holding time) and the method of activation (base, acid or steam) determine the important
physiochemical characteristics [26]. The surface chemistry, the chemical composition and the
pore shapes and porosity are among these characteristics [26]. The surface chemistry of
activated carbon controls the intermolecular interaction between the adsorbent and adsorbate.
Naturally, the surface of activated carbon is hydrophobic but this can vary depending on the
applied activation method [27]. The particle size can affect the adsorption kinetics by
controlling the diffusion pathways; the smaller particle size, the shorter diffusion pathways.
Moreover, the pore size distribution determines the accessibility of adsorption sites inside the
porous structure. Molecules cannot diffuse into the pores that are smaller than the molecular
diameter [26].

2.4.1.2 Nature of the adsorbate
The adsorbate properties such as polarity, hydrophobicity, aromaticity and molecular
weight determine its interaction with the adsorbent [30, 31]. In the case of adsorption by
activated carbon, the affinity of adsorbate to activated carbon can vary largely depending on
the adsorbate properties. According to the literature, activated carbon can most effectively
remove more hydrophobic, non-polar, uncharged compounds with a lower solubility in water,
which is indicative of their higher affinity to carbon surface than that of water [28].
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2.4.1.3 Operating conditions
The findings of many studies indicate that adsorption of antibiotics more or less
depends on the initial concentration of antibiotics, the pH of the solution, the environment
temperature, contact time, and the dosage of adsorbent [30].
The initial concentration of antibiotics is an important parameter in adsorption process
as a given mass of adsorbent can only adsorb a specific amount of antibiotics. In general, the
percentage of antibiotic removal is higher at lower initial concentrations. In this condition,
the adsorbent surface still has unoccupied active sites, while by increasing the initial
concentration of antibiotics, the active sites required for the adsorption of the antibiotics will
be lacking. On the other hand, the actual amount of antibiotic adsorbed per unit mass of an
adsorbent will increase by increasing the concentration of the antibiotics. From mass transfer
point of view, this can be explained by the relatively high driving force at higher initial
concentrations [30].
The pH value of the solution is another important parameter affecting the interaction
between the adsorbent and adsorbate by determining the surface charge of the adsorbent. The
pH of system can affect the surface properties of the adsorbent as well as ionization or
dissociation of the adsorbate molecule [30]. Therefore, the pH value has a profound effect on
the adsorptive uptake.
Depending on the nature of the adsorption process, temperature as an important
operational parameter can control the adsorption process. Higher temperatures are in favour
of adsorption processes with endothermic nature. This means that, in higher temperatures, the
favorable intermolecular forces between adsorbate and adsorbent are much stronger than
those between adsorbate and solvent. In contrast, exothermic adsorption process occurs more
readily at lower temperatures (Le-Chatelier’s Principle) [31].
Generally, the amount of adsorbed materials on adsorbent increases with increasing
the contact time until reaching the equilibrium state, and since then a further increase in
contact time will not increase the adsorption uptake. The time needed to reach the state of
equilibrium is referred to as the equilibrium time. At this point, the rate of the antibiotics
being adsorbed onto the adsorbent is in a dynamic equilibrium with the rate of the antibiotics
desorbing from the adsorbent [30].
Moreover, the percentage of antibiotic removal increases by increasing the adsorbent
dosage - not necessarily linearly. Afshin et al. [32], for example, investigated the effect of
dosage of ZnCl2-impregnated activated carbon in the range of 0.25 to 3.5 g L−1 on the rate of
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tetracycline removal. They found that the removal percentage of tetracycline from 50 mg L−1
solution when 1, 1.5 and 3 g L−1 adsorbent were added was around 65, 95 and 99%,
respectively. According to their results, the rate of increase in adsorption capacity at lower
adsorbent dosages was high and by increasing the dosage of the adsorbent it gradually
decreased.
Although all the above-mentioned operational factors affect the adsorption process,
the magnitude of their impacts can be different for each adsorption process. For instance,
Pouretedal and Sadegh [33] studied the adsorption of amoxicillin, tetracycline and penicillin
G onto activated carbon prepared from vine wood and activated by NaOH. Their finding
suggests that the impact of adsorption variables on the uptake of the antibiotics is followed by
the order of initial concentration ˃ the dosage of activated carbon ˃ the pH of solution ˃ the
ambient temperature.

2.4.1.4 Adsorption media
The properties of the water matrix such as pH, ionic force, and its mineral and organic
content have influence on the surface chemistry of both activated carbon and the adsorbate.
For example, the presence of natural organic matters in water generally reduces the removal
efficiency of activated carbon toward target molecules. This happens because of the direct
competition between the targeted molecules and natural organic matters for occupying the
adsorption sites and/or unavoidable blockage of accessible pores by the organic matters [26].
As the number of components within a matrix increases, the adsorption media become
more complex. Manure can be considered as an example of adsorption media with a high level
of complexity. Karine et al. [34] provided a list of components within the real liquid swine
manure. Based on their results, liquid swine manure mainly consists of sodium propionate,
sodium acetate, lactic acid, ethanol, ammonium bicarbonate, potassium phosphate and
potassium sulphate [34].

2.4.2 Magnetic adsorbents
Adsorption by granular activated carbon is one of the most commonly used processes
used in large-scale water treatment. However, powder activated carbon is considered to be a
more efﬁcient adsorbent than granular activated carbon for the removal of contaminants.
Although powder activated carbon is a more effective adsorbent for removing contaminants
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from a continuous ﬂow system, its large-scale application has been limited because it causes
turbidity in effluent and requires extra separation processes such as ﬁltration [4, 5]. These
processes can also lead to the loss of the solid particles or the blockage of ﬁlters. One creative
approach to address this disadvantage is the development of magnetic powder activated
carbon which can be magnetically separated from water after treatment.
Generally, the application of magnetism for water treatment is an established concept,
reported back in the mid-19th century [35], and since then it has been used for different water
treatment methods such as coagulation [36], and biological processes [37,38]. However, the
application of magnetism for the adsorption process is a relatively new concept receiving
increasing attention in the field of water treatment. For example, the rate of publications on
magnetic activated carbon has been increased since 2002. In 2017, the number of
publications on magnetic activated carbon was ten times higher that of 2006 [39].
Magnetic adsorbents show magnetic behavior due to the presence of magnetic
particles in their structures. Although magnetic metals such as Fe, Ni, and Co can introduce
magnetic properties to adsorbents, oxides of these metals are mostly preferred as they are
more stable [40]. So far, different types of absorbents such as zeolites, ion exchange resins,
activated carbon, polymeric adsorbents, and even nanoparticles have been magnetized [35].
In contrast to traditional adsorbents, which are mostly removed by screening,
magnetic adsorbents can be effectively separated from waste streams just by applying an
external magnetic field [41]. Magnetic ﬁltration, which can be used as one step in water
treatment plant, rapidly and effectively removes used magnetic adsorbents from aqueous
waste streams [41]. This way of separation, is also space-saving and no chemical is involved
in it [39]. These advantages of magnetic adsorbents over traditional adsorbent have led
scientists to develop different low-cost, magnetic adsorbents with relatively high adsorption
capacity and wide selectivity to various environmental contaminants.
In this work, the word "magnetization" refers to a process in which iron oxide
particles are deposited into a material to prepare a magnetically separable adsorbent. Even
though the main purpose of magnetization is developing an adsorbent that can be easily
separated, it also provides the possibility of reusing the spent adsorbent after magnetic
recovery. The regeneration of adsorbent is more applicable for expensive adsorbents. Based
on the literature, one of the most common approaches for desorption of adsorbate from
adsorbent is extraction using an appropriate organic solvent [42]. Beside extraction, thermal,
chemical and electrochemical methods have also been used for this aim [43].
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2.4.2.1 Magnetic separation in water treatment
Magnetic separators can generate magnetic field using permanent magnets based on
iron, nickel, cobalt or rare earth compounds, and they can be categorized as low, medium or
high intensity separators. When it comes to magnetic powder activated carbon, high
intensity/high gradient separators are needed to provide enough magnetic force to allow the
separation from the liquid flow. The magnetic field is measured in amperes per metre (A/m)
and oersteds (Oe) in SI and CGS units, respectively [44]. High gradient magnetic separators
(HGMS) can provide a magnetic fields of 1600 kA/m, which is around 10 times higher than
those of low intensity separators, as well as gradients in the range of 16000 to 160000 MA/m
², which is around 104 times higher than those that are mostly generated by electromagnets
[45]. In the case of wet separation, there are various types of HGMS such as the Jones
separator and matrix-loaded separators that can provide high gradients with completely
inhomogeneous fields[46]. The matrix-loaded HGMS is made of filter filled with fine
particles. To separate the particles, the magnetic field is switched on and then the fluid is
passed through the matrix. After one cycle of separation, the magnetic field is removed and
then backwash takes place to flush out the magnetic adsorbent [47]. HGMS have high
separation efficiency, even at relatively high flow rates, and they show low pressure drops
across the filter [48]. Therefore, a matrix-loaded HGMS is a promising separator for
removing magnetic powdered activated carbon from drinking water treatment plants.

2.4.2.2 Magnetic states
The magnetic states of materials can be classified into different classes including
ferromagnetism, ferrimagnetism, superparamagnetism and diamagnetism. Herein, a short
overview of different magnetic states is offered to clarify the interactions between magnetic
materials and magnetic fields in particle.
The saturation magnetisation (MS) is defined as the maximum amount of field that
can be generated by a magnetic material. In the case of ferro- and ferrimagnetic materials,
magnetic separation is relatively simple as they can be strongly attracted by a magnetic field
due to their relatively high MS. Iron, iron oxides (maghemite and magnetite), nickel and
cobalt are classified into these magnetic states. These materials form small regions of uniform
alignment that tend to minimize the overall magnetic energy. In exposure to the magnetic
field (H), the orientation of these domains would become aligned parallel to the applied
magnetic field, (Figure 3). As a consequence, ferro- and ferrimagnetic materials are attracted
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by the North- and South Pole of the magnet. Another important characteristic of ferro- and
ferrimagnetic materials can be explained by a phenomenon referred to as remanence. In fact,
the magnetization of these materials increases by escalating magnetic field strength until the
saturation level, but it does not disappear completely after removing the magnetic field
(Figure 4, panel a). The remanent magnetization (MR) causes so-called typical hysteresis
loop. The opposite magnetic field can be applied to remove the remaining magnetization. The
magnitude of the opposite magnetic field is referred to as coercively (HC).

Figure 2.3 The orientation of the domains within ferromagnetic materials in a magnetic field

When the particle size of ferro- or ferrimagnetic materials is sufficiently small
(usually smaller than 20 nm), superparamagnetic behaviours dominate below the critical
temperature. At this magnetic regime, when no field is applied, thermal fluctuations of the
magnetization for each particle cancel out the average magnetization. Consequently, the
magnetization curve of superparamagnetic materials does not show hysteresis (Figure 4,
panel b). In this case, no remnant magnetization remains after removing the magnetic field
[44]. This phenomenon makes this class of materials highly attractive for water treatment
applications because they can easily be re-dispersed in water without forming agglomerates
after removing the magnetic field.

12

Figure 2.4 Typical hysteresis curve of ferro- and ferrimagnetic materials (a), typical
magnetization curve of superparamagnetic materials (b)

On the other hand, diamagnetic materials show an extremely weak magnetization,
which is antiparallel to the applied magnetic field. For example, activated carbon is a
diamagnetic material as it is not attracted by a magnet. Therefore, the magnetic separation of
activated carbon particle is possible only if they are seeded with magnetic particles.

2.4.2.3 Deposition of magnetic nanoparticles
In order to magnetize adsorbents, magnetic particles, mostly iron oxides, are
deposited into the structures of the adsorbents. Different iron oxides can be formed during the
oxidation reactions such as Fe3O4 (magnetite), γ-Fe2O3 (maghemite) and α-Fe2O3 (hematite),
but only Fe3O4, and γ-Fe2O3 iron oxides show strong magnetic behaviours [49]. Fe3O4
particles have higher saturation magnetization compared to the γ-Fe2O3 particles [50]. On the
other hand, γ-Fe2O3 particles are more stable than Fe3O4 when it comes to oxidation. Fe3O4
particles can be oxidized to different phases of Fe2O3 depending on applied oxidation
condition. In other words, the stability of Fe3O4 particles with respect to oxidation is
considered a practical problem affecting its long-term applications while γ-Fe2O3 particles are
more stable to further oxidation [51].
There are different methods for synthesis of magnetic particles. Among these
synthesis methods, precipitation and impregnation are more commonly studied in the
literature [52]. Regardless of the preparation methods, three approaches have been applied so
far to develop magnetic activated carbon using iron oxide particles. The first approach is a
one-pot synthesis of magnetic adsorbent (concurrent activation and magnetization processes).
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For example, André L et al. [53] used carbonized coconut shell and FeCl3 to synthesize
magnetically activated carbons with simultaneous activation and magnetization processes.
Their findings suggest that the prepared sample was sufficiently magnetized to be separated
by a magnet. They also found that the magnetite phase as a major crystal phase is formed into
the carbon matrix [53]. The second approach is the in-situ formation of iron oxide particles
into the prepared or commercial activated carbon. The last approach is the synthesis of
magnetic iron oxide particles separately, and then depositing them into activated carbon.
Among the procedures that have been used for developing magnetic activated carbons, in-situ
co-precipitation of iron precursors into activated (approach 2) and impregnation of magnetic
nanoparticles into activated carbon (approach 3) can be considered as the main routes [52].
In addition to the synthesis procedure, the iron oxide content is an important factor
affecting both adsorption capacity and magnetic property of the prepared adsorbent. Manh
Huy Do et al. [54] magnetized activated carbon with different contents of Fe3O4 (5 to 30
wt%). They found that although using the high content of iron oxide boosted the saturation
magnetization of the prepared adsorbent, it decreased the adsorption capacity due to the loss
of surface area [54].

2.4.2.4 Long-term stability
Long-term stability of magnetic properties is a decisive factor in choosing an
appropriate magnetic adsorbent for industrial applications. According to the literature, the
magnetic properties of magnetic activated carbon can significantly change over time. Lee et
al. [55], for example, investigated the stability of magnetic activated carbon in exposure to air
for 5 months. Based on their observation, the saturation magnetization of the adsorbent
decreased by around 50% after 5 months at 2 K [55]. In another study, the performance of
Fe3O4-activated carbon composite that was stirred in water almost remained constant for two
months [5]. Naturally, there are two main parameters affecting the magnetic properties of
adsorbent during the adsorption process: first, oxidation of iron oxide particles, and second,
dissolution of iron oxide particles.

Magnetite iron oxide particles are not very stable and can be easily oxidized to
maghemite under ambient conditions [41]. For example, the oxidation to maghemite in the
presence of bacteria in water was investigated by Auffan et al.[56]. According to their
investigation, this phenomenon can be attributed to the high electrons mobility within the
Fe(II)/Fe(III) structure of magnetite [56]. Interestingly, the oxidation of magnetite to
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maghemite is not a constraint for magnetic adsorbent applications since maghemite is a
ferrimagnet that possesses similar magnetic behaviours as magnetite [57].
Dissolution of iron oxide particles, besides oxidation, can affect the stability of
magnetic adsorbent. Zahoor and Mahramonlioglu [58] studied the effect of this parameter in
the pH range of 1 to 8. They found that, for magnetic activated carbon, dissolution occurred
below pH 4.8, and it led to the loss of iron content [58]. They also reported that abrasion,
which may occur because of shear forces during pumping and mixing, can be considered as
another influencing parameter that has not been studied yet. Also, the effect of colonization
of iron oxide particles in long-term applications is another important issue that has not been
investigated so far [39].
Based on the literature review, many efforts have been done to understand the
adsorptive removal of tetracycline and lincomycin from water, but still, there are some
important questions that require answers to improve our knowledge. As mentioned, the only
study that investigated the adsorption of lincomycin onto activated carbon was reported by
Hyunook Kim et al., in 2014 [25]. This study investigated the adsorptive removal of
lincomycin from water at 20 ± 1 °C. It would be interesting to also know the effect of
temperature on the adsorption to determine whether this adsorption is an endothermic or
exothermic process. Regarding tetracycline, Martins et al. [59] studied the adsorptive removal
of tetracycline from water in the concentration range of 250-800 mg L-1 using activated
carbon. Zhu et al. [60] also did the same investigation but in the concentration range of 5-80
mg L-1. Similarly, many other studies have been done in this area, but they also focused either
on low or high concentrations of tetracycline. Moreover, despite the fact that tetracycline and
lincomycin commonly co-exist in livestock operations, the behaviour of binary adsorption
system is still unknown. Also, the possibility of direct removal of lincomycin or tetracycline
from animal manure has not been investigated yet.

2.4.3 Adsorption models
The performance of adsorbent in removal of pollutant is usually investigated through
batch experiments at the equilibrium time. Generally, equilibrium is referred to the state that
the concentration of the adsorbate in the liquid phase reaches a constant value. The
adsorption capacity of a specific adsorbent in equilibrium is related to the temperature and the
adsorbate concentration. This relation can be explained by an adsorption isotherm recorded at
a constant temperature [61].
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𝑞𝑒𝑞 = 𝑓(𝑐𝑒𝑞 )

𝑇 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

Eq. 2.1

Where qeq is the adsorption capacity of adsorbent in equilibrium time. The value of
qeq can be obtained from the initial and final concentrations of the solute (C0 and Ceq), solute
volume (VL) and the mass of adsorbent (m), according to the following formula:

𝑞𝑒𝑞 =

𝑉𝑙
𝑚

(𝑐0 − 𝑐𝑒𝑞 )

Eq. 2.2

In general, Langmuir and Freundlich models are among the two-parameter models
that are most frequently used to model adsorption data in the literature.
In Langmuir isotherm, it is assumed that the adsorbent surface is covered by a
monolayer of adsorbate balancing the relative rates of adsorption and desorption with
dynamic equilibrium. It is assumed that the adsorption rate is proportional to the fraction of
the adsorbent surface that is uncovered, while the desorption rate is proportional to the
fraction of adsorbent surface that is covered. Additionally, this model accounts for the
homogenous surface with equivalent sites [61]. The Langmuir equation is presented as
follow:

𝑞𝑒𝑞 =

(𝑞𝑚𝑎𝑥 𝑘𝑙 𝑐𝑒𝑞 )

Eq. 2.3

(1+𝑘𝑙 𝑐𝑒𝑞 )

Where 𝑞𝑚𝑎𝑥 and 𝑘𝑙 are maximum adsorption capacity and Langmuir constant,
respectively.
The linear form of Langmuir equation can be written as follow:
𝑐𝑒𝑞
𝑐𝑒𝑞
1
𝑞𝑒𝑞

=

𝑞𝑒𝑞 𝑘𝑙

+

𝑞𝑒𝑞

Eq. 2.4

The parameters 𝑞𝑚𝑎𝑥 and 𝑘𝑙 at Langmuir isotherm (Eq. 2.3) are temperature
dependent and are mostly obtained through linear or non-linear regression methods [62].
The temperature dependence forms of 𝑞𝑚𝑎𝑥 and 𝑘𝑙 Langmuir isotherm parameters
can be written as below:
𝑜
𝑞𝑚𝑎𝑥 = 𝑞𝑚𝑎𝑥
exp (𝛿(𝑇 − 𝑇0 ))

Eq. 2.5

−∆𝐻

𝑘𝑙 = 𝑘𝐿𝑜 𝑒𝑥𝑝 ( 𝑅𝑇 )

Eq. 2.6

0

𝑜
Where 𝑞𝑚𝑎𝑥
and δ are the maximum adsorption capacity of adsorbent at 𝑇0 and the

expansion coefficient of adsorbate, respectively. The 𝑘𝐿𝑜 parameter is the adsorption affinity
of the Langmuir isotherm at reference temperature (𝑇0 ). ∆H represents the enthalpy change
during the adsorption process. 275 K is mostly considered as the reference temperature [63].
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Moreover, Langmuir isotherm is not limited to single-solute adsorption. Based on
various assumptions, Langmuir isotherm has been extended in different forms for multisolute adsorption. Jain and Snoeyink proposed an extension of the Langmuir equation for
binary mixtures [62]. They assume that both components are adsorbed on the same fraction
of adsorption sites. Based on this assumption, they derived the following equations:

𝑞𝑒,1 =
𝑞𝑒,2 =

(𝑞𝑚𝑎𝑥,1 −𝑞𝑚𝑎𝑥,2 )𝑘𝐿,1 𝐶𝑒,1
1+𝑘𝐿,1 𝐶𝑒,1

+

𝑞𝑚𝑎𝑥,2 𝑘𝐿,2 𝐶𝑒,2
1+𝑘𝐿,2 𝐶𝑒,2 +𝑘𝐿,1 𝐶𝑒,1

𝑞𝑚𝑎𝑥,2 𝑘𝐿,2 𝐶𝑒,2

Eq. 2.7
Eq. 2.8

1+𝑘𝐿,2 𝐶𝑒,2 +𝑘𝐿,1 𝐶𝑒,1

Where all parameters are specified with the index corresponding to the component
number.
Freundlich isotherm is an empirical model, which is applicable to adsorption
processes that take place on heterogonous surfaces. Freundlich isotherm accounts for surface
heterogeneity as well as the exponential distribution of active sites and their energies [61].
The Freundlich equation is presented as follow:
1/𝑛

𝑞𝑒𝑞 = 𝑘𝑓 𝑐𝑒𝑞

Eq. 2.9

Where 𝑘𝑓 characterizes the strength of adsorption and n determines the curvature of
the isotherm. The Freundlich equation can be also written with the following linear form:
1

𝑙𝑜𝑔𝑞𝑒𝑞 = 𝑙𝑜𝑔𝑘𝑓 + 𝑛 𝑙𝑜𝑔𝑐𝑒𝑞

Eq. 2.10

2.4.4 Adsorption thermodynamic characterization
In addition to fitting adsorption data with established isotherm models, the
thermodynamic characteristics of the system can be studied in the equilibrium state. From a
thermodynamic point of view, parameters like enthalpy, entropy and Gibbs free energy
change can provide useful information about the strength of bonding, spontaneity,
mechanism and the endothermic or exothermic nature of the adsorption process [64]. To
determine thermodynamic parameters, the equilibrium constant value should be calculated
first [64]. The following sections present a brief review of the thermodynamic parameters,
with special focus on the methods that can be used to determine the thermodynamic
equilibrium constant.
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2.4.4.1 Fundamentals of the adsorption thermodynamics
Gibbs free energy change as well as adsorption enthalpy, and entropy changes are the
most important thermodynamic parameters that describe an adsorption process. The
thermodynamic equations that can be used to determine these parameters are presented as
follow:
∆𝐺 0 = −𝑅𝑇𝑙𝑛𝐾𝑐
𝑙𝑛 𝐾𝑐 = −

∆𝐻 0
𝑅𝑇

+

Eq. 2.11

∆𝑆 0

Eq. 2.12

𝑅

∆𝐺 0 = ∆𝐻 0 − 𝑇∆𝑆 0

Eq. 2.13

Where R is the universal gas constant (8.314 J mol−1 K −1), K c is the thermodynamic
equilibrium constant (dimensionless), and T is the temperature (K). The variation of the
enthalpy and entropy are linked by the van’t Hoff equation (Eq. 2.12). This equation can be
used to determine variations of the enthalpy and entropy based on the slope and the intercept
of the linearized variation of ln K c with T −1.
The value of Gibbs free energy change explains the spontaneity of the process. A
negative value of this energy change is indicative of a spontaneous adsorption process. The
greater negative absolute value of Gibbs free energy change, the more favourable is the
adsorption process. In contrast, the positive value of this energy change indicates that the
adsorption process will not occur spontaneously [65].
Enthalpy change, which is also referred to as the heat of adsorption, can be used to
determine the exothermic or endothermic nature of the adsorption process. A negative value
of enthalpy change for an adsorption process is indicative of its exothermic nature. This
thermodynamic parameter can also differentiate between chemical and physical adsorption
and provide information about the type of bonding. Generally, it is known that the enthalpy
change with values higher than 80 kJ mol-1 indicates chemisorption and lower values of
enthalpy change corresponds to physisorption [66].
In general, in chemical adsorption, the main type of binding force is chemical bonds,
while physical adsorption is mostly governed by Van der Waals force. Also, physical
adsorption is fully reversible as a result of its weak bonding force, while chemical adsorption
is an irreversible process. Additionally, although chemical adsorption induces monolayer
coverage, in the case of physical adsorption, multilayer coverage can also occur [66]. Entropy
is indicative of randomness in a system. The positive change of this thermodynamic
parameter represents the increase of randomness in the solid-liquid system [67].
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2.4.4.2 Determination of thermodynamic parameters
According to the Eq. 2.11 and 2.12, the principal thermodynamic parameters can be
calculated based on the equilibrium constant. The important point is that the value of this
thermodynamic constant can vary depending on the mathematical method used for its
determination. So far, different methods have been proposed to determine the equilibrium
constant. One simple method is to assume that the value of the equilibrium constant is equal
to the Langmuir constant. Although this method is the easiest procedure, it is not very reliable
because the Langmuir constant has a unit (L mg-1), while the thermodynamic equilibrium
constant is dimensionless [68].
The other method is finding the equilibrium constant using the distribution
coefficient. This method was first proposed by Khan and Singh [69] and then modified by
Milonjic’ [70]. In this method, the distribution coefficient is identified by the following
equation:

𝐾𝑑 =

𝑞𝑒𝑞

Eq. 2.14

𝐶𝑒𝑞

Where K d (L g-1) is the distribution coefficient, and Ceq (mg L-1) and q eq (mg g-1) are
the adsorbate concentration and adsorption capacity at equilibrium, respectively [68].
Based on Henry’s law, the distribution coefficient value can be found from the plot of
ln(qeq/Ceq) versus Ceq. In this method, the intercept is the distribution coefficient value. [68].
However, this method still has the same problem as the first method regarding the
incompatibility of the units. The thermodynamic equilibrium constant proposed by this
method still has a dimension (L g-1). To solve this problem, Milonjic’ suggested that if the
value of the equilibrium constant is multiplied by the density of water at 25 °C (1000 g L-1), it
may be considered as a dimensionless constant [70]. Therefore, it was concluded that the
equilibrium constant value can be calculated through the following equation:
∆𝐺 0 = −𝑅𝑇𝑙𝑛𝐾𝐿 = −𝑅𝑇𝑙𝑛(1000 ∗ 𝐾𝑑 )

Eq. 2.15

2.5 Knowledge gaps and research objectives
2.5.1 Knowledge gaps
The negative consequences of the presence of tetracycline and lincomycin on the
environment, especially development of antimicrobial resistance, have been extensively
discussed in the literature. The advantages of the adsorption process in removal of antibiotics
from the aquatic environment are also known. However, there are still knowledge gaps and
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challenges regarding the adsorptive removal of tetracycline and lincomycin antibiotics from
wastewater, which are listed below:
•

Although lincomycin has been frequently detected in the environment, just a few
studies have focused on the adsorptive removal of this antibiotic, and as a result,
much of this process is still unknown.

•

Despite the advantage of magnetic activated carbon in terms of the ease of separation
after the treatment, its performance in the adsorptive removal of lincomycin has not
been investigated and understanding of the process for tetracycline is not thorough
because most of the previous studies were done at a limited range of concentrations.

•

Although actual wastewaters are contaminated by different types of antibiotics, most
of the previous research studies focused on the adsorptive removal of single antibiotic
from water.

•

Despite the considerable concentration of tetracycline and lincomycin in the waste
stream of livestock production facilities, the direct adsorption of these antibiotics from
manure slurry has not been studied.

2.5.2 Objectives
This study aimed to develop magnetic activated carbon to remove two commonly
used antibiotics, tetracycline and lincomycin, first from water and then from liquid swine
manure supernatant. Herein, the main objective is the synthesis of a magnetic activated
carbon which not only shows high adsorption capacity toward the two targeted antibiotics but
can also be easily separated after the adsorption process by applying an external magnetic
force. By considering the above-mentioned knowledge gaps, the objectives of this study are
as follows:
1. Preparation and characterization of magnetized activated carbon through the
incorporation of iron oxide nanoparticles.
2. Evaluating the performance of the prepared magnetic adsorbent in treatment of waters
contaminated by tetracycline and lincomycin either individually or as a mixture.
3. Investigating the possibility of direct adsorptive removal of the antibiotics from the
waste stream of livestock production facilities.
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3 MATERIALS AND METHODS

The following chapter first specified materials used during the magnetization
procedure and in adsorption experiments. Second, adsorbent preparation, experimental
procedures and analytical methods are described in detail.

3.1 Materials
Crystalline powder tetracycline (93%, C22H24N2O8) and lincomycin hydrochloride
(95%, C18H34N2O6S.HCl) were purchased from Alfa Aesar (MA, USA). Commercial
granular activated carbon (Norit GAC1240, M-2125) was purchased from Cabot Norit
American Inc. (TX, USA). Iron (II) chloride tetrahydrate (98%, FeCl2.4H2O) was obtained
from Alfa Aesar (MA, USA) and iron (III) chloride hexahydrate (98%, Cl3Fe.6H2O) was
purchased from Alfa Aesar (LA, UK). Ammonium hydroxide (NH4OH) and ethyl alcohol
(100%, C2H5OH) were purchased from Fisherbrand (ON, Canada) and Greenfield Global
(ON, Canada), respectively.

3.2 Procedures
The experimental phase includes preparation of adsorbent, characterization, and batch
adsorption experiments, which are described in the following sections.

3.2.1 Adsorbent preparation
As shown in Figure 3.1, the preparation of magnetic adsorbent includes two main
steps: preparation and magnetization. The granular activated carbon was pulverized first
followed by magnetization as described below. The applied magnetization method followed
the procedure offered by Puri et al. [71].

3.2.1.1 Preparation of activated carbon (AC)
The granular activated carbon was first crushed using a mortar and pestle. The
resulting powder was separated by metal sieves, 60 and 120 mesh (250-125m), then it was
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washed and filtered four times with deionized water. Finally, the powder activated carbon
(AC) was dried at 110°C for 24 h under air flow.

3.2.1.2 Magnetization of AC
Milli-Q water was used as the reaction medium for magnetization. To remove
dissolved oxygen from Milli-Q water, it was degassed using N2 gas and a sonication bath. To
obtain around 4 g of magnetic activated carbon (MAC) composite with around 20% iron
oxide, 1.84 g of FeCl3·6H2O and 0.72 g of FeCl2·4H2O were dissolved in 800 ml of degassed
Milli-Q water. Then, 3.2 g of AC was dispersed in the solution using a sonicator probe for 10
min. The solution was put in the sonication bath at 50°C and ammonium hydroxide was
introduced dropwise as a precipitant to the solution using a burette until the pH reached 10.
After 50 min of aging, the resulting powder was filtered and washed with deionized water
several times until the pH of supernatant reached 7. Thereafter, the sample was washed using
ethanol, ﬁltered and finally dried in an oven at 70 °C for 1 h.

22

Figure 3.1 Schematic of MAC synthesis procedure
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3.2.2 MAC Characterization techniques
To obtain a proper understanding of the physiochemical properties of the adsorbent,
the developed MAC was characterized using various characterization techniques including Xray powder diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), Brunauer-EmmettTeller (BET)- Barrett-Joyner-Halenda (BJH), field emission scanning electron microscopy
(FE-SEM), transmission electron microscopy (TEM), thermal gravimetric (TG), physical
property measurement system (PPMS), particle size and zeta potential analyses. The powder
AC was also characterized by a number of these techniques to provide useful information
about the effects of magnetization. The used characterization techniques along with the
information each of them provides are listed in Table 3.1.

Table3.1 List of used characterization techniques along with the information they provide
Characterization techniques

Information

XRD-XPS

Crystalline and electronic structures

BET-BJH

Surface area and pore volume distribution

FE-SEM, TEM

Morphology and iron oxide particle size

TG

Iron oxide content

XPS

Surface composition

PPMS

Magnetic properties

Particle Size Analyzer

Particle size distribution

Zeta Potential Measurement

Surface electrical charge

3.2.3 Determination of magnetic separation efficiency
Different approaches can be used to investigate the magnetic separation efficiency of
MAC in either batch or continuous adsorption systems. Herein, a simple method was used to
study the separation effectiveness for the prepared magnetic adsorbent from water in a batch
system. For this purpose, 1g of MAC was added into a beaker containing 100 ml deionized
water, and the beaker contents was then vigorously mixed. After agitation, a block magnet
was vertically placed next to the beaker for 24 h. Afterwards, while the magnet was still kept
in place, the beaker was tilted to remove water containing MAC particles that were not
attracted to the external magnet. To dry remaining adsorbent out, the beaker was placed in the
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oven at 70 °C for 12 h. The resulting sample was considered as a portion of the adsorbent that
was magnetically separated, and its weight was measured and referred to as ms.
Once again, this procedure was similarly repeated, except for the magnetic separation
step. This time, the magnetic sample was separated from water using an appropriate filter
paper that would not allow MAC particles to pass. The weight of the resulting sample was
measured after a similar drying step. The measured weight was used for calculating the
separation efficiency as a reference and referred to as mref.
The magnetic separation efficiency (% E) was calculated as follow:

𝐸=

𝑚𝑠
𝑚𝑟𝑒𝑓

× 100

Eq. 3.1

3.2.4 Adsorption experiments
The performance of the prepared adsorbent in adsorptive removal of the antibiotics
from both water and liquid manure supernatant were studied. Adsorption experiments were
carried out at natural pH of the solutions, and no pH adjustment was applied.

3.2.4.1 Adsorption experiments in water
The batch adsorption experiments in water were carried out in four stages: first, the
equilibrium time was determined ; second, the adsorptive removal of tetracycline from water
was investigated at different temperatures using both AC and MAC; third, the same
adsorption experiments were replicated for lincomycin at room temperature; last, the
performances of AC and MAC in treatment of waters contaminated by the mixture of
tetracycline and lincomycin were studied.

Equilibrium time
To determine the equilibrium time for individual antibiotics, two solutions of
tetracycline (TC) and lincomycin (LM) with concentrations of 100 and 200 mg L-1 were
prepared and then 100 ml of each solution was added to an amber flask each containing 10
mg of AC or MAC. Flasks were shaken at 130 rpm at room temperature (22 ±2 °C). The
adsorption set-up used in this experiment is shown in Figure 3.2. During the experiment 1mL
samples were taken from each flask on a bi-daily basis until the concentrations reached a
constant value. The minimum time when no detectable change in residual concentration was
observed was considered as the adsorption equilibrium time.
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In the case of mixture of antibiotics, the experiments were repeated with the solutions
containing a mixture tetracycline and lincomycin with the overall concentrations of 100 and
200 mg L-1. The minimum time which the residual concentrations of both tetracycline and
lincomycin reach a constant value was considered as the adsorption equilibrium time.

Figure 3.2 The set-up used for adsorption experiments

Adsorption of individual antibiotics
For the batch adsorption experiments, 300 mg L-1 stock solutions of tetracycline and
lincomycin were prepared using Milli-Q water, and then the solutions were diluted to the
concentrations of 20, 40, 60, 100 and 200 mg L-1. In the next step, 100 ml of each of the
prepared solutions with 10 mg (100 mg L-1) of AC or MAC was added to 120 ml amber
flasks and placed on an orbital shaker at 130 rpm and room temperature. The amount of
adsorbent in case of 20 mg L-1 tetracycline solution was 5 mg (50 mg L-1) as 10 mg activated
carbon could completely remove the tetracycline before the equilibrium time. To evaluate the
reproducibility, the experiments with the lowest and highest concentrations (20 and 300 mg
L-1) were repeated for MAC at each set of adsorption experiments. The amber colour of
flasks prevents photodegradation of tetracycline. The concentration of antibiotic in flasks
were determined by regular sampling until the equilibrium time. The first sample was taken
right after the addition of the adsorbent and subsequent samples were taken every two or
three days. For sampling, 1 mL of contaminated water was withdrawn from each flask and
filtered using 0.45 and 0.2 µm nylon syringe filter. Samples were analyzed using highperformance liquid chromatography (HPLC). To investigate the effect of temperature on the
adsorptive removal of tetracycline from water, the adsorption experiment was repeated at 5,
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15 and 35 °C in the Chemviron temperature-controlled chambers. The resulting data were
used to determine the equilibrium adsorption capacity of both AC and MAC under various
experimental conditions.

Adsorption from mixture of antibiotics
To study the adsorption process for mixture of antibiotics, different mixtures of
tetracycline and lincomycin were prepared with compositions listed in Table 3.2. The rest of
the experimental procedures including sampling and analyses were the same as for a single
antibiotic. For this set of experiments, the sum of tetracycline and lincomycin concentrations
was assumed as the overall concentration. The resulting data were used to determine the
equilibrium adsorption capacity of both AC and MAC under various experimental conditions.

Table 3.2 Mixtures of antibiotics used in adsorption experiments
Overall concentration

TC concentration

LM concentration

(mg L-1)

(mg L-1)

(mg L-1)

20

10

10

40

20

20

60

60

60

100

50

50

200

100

100

300

150

150

3.2.4.2 Adsorption experiments in liquid manure supernatant
The batch adsorption experiments in liquid manure supernatant were carried out in
three stages: first, a method of preparation for collected manure was prepared; second, the
stability of tetracycline in the prepared liquid manure supernatant was investigated; third, the
performance of prepared adsorbent in the adsorptive removal of tetracycline from liquid
manure supernatant was studied at one concentration.

Manure collection and preparation
Manure was collected from swine barn of the Prairie Swine Centre Inc., Saskatoon,
SK. Within the swine barn, manure slurry was collected from the manure pit of a production
room allocated to the grower pigs weighing between 25 to 28 kg, which were not treated with
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antibiotics. Collected manure was screened using a commercial wire mesh with the pore size
of 120 μm and kept in six 10 L containers. The containers were brought to the laboratory at
the University of Saskatchewan, and then their contents were transferred into a 60 L
container and kept in a refrigerator at 4 ℃.
Before each experiment, manure in the main container was vigorously shaken.
Thereafter, 1 L of manure was collected from the container and poured into an Erlenmeyer
flask. The Erlenmeyer flask was kept in the refrigerator at 4 ℃ for 24 hours to let suspended
particulates settle down. In the next step, 500 mL of the manure supernatant was removed
and centrifuged twice. The first and second centrifugations were carried out at 15,000 and
18,000 rpm, respectively, and each batch took 20 min. The resulting manure supernatant was
used in the adsorption experiments.

Tetracycline stability in liquid manure supernatant
To study adsorption of tetracycline from liquid manure supernatant, it is necessary to
first investigate whether tetracycline concentration remains stable in manure supernatant or it
changes over time. For this purpose, manure solutions with tetracycline concentrations of 50
and 160 mg L-1 were prepared and antibiotic concentration was monitored over time. To run
the experiment, the required amounts of tetracycline were weighted and then added to a flask
which contained liquid manure prepared based on the developed procedure. Thereafter, the
manure solution was stirred for 2 hours. Finally, 100 ml of the manure solution was poured
into an amber-coloured flask. The flask was shaken at 130 rpm and sampled regularly. To
prevent tetracycline degradation in samples, they were kept in the freezer at -80℃.

Tetracycline batch adsorption experiment
The adsorptive removal of tetracycline from the liquid manure supernatant was
studied at the concentration of 60 mg L-1 with three different dosages of AC and MAC (1500,
2500 and 4000 mg L-1). In each experiment, 100 ml of the solution containing 60 mg L-1
tetracycline was poured into 120 ml amber flasks and different amounts of adsorbents ware
added to them. Flasks were placed on an orbital shaker at 130 rpm at room temperature.
During the experiment, 1mL samples were taken from each flask on a daily basis until the
concentration of tetracycline reached a constant value. The minimum time when no
detectable change in residual concentration was observed was considered as the adsorption
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equilibrium time. To prevent tetracycline degradation in samples, they were kept in the
freezer at -80℃.

3.2.5 Analytical methods
3.2.5.1 Specifications of characterization methods
MAC was characterized by x-ray diffraction (XRD, Rigaku Ultima IV) operated at
40kV and 44mA. The Joint Committee on Powder Diffraction Standards (JCPDS) was used
as a reference for identifying the crystalline structure. The electronic structure of MAC was
identified by x-ray photoelectron spectroscopy (XPS, Kratos- AXIS Supra). An accelerating
voltage of 15 keV and an emission current of 15 mA were used for the analysis. BrunauerEmmett-Teller (BET) surface area analysis and Barrett-Joyner-Halenda (BJH) pore size and
volume analysis were carried out using Micromeritics ASAP 2020. The morphology of
prepared materials was investigated by the high-resolution field emission scanning electron
microscope (FE-SEM, Hitachi SU8000), with a voltage of 3keV. Transmission electron
microscopy (TEM, Hitachi HT7700) operated with a voltage of 100 keV was also used for
morphology study. Additionally, TEM images were used to determine the particle size
distribution of iron oxide nanoparticles using ImageJ® processing program. In this method,
100 randomly selected iron oxide particles were fitted into the best circle possible and the
radius of the circles is considered as the size of particles. The iron oxide content of MAC was
determined using Thermogravimetric analysis (TGA, Q500 V20.13 Build 39). Physical
property measurement system (PPMS, DynaCool) was used to characterize the MAC within
the magnetic field range from -2 to 2 tesla (kg s−2 A−1) at 300 K. The magnetic field was set
to sweep with the rate of 500 Oe s-1 within the range. Laser diffraction particle size analyzer
(Mastersizer 3000, Malvern Panalytical) was also used with stir speed of 2560 rpm. The
possibility of separating the MAC from contaminated water was investigated using a simple
block magnet (NdFeB, Grade N52). In addition, the pH of adsorption media was determined
using a pH benchtop meter (Accumet AE150, Fisher Scientific).

3.2.5.2 Determination of the antibiotics concentration in water
The concentration of tetracycline and lincomycin samples were determined using
Agilent HPLC (1200 Series, G1316A Thermostatted Column Compartment (TCC) module)
with a ZORBAX column (SB-C18, 4.6 x 150 mm, 5 µm). The mobile phase used for the
analysis consisted of 80% KH2PO4 (50mM- Potassium phosphate monobasic) and 20%
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CH3CN (acetonitrile), with the rate of 1 mL min-1. For the analysis, the injection volume was
set at 20 µL. Tetracycline and lincomycin were detected by HPLC UV detector at the
wavelengths of 360 and 200 nm and the retention time of 4.3 ± 0.5 and 3.12 ± 0.5 min,
respectively.
During the adsorption experiment, each sample taken from adsorption flask was
analyzed by two consequent injections and the average value was considered as the final
value. The error bars are calculated based on the variation between two sequential injections
of HPLC. Subsequently, these error bars are indicative of the analytical errors, mostly
attributed to the quality of HPLC and the accuracy of the developed HPLC method.
Concentration values were determined based on the calibration curves developed for each
antibiotic. The calibration curves of both tetracycline and lincomycin were plotted and
presented in Appendix A.

3.2.5.3 Determination of tetracycline concentration in manure supernatant
The concentration of tetracycline in liquid manure supernatant was determined using
the same HPLC and the same column as water experiments. The mobile phase consisted of
85% CH2O2 (1 mmolar- Formic acid) and 15% CH3CN (acetonitrile), flowing through the
column at the rate of 1 mL min-1. Tetracycline was detected by HPLC UV detector at the
wavelengths of 360 nm, and the retention time of 7±0.5 min. For the analysis, the injection
volume was set at 20 µL.
During the study of tetracycline stability, the adsorption flasks was sampled twice and
then each sample was analyzed by two consequent injections. As a result, each test had four
HPLC results, which their average value was considered as the final value. Also, the error
bars were calculated based on the standard deviation between two samples.
During the adsorption experiment, each adsorption flasks was sampled and then
analyzed by two consequent injections. Since in this study each adsorption experiment had a
duplicate, every single test had four HPLC results, which their average value was considered
as the final value. Also, the error bars were calculated based on the standard deviation
between two adsorption tests. Eventually, the concentration of tetracycline in liquid manure
supernatant was determined based on the developed calibration curve presented in Appendix
A.
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3.2.6 Analysis of Adsorption Data
The following equation was used to determine the adsorption capacity.
qe =

(C0 −Ce) V

Eq. 3.2

M

Where qe (mg g-1) represents the amount of adsorbate per gram of adsorbent at
equilibrium. C0 (mg L-1) and Ce (mg L-1) are the initial and equilibrium concentrations of
adsorbate in solution, respectively. V (L) is the volume of solution and M (g) indicates the
mass of adsorbent.
In this research study, Langmuir and Freundlich isotherms were used to model the
experimental data. The obtained adsorption data were fitted to the Freundlich model using
Eq. 2.9 as explained in section 2.4.3. To model the adsorption data, it was always assumed
that the adsorption capacity of adsorbents is zero when no antibiotic is added to the solution.
TC adsorption experiments were carried out at four temperatures. The obtained
adsorption data were fitted to Langmuir model in two different ways: first, each set of
adsorption data was fitted separately to the Langmuir model using Eq. 2.3; second, all sets of
adsorption data were non-isothermally fitted to the temperature-dependent form of Langmuir
model using Eq. 2.5 and Eq. 2.6. The second approach also provided direct estimation from
the enthalpy change of TC adsorption process. Since LM adsorption experiments were
carried out only at room temperature, obtained data were simply fitted to Langmuir model
using Eq. 2.3.
Binary adsorption data were fitted to non-extended form of Langmuir model using
Eq.2.3 and also extended form using Eq. 2.7 and Eq. 2.8. In the non-extended form, the
summation of tetracycline and lincomycin concentrations was assumed as the overall
concentration in the solution. Also, the summation of tetracycline and lincomycin adsorption
capacities was considered as the overall adsorption capacity.
The obtained adsorption data were fitted to the Freundlich and non-extended form of
Langmuir model linearly. Also, Excel software was used for nonlinear fitting the
experimental data to temperature-dependent and extended forms of Langmuir model. For this
aim, the GRC nonlinear function was selected as the solving method. GRG stands for
“Generalized Reduced Gradient”. This method determines the value of variables in a way that
minimizes the objective function (Eq. 3.3). Herein, the objective function was defined as the
sum of squares of differences between the experimental and predicted adsorption capacities.
f = ∑i(q e,i − q p,i )

2

Eq. 3.3
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Where q e and q p are the experimental and predicted adsorption capacities,
respectively. Also, i is an indicator of data point at each initial concentration [68].
R2 parameter were calculated using Eq.3.4 to discuss how close the adsorption data are
to the fitted isotherm line.
2

R = 1−

∑i(qe,i −qp,i )

2

∑i(qe,i −qe,mean )

Eq. 3.4

2

Where qe,mean refers to the average value of all the experimental adsorption capacities
[68].
Additionally, mean absolute percentage error (MAPE) were calculated to measure
prediction accuracy of the adsorption models using Eq.3.5. This parameter shows average
percentage errors by which adsorption capacities forecasted by a model differ from
experimental values.
MAPE =

100%
𝑛

∑𝑛𝑖=1

√(qe,i −qp,i )

2

Eq. 3.5

qe,i
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4 RESULTS AND DISCUSSION

The following chapter first presents the results obtained from different
characterization techniques conducted on the prepared AC and the developed magnetic AC
including X-ray powder diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS),
Brunauer-Emmett-Teller (BET)- Barrett-Joyner-Halenda (BJH) measurement, field emission
scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM), thermal
gravimetric (TG), physical property measurement system (PPMS), particle size and zeta
potential analyses. The results were interpreted to explain the physiochemical properties of
the prepared AC and MAC. In the next section, the adsorption results obtained in the batch
adsorption experiments in water are presented. These adsorption experiments include the
adsorption of tetracycline and lincomycin as an individual and in mixture presented in
sections 4.2.1 and 4.2.2, respectively. The presented adsorption data were also fitted to an
appropriate isotherm model and the results are discussed in detail. In the last section, the
stability of tetracycline in liquid manure supernatant was evaluated and then the
performances of prepared adsorbents in direct removal of tetracycline from liquid manure
supernatant were investigated at single concentration.

4.1 Adsorbent characterization
The prepared AC and MAC were examined by various characterization techniques
including XRD, XPS, BET-BJH, FE-SEM, TEM, TG, PPMS, particle size and zeta potential
analyses. The interpretation of the results obtained from the characterizations and comparison
with the literature provided a broad understanding of physicochemical properties of the
adsorbents. Also, the comparison of AC and MAC showed how magnetization affects the
characteristics of AC.

4.1.1 XRD and XPS analysis
In order to characterize the electronic and crystalline structures of adsorbents, both
AC and MAC were analyzed by XRD and XPS techniques. The XRD pattern of AC and
MAC are depicted in Figure 4.1 (panel a). The wide peak detected at around 2θ = 24 and 44°
are related to the amorphous carbon structures. The presence of sharp peaks at the XRD
pattern of MAC reveals high crystallinity of iron oxide phase. More detail information about
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the crystalline structure of MAC can be found in Figure 4.1 (panel b). In the presented XRD
pattern, there is no unexpected peak, implying there is no impurity in the crystalline phase.
The phase purity of the prepared adsorbent confirmed that each step of the magnetization
procedure was done appropriately. Additionally, the presence of sharp peaks at around 2θ =
35, 43, 57 and 63° indicate the formation of iron oxide phase with high crystallinity. The
crystal size of iron oxide particles is estimated as 7.2 nm using the Scherer equation [72]. The
XRD patterns are fairly compatible with both presented reference patterns of Fe3O4, and γFe2O3 (JCPDS, 19-0629 and 39-1346, respectively). It should be mentioned that XRD is not
an ideal method to determine crystalline state of iron oxide phase as magnetite (Fe3O4) and
maghemite (γ-Fe2O3) have similar crystalline structures. In this regard, XPS spectroscopy
was used to distinguish between Fe3O4 (magnetite) and γ-Fe2O3 (maghemite) since these two
iron oxides have different valence states of iron ions.
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Figure 4.1 XRD patterns of AC and MAC (a), and XRD pattern of MAC compared to two
iron oxide reference patterns (b).  represent the peaks corresponding to the iron oxide and
 represent the peaks of carbon structure.

Figure 4.2 (panel a) displays the XPS survey spectra of AC and MAC as well as their
surface elemental compositions. As can be seen from the spectra, MAC contains carbon,
oxygen, and iron. Speciﬁcally, peaks with binding energy values of 285.08, and 531.08 eV
are corresponding to C 1s and O 1s, respectively [75, 76]. The double peaks in the range
between 712 and 724 eV are related to Fe2p [75]. The Fe2p XPS spectrum of MAC is shown
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in Figure 4.2 (panel b). The XPS spectra of Fe 2p3/2 at ~712 eV and Fe 2p1/2 at ~724 eV
correspond to the electron peak of Fe2p of Fe2O3 and Fe3O4, whereas, the shakeup satellite
peak recorded at ~719 eV, is the fingerprint of the electronic structures of γ-Fe2O3 [76].
Finally, it can be confirmed from the results of this analysis the formation of γ-Fe2O3 species
rather than Fe3O4.

Figure 4.2 XPS spectra of AC and MAC and their surface elemental compositions (a), and
Fe2p XPS spectrum of MAC (b)

4.1.2 BET-BJH analysis
Figure 4.3 (panel a) shows the N2 adsorption-desorption isotherms of AC and MAC.
Both samples exhibit a combination of Type I and Type II adsorption-desorption isotherms
based on the IUPAC classification, indicating simultaneous presence of micro- and
mesopores. The hysteresis loops in the isotherms of AC and MAC are assigned to type H4 (in
agreement with IUPAC classifications), indicative of the presence of slit-shaped pores
characteristic of activated carbons [77].
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The BJH pore size distributions of AC and AMC are shown in Figure 4.3. (panel b).
As can be seen, the pore size distributions of both samples are fairly close to each other. The
average pore width (4V/A) calculated by BJH adsorption for AC and MAC are 5.1 and 6.6
nm, respectively. The slightly longer pore width of MAC can be attributed to the use of
sonication during the magnetization procedure. As can be seen from the inset figure, the only
difference in the depicted pore distributions is that the portion of mesopores at MAC structure
is slightly higher than that of AC.

Figure 4.3 N2 adsorption-desorption isotherms of AC and MAC (a), and BJH pore size
distribution of AC and MAC (b)

The textural parameters of AC and MAC are presented in Table 4.1. The presented
data indicate that the magnetization process decreased the BET surface area and pore volume
of AC. This can be explained by two points: first, the formation of iron oxide nanoparticles
unavoidably blocks some porous structure of the activated carbon; second, the magnetized
sample contains a portion of γ-Fe2O3 nanoparticles, which has a relatively small surface area
and pore volume [78].
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Table 4.1 Textural characteristics of AC and MAC obtained from the N2 adsorption
isotherms
Sample

S BET

Vmicro

Vmeso

Vt

(m2 g -1)

(cm3 g -1)

(cm3 g -1)

(cm3 g -1)

AC

1302

0.38

0.45

0.82

MAC

940

0.27

0.40

0.67

The important point is that although MAC lost part of the porosity due to the presence
of γ-Fe2O3 nanoparticles, it still has a relatively large BET surface area and a high micro- and
mesopore volume. Table 4.2 presents the BET surface area and pore volumes for different
types of activated carbons and magnetic activated carbons reported in the literature. A review
of the presented information reveals that the prepared magnetic activated carbon has a
relatively high surface area and pore volume compared to those reported in the literature,
either for activated carbon or magnetic activated carbon. This is because the used
commercial activated carbon has a very high porosity. The applied magnetization procedure
was also effective in preserving the porosity of activated carbon during the deposition of iron
oxide particles.

Table 4.2 List of BET surface area and pore volumes for various types of activated carbon
and magnetic activated carbon reported in the literature
Sample

S BET

Vt

(m2 g -1)

(cm3 g -1)

Apricot nut shells derived PAC

308

0.19

[79]

Coconut derived PAC

799

0.61

[80]

Arya peels based activated carbon

1243

0.71

[81]

Macadamia nut shells derived PAC

1524

0.83

[59]

MnFe2O4/AC

383- 553

0.36- 0.48

[80]

Iron oxide /AC

527

0.97

[41]

AC

1302

0.82

Present work

γ-Fe2O3 /AC

940

0.67

Present work
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4.1.3 FE-SEM analysis
The SEM images of AC and MAC are presented in Figure 4.4. The SEM images of
AC (Figure 4.4, panels a, c, e and g) show its macro-structure with disorganized structural
pattern and relatively rough external surface. The images also reveal that pores with various
sizes and shapes are distributed on the adsorbent surface. Some large macropores were also
observed in the structure of AC. The SEM images of MAC (Figure 4.4, panels b, d, f and h)
obviously show that iron oxide nanoparticles (γ-Fe2O3) with spherical morphology are
deposited on the surface of AC. Iron oxide particles largely covered the surface of AC but
still the external carbon surface can be seen locally. Additionally, it can be observed that iron
oxide particles are agglomerated in some parts of the sample.
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Figure 4.4 FE-SEM images of AC (a, c, e and g) and MAC (b, d, f and h)
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4.1.4 TEM analysis
TEM images of MAC are shown in Figure 4.5. Light gray regions represent AC,
while darker regions represent iron oxide particles (γ-Fe2O3). According to the presented
images, iron oxide nanoparticles are dispersed onto macro-structure of AC, but they
occasionally form separate phases as well.

Figure 4.5 TEM images of MAC
The size distribution of iron oxide nanoparticles (γ-Fe2O3) is calculated using ImageJ®
processing program and presented in Figure 4.6. Detailed information about the particle size
is presented in Table 4.3. The particle size distribution of iron oxide nanoparticles was
calculated based on the size of 100 random particles selected from the presented TEM images
(Figure 4.6). According to the acquired results, the particle size of iron oxides is in the range
of 5.1 to 14.4 nm with an average of 10.2 nm. Previously, the result of XRD analysis gave an
estimation of 7.2 nm for the crystal size of iron oxides, which interestingly is in good
agreement with the acquired results.
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Figure 4.6 Particle size distribution of γ-Fe2O3 nanoparticles based on the TEM image
Table 4.3 γ-Fe2O3 particle size information
Statistical population (TEM)

100 Particles

Minimum particle size

5.1 nm

Mean particle size

10.2 nm

Maximum particle size

14.4 nm

Standard deviation

1.9 nm

4.1.5 TG analysis
The content of magnetic phase is an important parameter affecting both magnetic
properties and adsorption capacity of magnetic adsorbents. Practically, low contents of
magnetic phase cannot introduce enough saturation magnetization to the adsorbent to be
separated from the liquid phase after treatment. On the other hand, excessive contents of
magnetic phase leads to decrease of adsorbent’s adsorption capacity because of decrease in
specific surface area and pore volume [54,82].
In this study, it was aimed to develop a magnetic adsorbent with iron oxide content of
20%. This was chosen based on the findings of other similar studies. According to the
literature, some studies tried to develop magnetic activate carbon with a reasonable iron oxide
content to ensure the developed adsorbent had acceptable magnetic properties and good
adsorption capacity [4,54,82]. Their findings suggest that regardless of importance of many
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parameters such as synthesis procedure or crystalline structure of iron oxide phase,
adsorbents with iron oxide content of 10 to 25% showed the best performances.
In this regard, TGA was used to determine the actual content of iron oxide in the
prepared MAC. As can be seen in Figure 4.7, the TGA curve of MAC shows an obvious
weight loss of 76.8 wt. % in the temperature range of 500–650 °C. According to the
literature, the weight of iron oxides remains almost constant at this temperature range [83].
By assuming that AC is pure or only has a very low percentage of ash, the oxidization of AC
mainly caused this weight loss. After the complete oxidation of AC, the weight of the
residual sample became constant at about 23.2 wt% of the original sample, leading to the
conclusion that iron oxides (γ-Fe2O3) content of MAC was approximately 23 wt%. The
acquired data is fairly close to the iron oxide content aimed as part of the synthesis procedure
(20 wt%.).

Figure 4.7 TGA curve of MAC

4.1.6 MPMS analysis
Magnetic Property Measurement System is used to investigate the magnetic property
of MAC. The magnetic moment was measured within the magnetic field range of -2 to 2 tesla
at room temperature (300 K). Figure 4.8 illustrates the magnetic curve of MAC with the Ms
of 13 emu g -1. As can be seen from Figure 4.9, the introduced saturation magnetization is
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sufﬁcient to separate it from aqueous solution using a block magnet. It is worth noting that
the obtained value for saturation magnetization is relatively high compared with those of
other MAC materials recently reported in the literature. For example, Saucier et al. [84]
reported that the saturation magnetization of magnetic activated carbon (AC/CoFe2O4) is
around 3.07 emu g -1 at room temperature. Huy Do et al. [54] synthesized three magnetic
activated carbon (AC/Fe3O4) with iron contents of 5, 10 and 30 % and the saturation
magnetization of 0.3, 4.7 and 7.0 emu g -1, respectively. Liu et al. [85] developed a magnetic
activated carbon prepared from rice straw-derived hydrochar with the saturation
magnetization of 12.4 emu g -1. Cazetta et al. [86] prepared a series of magnetically activated
carbons via simultaneous activation and magnetization processes with different iron oxide
contents; they reported that the saturation magnetizations of MAC was increased from16.56
to 28.69 emu g -1 by increasing the weight ratio of Fe to carbonized coconut shell from 1:1 to
1:3 in the magnetization process. For comparison, a list of magnetic activated carbon
including their magnetic phase, magnetic content and obtained saturation magnetization is
presented in Table 4.4.

Figure 4.8 Magnetization curves of MAC obtained at room temperature (300 K)
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Figure 4.9 Magnetic separation of prepared MAC using a block magnet

According to the magnetic curve, the values of Hc and Mr are 7.30 Oe and 0.17 emu g
-1

, respectively. Furthermore, the magnetic nature of MAC is defined using the ratio of Mr to

Ms. It was found that the prepared MAC has superparamagnetic properties at room
temperature because the ratio of Mr to Ms for this material is lower than 0.25 (Mr/Ms is equal
to 0.01). Interestingly, this can be also confirmed by the iron oxide particle size, previously
determined by TEM. As a matter of fact, the magnetic nature of materials is attributed to their
energy level at a microscopic scale, which is a function of their particle size. Generally,
magnetic iron oxide particles with diameters smaller than 20 nm possess superparamagnetic
behaviour at room temperature [87], which is consistent with the mean particle size of the
iron oxide particles in the developed MAC which is around 10.2 nm.
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Table 4.4 List of various types of magnetic activated carbon with different magnetic
properties reported in the literature
Activated carbon

Magnetic

Magnetic content

Ms

phase

(%)

(emu g -1)

Fe3O4

23

2.8

[5]

Ni

12

4.4

[88]

Fe3O4

5 - 30

0.3 – 7.0

[54]

Commercial

CuFe2O4

20

8.1

[89]

Commercial

γ-Fe2O3

-

29.2

[90]

Fe3O4

39

47.7

[91]

γ-Fe2O3

23

13

Present work

Rice husk based
Commercial
Coconut shell based

Waste biomass
Commercial

Reference

Moreover, the efficiency of magnetic separation for MAC was investigated based on
the procedure explained in chapter 3 section 3.2.3. It was found that the prepared magnetic
adsorbent can be separated from water with the efficiency of 95 ± 3%. Interestingly, as the
prepared MAC has superparamagnetic behaviour, it was re-dispersed in water right after
removing the magnetic force. The superparamagnetic behaviour as well as high magnetic
separation efficiency makes the prepared magnetic adsorbent a potential candidate for
wastewater treatment applications.
4.1.7 Particle size analysis
The particle size of adsorbent is an important parameter affecting its performance
during the adsorption process. In this regard, a laser diffraction particle size analyzer was
used to determine the particle size distribution of AC and MAC. This analysis was carried out
four times for each adsorbent and the results are presented in Figure 4.10. The results indicate
that the mean particle size of AC and MAC were 260 ± 4 and 172 ± 4 µm, and 50 volume
percent of their particles are smaller than 252 ± 4 and 163 ± 4 µm, respectively. The results
also indicate that MAC has a wider particle size distribution and a smaller mean particle size
than AC. This particle size shift can be attributed to the use of sonication at different steps of
the magnetization procedure.
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Figure 4.10 Particle size distribution of AC and MAC

4.1.8 Zeta potential analysis
Zeta potential analysis is a useful technique in demonstrating the role of electrostatic
repulsion between contaminant and adsorbent. In this regard, the zeta potential of AC and
MAC were measured at the pH range of 2 to 10, and the obtained results are presented in
Figure 4.11. The presented results show that the surface charges of the adsorbents were
significantly changed by varying the pH of solution. This is attributed to functional groups
present on the surface of adsorbents. Surface functional groups often contain oxygen or
nitrogen that can be protonated or deprotonated by changing the pH of solution. As can be
seen, the point of zero charge (PZC) of AC and MAC were approximately 3.8 and 5.2,
respectively. The obtained data indicate that the PZC of MAC is higher than that of AC. This
shift can be attributed to the change of surface functional groups during the magnetization
procedure. Iron oxide nanoparticles are positively charged, and their surface functional
groups are hydroxyl groups, so their deposition can positively charge the surface of AC [92].
Although the prepared adsorbents have different PZCs, both obtained values are lower than 7.
This means that both adsorbents would have a negative external surface charge in deionized
water (pH =7).
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Figure 4.11 Zeta potential of AC and MAC at varying pH. Error bars represent the standard
deviation of duplicate measurement

Adsorption experiment
In this section, the performances of the prepared adsorbents in removal of tetracycline
and lincomycin are studied. Table 4.5 presents an overview of adsorption experiments
performed during this research study along with the applied experimental conditions.
According to the applied experimental approach, this research study can be categorized into
four sets of adsorption experiments including:

1.

Adsorptive removal of various levels of TC in water

2.

Adsorptive removal of various levels of LM in water

3.

Adsorptive removal of TC and LM from their mixture in water

4.

Adsorptive removal of TC from liquid manure supernatant
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Table 4.5 Summary of the adsorption experiments performed along with the applied
experimental conditions
No.

Antibiotic

Media

T

Ci

Adsorbent

(°C)

(mg L-1)

(mg L-1)

pHiii

Time

Replication

(day)

1

TC

Water

5-35

20-300

50 ii, 100

5.3-6.2

10

20 and 300 mg L-1

2

LM

Water

22

20-300

100

6.0-6.4

10

20 and 300 mg L-1

3

TC and

Water

22

20-300

100

5.9-6.3

15

20 and 300 mg L-1

Manure

22

60

1500,

8.0-8.2

8

All adsorption

LM
4

TC

2500, 4000

experiments

i Antibiotics concentration
ii 100 mg L-1 adsorbent was added to each solution, except the 20-ppm tetracycline solution that 50 mg L-1 adsorbent was
added.
iii Presented values indicate the natural pH of the solution during the adsorption experiments.

4.2 Adsorption experiment in water
The adsorption experiments in water were studied in four stages: first, the equilibrium
time was determined; second, the adsorptive removal of tetracycline from water were
investigated at different temperatures using both AC and MAC; third, the same adsorption
experiments were replicated for lincomycin at room temperature; fourth, the performances of
AC and MAC in treatment of waters contaminated by the mixture of tetracycline and
lincomycin were studied.

4.2.1 Single-solute adsorption of antibiotics from water
4.2.1.1 Determination of equilibrium time
In order to study the adsorption process, the equilibrium time should be determined
first. The equilibrium time for lincomycin and tetracycline adsorption were determined based
on the procedure described in section 3.2.4.1. To determine the equilibrium time for
individual tetracycline and lincomycin adsorption, a set of adsorption experiments for each
antibiotic were carried out. In these experiments, the concentrations of two solutions (100 and
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200 mg L-1) were monitored for 17 days. The results indicate that the concentration of
tetracycline (Figure 4.12, panels a, c) and lincomycin (Figure 4.12, panels b, d) solutions
containing either AC or MAC adsorbent became nearly constant after 10 days. Hence, an
equilibrium time of 10 days were used in the adsorption experiments.

Figure 4.12 Concentration of tetracycline (a, c) and lincomycin (b, d) during the adsorption
experiment with AC and MAC at room temperature (22 °C). Error bars represent the standard
deviation of antibiotic concentration duplicate measurements.

4.2.1.2 Tetracycline adsorption
The adsorptive removal of tetracycline from water using AC and MAC was studied at
four different temperatures (5, 15, 22 and 35 °C). The pH of adsorption medium varied from
5.3 to 6.2 during the adsorption experiments. The obtained four sets of adsorption data were
fitted to Langmuir model in two different ways: first, each set of adsorption data was fitted
separately to the Langmuir model; second, all sets of adsorption data were non-isothermally
fitted to the temperature-dependent form of Langmuir model. Since non-isothermal model
can provide direct estimation of the enthalpy change, the second way was used, and the
obtained results are presented in Figure 4.13 and Table 4.6. The enthalpy change was also
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calculated from the first approach and the results are presented in Appendix B. However, this
method requires further data fitting which was unavoidably accompanied by higher
calculation errors. In addition to Langmuir model, obtained adsorption data were fitted to
Freundlich model and the obtained results are presented in Appendix C. Because Freundlich
model cannot fit four sets of tetracycline adsorption data simultaneously, each set of
adsorption data was fitted separately to the Freundlich model. It is obvious that this method is
not able to express the temperature relationship between the different sets.
The insets in Figure 4.13 show that the values of equilibrium concentrations at some
points are very low but they were not zero so that they can be used for adsorption
calculations. Presented adsorption data show that although the adsorption capacities of both
AC and MAC continually increased by increasing the tetracycline concentration at 35 °C, this
trend was not as pronounced when the temperature decreased from 35 to 5°C. Hence, at 5 °C,
adsorption capacities of AC and MAC slightly increased by increasing the tetracycline
concentration to 100 mg L-1 and then became almost constant.
The adsorption data presented in Figure 4.13 reveals that adsorption capacity of
adsorbents toward tetracycline increased by increasing the temperature. The maximum
adsorption capacities of AC and MAC toward tetracycline are determined at reference
temperatures (273 K) using temperature-dependent form of Langmuir model and the results
are presented at Table 4.6. Based on the obtained parameters, the maximum adsorption
capacities of AC at 5, 15, 22 and 35 °C were calculated as 323, 541, 777 and 1520 mg g-1,
respectively. Also, the maximum adsorption capacities of MAC at the mentioned
temperatures were 324, 503, 685 and 1215 mg g-1, respectively. The results indicate that the
adsorption capacities increased by increasing the temperature, suggesting that higher
temperature is more favourable for the adsorption process on AC and MAC. By considering
the Le Chatelier's principle, this trend indicates the endothermic nature of this adsorption
process. These observations regarding the endothermic nature of tetracycline adsorption are
in agreement with the obtained positive signs of enthalpy changes for both AC and MAC.
Also, the estimated values of enthalpy changes are compatible with those reported by other
studies. Sayğılıa and Güzelb [93] studied the adsorption of tetracycline from aqueous
solution on activated carbon prepared from tomato industrial processing waste. They reported
that the enthalpy change for the tetracycline adsorption is 11.4 KJ mol-1. Shao et al. [80] also
investigated the effectiveness of MnFe2O4/activated carbon on tetracycline removal. Based
on their calculation, the enthalpy change for the adsorption process was around 38 KJ mol-1.
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The data obtained also indicated that the adsorption capacity of AC has been
decreased after magnetization. Part of this decrease can be attributed to the loss of surface
area, which happened due to the deposition of iron oxide nanoparticles (γ-Fe2O3). Although
the adsorption capacity of MAC is slightly lower than AC, it still has a high adsorption
capacity toward tetracycline.
Moreover, three pKa values are reported for tetracycline: 3.31, 7.68 and 9.69 [94]. As
a result, tetracycline has a positive charge at pH < 3.3, neutral charge at 3.31 < pH < 7.68, and
a negative charge at pH > 7.68 [95]. Since the pH of adsorption medium varied from 5.3 to
6.2, tetracycline has neutral charge in this set of experiments. Also, it is clear that both
adsorbents have a negative external surface charge in this pH range (pH < pHpzc). This
implies that electrostatic interaction has not played an effective role in this adsorption
process. Based on the literature, it can be concluded that π–π interactions and hydrogen
bonding are possibly two critical interactions governing this adoption process [23].
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Figure 4.13 Adsorption of tetracycline on AC and MAC at 5, 15, 22 and 35 °C (pH: 5.3 6.2). Symbols represent the experimental results and lines represent the prediction by
temperature-dependent Langmuir expressions. Error bars represent the standard deviation of
antibiotic concentration duplicate measurements.
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Table 4.6 Parameters of temperature-dependent Langmuir isotherm for tetracycline
adsorption on AC and MAC (T: 5 - 35 °C, pH: 5.3 - 6.2)
Ko L

δ

qomax

ΔH

(L mg-1) × 105

(K-1)

(mg g-1)

(KJ mol-1)

AC

2.3

0.05

249

MAC

2.3

0.04

260

Ads.

R2

MAPE (%)

24.5

0.88

23

26.6

0.91

22

Herein, the tetracycline adsorption data are compared with those reported in the
literature to gain a broader context of the contribution of the data obtained from this study. In
this regard, the maximum adsorption capacities of various ACs and MACs reported by other
researchers either at different temperatures or various ranges of tetracycline concentrations
are presented in Table 4.7. The presented data are sorted according to the temperature.
Interestingly, the presented results in Table 4.7 show that the adsorption capacities
obtained in this work are compatible with those reported in the literature. For example,
Zhang et al. [22] studied the removal of tetracycline from water by petroleum coke-derived
activated carbon with a surface area of 2900 m2 g-1. Based on their results, the maximum
adsorption capacity for tetracycline at 30 °C was 897.6 mg g-1 and increased to around 1121.5
mg g-1 by increasing the temperature to 50 °C. Their findings also confirm the endothermic
nature of tetracycline adsorption by AC. In addition, Shao et al. [80] developed a magnetic
activated carbon containing 40% magnetic phase (MnFe2O4/activated carbon) with a surface
area of 512 m2 g-1, and investigated its performance in adsorptive removal of tetracycline
from water. Their findings suggest that the maximum adsorption capacity for tetracycline at
25 °C was 262 mg g-1.
A comparison between the obtained maximum adsorption capacities of AC and MAC
toward tetracycline with those from other studies show the superior performance of the
prepared adsorbent. The developed MAC not only shows higher performance compared to
many other magnetized ACs but also its performance was superior to those obtained with AC
as listed in Table 4.7. This can be attributed to relatively large surface area and high microand mesopore volumes of AC as well as using a proper synthesis procedure in magnetization
of AC.
Table 4.7 also shows that other similar studies on the adsorption of tetracycline from
water were carried out at room temperature or higher temperatures. Literature search yielded
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no past study that was carried out on adsorptive removal of tetracycline from water using
ACs or MACs at temperatures below 20 °C. For this reason, the obtained tetracycline
adsorption data at 5 and 15 °C are very valuable, especially for cold regions with a relatively
lower average temperature. These data can be considered as complementary to the currently
available data in the literature.

Table 4.7 Comparison of tetracycline maximum adsorption capacities at different
temperature, range of concentration by different ACs and MACs
Adsorbent

qe

T

C0

(°C)

(mg L -1)

Commercial AC

5

Commercial AC

qmax
-1

Reference

-1

(mg g )

(mg g )

20-300

259-403

323

Present work

15

20-300

309-592

547

Present work

Commercial AC

22

20-300

352-998

777

Present work

Iris tectorum derived AC

22

0.73–1.66

-

625.02

[96]

Plant sludge derived AC

25

100-1000

270-470

471

[23]

Petroleum coke derived AC

30

60-200

600-920

897.6

[22]

Commercial AC

35

20-300

429-1795

1493

Present work

Tomato derived AC

35

200-800

275-450

500

[93]

Petroleum coke derived AC

40

60-200

600-1000

961.5

[22]

Petroleum coke derived AC

50

60-200

600-1160

1121.5

[22]

γ-Fe2O3 /AC

5

20-300

193-340

324

Present work

γ-Fe2O3 /AC

15

20-300

305-572

503

Present work

γ-Fe2O3 /AC

22

20-300

346-854

685

Present work

MnFe2O4/AC

25

44-889

100-360

-

[80]

Ni/porous carbon

25

40-280

40-130

132.67

[97]

γ-Fe2O3 /AC

30

10-50

5- 30

25.44

[60]

γ-Fe2O3 /AC

35

20-300

418-1694

1215

Present work

Ni/porous carbon

45

40-280

90-400

397.25

[97]

ACs

Magnetic ACs
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In addition, the maximum adsorption capacity of prepared MAC was compared with
those reported for various types of adsorbents to gain a more comprehensive view about the
performance of the developed MAC. Table 4.8 presents the maximum adsorption capacity of
tetracycline onto various types of adsorbents such as graphene oxide, chitosan, clay and
silica, to name a few, and the presented data are sorted according to the adsorption capacity.
Table 4.8 shows that the developed MAC has a relatively high adsorption capacity
toward tetracycline. Based on the presented data, only one type of adsorbent showed higher
adsorption capacities toward tetracycline, which was Zeolitic Imidazolate Framework (ZIF8). Therefore, it can be concluded that the performance of developed MAC in adsorptive
removal of tetracycline is superior not only to many developed ACs and MACs but also to
various types of adsorbents reported in the literature.

Table 4.8 Comparison of maximum adsorption capacities of various adsorbents toward
tetracycline reported in literatures
qmax

Adsorbent

Reference

-1

(mg g )
Zeolitic Imidazolate Framework (ZIF-8)

3758.35

[98]

Petroleum coke derived AC

1121.5

[22]

Magnetic resin (Q100)

429.7

[99]

Graphene oxide

313

[20]

Multi-walled carbon nanotubes

309

[100]

La-impregnated MCM-41materials

303.3

[101]

Alkali biochar

58.82

[18]

Chitosan

41.35

[102]

Non-swelling clay mineral illite

32

[103]

Mesoporous BiOI microspheres

28.35

[104]

12

[105]

Silica oxide

5.43

[106]

Aerobic granular sludge

4.61

[107]

Magnetic AC

1215

Present work

The Red soil (RS, UdicFerrosols)
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4.2.1.3 Lincomycin adsorption
Adsorption of lincomycin in water was studied at room temperature and the results
are presented in Figure 4.14. During the adsorption experiments, the pH of adsorption
medium varied from 6.0 to 6.4. The presented data indicate that the adsorption capacity of the
adsorbents was slightly increased by increasing the lincomycin concentration and then
became almost constant. Langmuir and Freundlich isotherm models were used to fit the
lincomycin adsorption data at room temperature. According to the results, Langmuir model
could predict the behaviour of lincomycin adsorption on both AC and MAC adsorbents more
accurately (higher R2) than Freundlich isotherm model. This reveals the monolayer nature of
lincomycin adsorption on the carbon materials. The obtained parameters of Langmuir model
are presented in Table 4.9, and those for Freundlich isotherm model are presented in
Appendix C.
Similar to the data obtained for tetracycline adsorption, the presented results in Table
4.9 indicate that the adsorption capacity of AC toward lincomycin was slightly decreased
after magnetization. This decrease can be mainly attributed to the loss of surface area, which
happened due to the deposition of iron oxide nanoparticles (γ-Fe2O3). Although the
adsorption capacity of MAC is slightly lower than AC, it still has a high adsorption capacity
toward lincomycin.
In addition, the pKa value of lincomycin is 7.6, and as a result, lincomycin would
have a positive charge at pH < 7.6, and negative charge at pH > 7.6 [108]. Therefore, as the
pH of adsorption medium varied from 6.0 to 6.4, lincomycin has positive charge in this set of
experiments. On the other hand, the result of zeta potential analysis indicated that both
adsorbents have negative external surface charge at this pH range (pH < pHpzc). This implies
that electrostatic interactions may be involved in the adsorption process.
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Figure 4.14 Adsorption of lincomycin on AC and MAC at room temperature (T= 22 °C, pH:
6.0 - 6.4). Symbols represent the experimental results and lines represent the prediction by
Langmuir expression. Error bars represent the standard deviation of antibiotic concentration
duplicate measurements.

Table 4.9 Parameters of Langmuir isotherm for lincomycin adsorption on AC and MAC (T=
22 °C, pH: 6.0 - 6.4)
Ads.

qmax (mg g-1)

KL (L mg-1)

R2

MAPE (%)

AC

280

0.46

0.999

6

MAC

201

0.25

0.957

13

To put the finding of present work in context of existing literature, the maximum
adsorption capacities of lincomycin by AC and MAC are compared with those reported by
others for various carbon-based adsorbents including AC, single-walled carbon nanotubes,
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multi-walled carbon nanotubes and biochar. The presented data are sorted according to the
adsorption capacity and presented in Table 4.10.
Table 4.10 shows that a few studies have been conducted on adsorptive removal of
lincomycin. So far, only one other study investigated the adsorptive removal of lincomycin
using AC has been found. Kim et al. [25] used coconut-based powder AC with a particle size
range from 100 to 250 µm to remove lincomycin from water. They reported that the
adsorption capacity of AC for lincomycin was approximately 115 mg g-1 when the
equilibrium concentration was around 4.8 mg L-1[25]. Interestingly, their result is close to the
findings of this study where adsorption capacity of AC for lincomycin was around 177 mg g-1
at an equilibrium concentration of 3.1 mg L-1.
Furthermore, no study has been found regarding adsorption of lincomycin onto any
type of magnetic adsorbent. In other words, to the best of our knowledge, the developed
MAC is the first magnetic adsorbent that has been used for removal of lincomycin so far.
According to Table 4.10, not only the ability of magnetic recovery gives MAC a considerable
advantage over other developed adsorbents, but its performance in removal of lincomycin is
superior to the adsorbents developed by other research studies.

Table 4.10 Comparison of maximum adsorption capacities of various adsorbents toward
lincomycin reported in literature
qmax

Adsorbent

Reference

-1

(mg g )
Single-walled carbon nanotubes

148

[25]

Coconut-based AC

132

[25]

Multi-walled carbon nanotubes

20

[25]

Manure-derived biochar

0.7

[109]

Commercial AC

280

Present work

Magnetic AC

201

Present work

4.2.1.4 Comparison of lincomycin and tetracycline adsorption
A simple comparison between the adsorption data of lincomycin and tetracycline
reveals that the adsorption capacity of AC toward tetracycline (mg g-1) is much higher than
that of lincomycin at room temperature. This also applies to molar units since the molecular
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weights of tetracycline and lincomycin are close to each other (MWTC: 444.435 g mol-1 and
MWLM: 406.538 g mol-1). In other words, a larger number of tetracycline molecules are
adsorbed into the adsorbent compared to that of lincomycin molecules.
The observed differences in the adsorption capacities of prepared adsorbents toward
tetracycline and lincomycin could be attributed to the different molecular structures of these
two antibiotics that affect their mechanisms of adsorption by AC. It was found that the most
important molecular parameter affecting the adsorption of antibiotics into AC is the number
of aromatic rings [25, 26]. Although both antibiotics are able to attach onto activated carbon
by the formation of hydrogen bonds, tetracycline molecule has four aromatic rings that enable
this antibiotic to attach onto activated carbon through π-π interaction as well. In fact, π–π
interaction occurs between π electrons of the activated carbon and π electrons of the
tetracycline aromatic ring [25, 26]. This implies that the higher adsorption capacity of
tetracycline onto AC in comparison to that of lincomycin can be attributed to the higher
affinity of tetracycline to AC.
The obtained adsorption data reveal that the adsorption capacity of MAC toward both
antibiotics are lower than that of AC. However, the adsorption data suggests that
magnetization of AC affects the adsorption of lincomycin more than that of tetracycline. As a
matter of fact, the maximum adsorption capacity of AC toward tetracycline and lincomycin at
room temperature is decreased after magnetization by 13.85 and 28.2%, respectively.
Since adsorption is a surface-dependent phenomenon, part of these observations is
attributed to the change of AC surface area after magnetization. However, surface area is not
the only surface physicochemical parameter that can be affected through the magnetization
process. As discussed in section 4.1.8, magnetization partially changed the surface chemistry
of activated carbon as well. To verify how magnetization affects the adsorption capacity of
AC toward tetracycline and lincomycin, the maximum adsorption capacities of AC and MAC
per unit area of adsorbents are calculated and presented in Figure 4.15.
The presented results indicate that the maximum adsorption capacities per unit area of
AC for lincomycin remains unchanged after the magnetization. In other words, the decrease
in adsorption capacity of AC toward lincomycin is proportional to the BET surface area lost
after the magnetization. Therefore, it can be interpreted that the observed change in
adsorption capacity of AC toward lincomycin mostly happened due to the loss of surface
area.
On the other hand, the presented data show that the maximum adsorption capacities
per unit area of AC for tetracycline was increased after the magnetization. This can be
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attributed to change in surface chemistry of AC, which happened during the magnetization
process. Because the surface functional groups of iron oxides are hydroxyl groups,
magnetization can increase the density of oxygen-containing functional groups on the surface
of AC [92]. Consequently, the deposition of iron oxide nanoparticles can increase the
strength of π-π interaction between activated carbon plates and tetracycline aromatic rings.
Finally, it can be interpreted that the magnetization process can affect the adsorption
capacity of AC toward tetracycline and lincomycin mostly through decreasing the surface
area and/or changing the surface chemistry. It was found that the applied magnetization
procedure changed the adsorption capacity of AC toward lincomycin proportional to the loss
of surface area. On the other hand, it was found that the adsorption capacity of AC toward
tetracycline did not change proportionally to the loss of surface area, suggesting that change
in the surface chemistry of AC may affect this adsorption process, besides the loss of surface
area.

Figure 4.15 Maximum adsorption capacities of AC and MAC per unit area of adsorbents

4.2.2 Binary-solute adsorption of antibiotics from water
4.2.2.1 Determination of equilibrium time
To determine the equilibrium time for the adsorption of tetracycline and lincomycin
mixture in water, a set of adsorption experiments with conditions explained in section 3.2.4.1
was carried out, and the results are presented in Figure 4.16.
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Figure 4.16 Concentration of tetracycline (a, c) and lincomycin (b, d) in mixture during the
adsorption experiment at room temperature (22 °C). Error bars represent the standard
deviation of antibiotic concentration duplicate measurements.

In these experiments, the concentrations of tetracycline and lincomycin in two mixture
solutions (40 and 100 mg L-1) were monitored for 17 days. The time required for both
tetracycline and lincomycin concentrations to reach a constant value was considered as the
equilibrium time. Although the concentration of lincomycin in the mixture (Figure 4.16,
panels c, d) reached an almost constant value after 6 days, tetracycline concentration was still
decreasing (Figure 4.16, panels a, b). The results indicated that the concentration of both
tetracycline and lincomycin in mixture solutions containing either AC or MAC adsorbent
became nearly constant after 15 days. Therefore, 15 days was assumed as the equilibrium
time for the adsorption of tetracycline and lincomycin mixture.

4.2.2.2 Tetracycline and lincomycin in mixture
Herein, the adsorption of tetracycline and lincomycin onto both AC and MAC from
their mixture were studied. The main goal of this study was to investigate how the adsorption
capacity of prepared adsorbents would change in the presence of more than one antibiotic.
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This study can take us a step closer to the understanding of the adsorption process in more
complex, multi-component medium.
The mixture adsorption experiments were carried out at room temperature (22 °C).
According to the adsorption data shown in Figure 4.17, by increasing the antibiotics initial
concentration, the adsorption capacity of tetracycline in the mixture was increased, while that
of lincomycin almost reached a constant value. The mixtures consisted of equal
concentrations of tetracycline and lincomycin, so the antibiotics had equal chances for being
adsorbed. However, the results indicate that the adsorbents showed higher adsorption
capacity for tetracycline than lincomycin in the mixture. This may indicate that a higher force
of attraction exists between AC and tetracycline compared to that of AC and lincomycin.
Also, the results showed that increasing the antibiotics initial concentration did not affect the
adsorption capacity of lincomycin at higher concentrations but increased the adsorption
capacity of tetracycline in mixture. It can be concluded that the ratio of tetracycline
adsorption capacity to lincomycin adsorption capacity (qTC /qLM) is more than 1.0, and its
value increased by increasing the initial concentrations of antibiotics. In other words, the
higher the initial concentration of mixture solutions, the more preferably tetracycline is
adsorbed.
Langmuir and Freundlich isotherms were used to model the mixture adsorption data.
Langmuir model either in a non-extended or extended format predicted mixture adsorption
data well. Freundlich model was not able to model the obtained data well based on the
obtained R2 values, especially the case of lincomycin adsorption. In fact, Freundlich model
could not precisely predict the adsorption data of lincomycin either as an individual or in the
mixture indicating the monolayer nature of lincomycin adsorption onto activated carbon. The
obtained results from Freundlich model were presented in Appendix C.
First, adsorption data regarding each antibiotic in mixture were fitted to Langmuir
model separately, and the obtained isotherms are shown in Figure 4.17 and Table 4.11. In this
model, each antibiotic was fitted to the Langmuir model without considering the presence of
the other antibiotic in the adsorption media. A simple comparison between the obtained
isotherms for AC and MAC reveals that the magnetization of AC decreased its adsorption
capacities for both tetracycline and lincomycin in the mixture, and similar to the individual
adsorption, the decrease in lincomycin adsorption was much higher than that of tetracycline.
The pH of adsorption medium was in the range of 5.9 - 6.3 during the adsorption
experiments. It is important to note that tetracycline is electrically natural and lincomycin has
a positive charge at this pH range based on their pKa values. Also, the results of zeta
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potential analysis indicate that both adsorbents have negative external surface charge at this
pH range (pH > pHpzc). This implies that electrostatic interactions can be involved in the
adsorption of lincomycin but not for tetracycline.

Figure 4.17 Adsorption of tetracycline and lincomycin on AC and MAC in mixture at room
temperature (T= 22 °C, pH: 5.9 - 6.3). Symbols represent the experimental results and lines
represent the prediction by Langmuir expression. Error bars are calculated based on the
standard deviation between two HPLC injections.
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Table 4.11 Parameters of Langmuir isotherm for tetracycline and lincomycin adsorption in
mixture on AC and MAC (T= 22 °C, pH: 5.9 - 6.3)
Ads.

Antibiotic

qmax (mg g-1)

KL (L mg-1)

R2

MAPE (%)

AC

TC

622

8.22

0.956

20

LM

204

11.57

1.000

4

TC

606

0.54

0.979

19

LM

142

2.49

0.998

4

MAC

Figure 4.18 and Table 4.12 present the results of the overall adsorption of tetracycline
and lincomycin in the mixture at room temperature. Herein, the overall adsorption capacities
are obtained by summation of tetracycline and lincomycin adsorption capacities, and overall
equilibrium concentrations are obtained by the summation of the tetracycline and lincomycin
equilibrium concentrations in the mixture. A close look at Figure 4.18 reveals that the
adsorption capacities of the adsorbents increased by increasing the antibiotics concentrations.
Table 4.12 shows that the Langmuir isotherm model could predict the overall adsorption data
of the antibiotics in the mixture with high accuracy (R2 value). Also, the results indicate that
the overall adsorption capacity of MAC in the mixture was slightly lower than that of AC, but
its value is still very high. Most importantly, the results indicate that the overall adsorption
capacities in the mixture are higher than those obtained for the individual antibiotics.
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Figure 4.18 Overall adsorption of tetracycline and lincomycin on AC and MAC in the
mixture at room temperature (T= 22 °C, pH: 5.9 - 6.3). Symbols represent the experimental
results and lines represent the prediction by Langmuir expression. Error bars are calculated
based on the standard deviation between two HPLC injections.

Table 4.12 Parameters of Langmuir isotherm for overall adsorption of tetracycline and
lincomycin in mixture on AC and MAC (T= 22 °C, pH: 5.9 - 6.3)
Ads.

qmax (mg g-1)

KL (L mg-1)

R2

MAPE (%)

AC

911

0.13

0.970

23

MAC

806

0.07

0.981

10
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In the preceding section the mixture adsorption data were fitted to the Langmuir
model with a single solute (i.e. each antibiotic was treated as an individual) and the obtained
isotherms were presented. In order to study the adsorption of mixture antibiotics more
realistically, the obtained adsorption data were also fitted to multi-solute models such as
Langmuir equations developed for multi-components media with different numbers of
adjustable parameters. Among the used equations, the extended form of the Langmuir
equation for binary mixtures proposed by Jain and Snoeyink [29] predicted the data with the
highest R2 value and the lowest number of adjustable parameters. This model assumes that
both components are adsorbed on the same fraction of adsorption sites.
The results obtained from this model are presented in Figure 4.19 and Table 4.13.
This model shows that the adsorption capacity of tetracycline in the mixture is increased by
increasing the antibiotics initial concentration, while that of lincomycin slightly decreased.
The obtained values for the maximum adsorption capacities are close to those acquired from
the single solute model presented in Table 4.11. Also, the obtained KL values are between
those acquired from overall adsorptions in mixture and individual adsorptions in mixture
(Table 4.11 and Table 4.12). The important point is that although the obtained R2 values are
in the same order as those obtained from the first mixture model (Table 4.11), it can claimed
that this model is providing more accurate prediction because it considers the concentration
of both antibiotics in the mixture and models them simultaneously.
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Figure 4.19 Adsorption of tetracycline and lincomycin on AC and MAC in mixture at room
temperature (T= 22 °C, pH: 5.9 - 6.3). Symbols represent the experimental results and lines
represent the prediction by extended Langmuir expression for binary mixtures. Error bars are
calculated based on the standard deviation between two HPLC injections.
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Table 4.13 Parameters of extended Langmuir isotherm for adsorption of tetracycline and
lincomycin in mixture by AC and MAC (T= 22 °C, pH: 5.9 - 6.3)
Ads.

R2

MAPE (%)

275

0.983

8

182

0.972

8

KL,TC

KL,LM

qmax,TC

qmax,LM

(L mg-1)

(L mg-1)

(mg g-1)

(mg g-1)

AC

2.1

2.1

737

MAC

0.7

0.9
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4.2.2.3 Comparison of single and binary adsorption processes
The results of the single-solute adsorption process indicated that the prepared
adsorbents show higher adsorption capacities for tetracycline than lincomycin. Therefore, it
was expected that this would be the case in mixture adsorption experiments as well. The
results of binary-solute adsorption experiments indicate that in equal mixtures of tetracycline
and lincomycin, tetracycline was preferably adsorbed.
A comparison between the obtained adsorption data for single and binary adsorption
processes reveals that the adsorption capacities of AC and MAC for both tetracycline and
lincomycin are lower when they are in the mixture. To take a closer look, the ratio of the
antibiotics’ adsorption capacity onto AC in the mixture to the those of individuals are
calculated in different antibiotics initial concentrations and presented in Figure 4.20.
The presented data show that the adsorption capacity of AC for lincomycin in the
mixture was around 0.75 of those obtained in individual adsorption experiments. In other
words, the adsorption capacity of AC for lincomycin is decreased by around 25 percent
because of the presence of tetracycline in water. According to the Figure 4.20, this decrease
in adsorption capacity of AC for lincomycin did not change significantly with mixture initial
concentration. As a matter of fact, qMixture,LM/qSingle, LM was decreased from 0.78 to 0.71 by
increasing the mixture initial concentration from 80 to 300 mg L-1.
On the other hand, the presented data points indicate that although the adsorption
capacity of AC for tetracycline in mixtures was mostly lower than those of individuals, the
value of qMixture,TC/qSingle, TC is a function of the mixture initial concentration. According to
Figure 4.20, the adsorption capacity of AC for tetracycline in mixture was 0.60 of that
obtained in individual adsorption experiment at 80 mg L-1 and this value increased to around
1.0 by increasing the initial concentration to 300 mg L-1.
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As expected, the presence of each of these two antibiotics in mixture decreased the
adsorption capacity of adsorbent toward the other one. This can be explained by the fact that
the number of active sites is constant for each adsorbent. As a result, when both tetracycline
and lincomycin are present in adsorption media, there is competition between them to occupy
adsorption sites. Also, the results indicate that this decrease was much higher for lincomycin
than tetracycline. As discussed in detail at the single-solute adsorption section, this could be
also explained by the difference between the mechanisms that tetracycline and lincomycin
adsorb onto activated carbon attributed to their different molecular structures.

Figure 4.20 The ratio of the antibiotics’ adsorption capacity by AC in mixture to the those of
single solutes as a function of antibiotics’ initial concentration

So far, the results regarding the adsorption of each of the antibiotics in the mixture
were discussed and compared with a corresponding case in which each antibiotic was present
in water separately. Here, the overall adsorption capacity of the adsorbents for the antibiotics
in single and binary adsorption processes are compared. Figure 4.21 shows the overall
adsorption capacities of AC and MAC for tetracycline and lincomycin as individuals and in
the mixture at room temperature. Most notably, the results indicate that the overall adsorption
capacities of adsorbents for the antibiotics in the mixture are higher than those obtained for
the single-solute adsorptions. For example, the adsorption capacities of MAC at 200 mg L-1
solutions of lincomycin, tetracycline, and half-half mixture of tetracycline and lincomycin
were 162, 622 and 688 mg g-1, respectively. It can be concluded that, in the binary
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adsorption, although adsorption capacity of the adsorbents for each antibiotic was lower
compared to their individuals, the overall adsorption capacity was higher.

Figure 4.21 Overall adsorption capacities of AC and MAC for tetracycline and lincomycin as
individuals and in the mixture at room temperature (22 °C). Symbols represent the
experimental results. Error bars are calculated based on the standard deviation between two
HPLC injections.

Here, the results of some research studies on the adsorptive removal of mixture of
antibiotics from water are investigated to gain a broader view of the contribution of the
obtained data to the literature. It is noteworthy that only a few research studies have been
carried out in this area so far. Among these studies, some are focused on multi-component
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adsorption of antibiotics coming from the same family. Boshir Ahmed et al. [110] studied
single and multi-component adsorption of sulfonamide antibiotics including sulfamethazine,
sulfamethoxazole and sulfathiazole onto a functionalized biochar from water. Their results
show that the adsorption capacity of each antibiotic in the mixture was around three times
lower than the single solute adsorption.
On the other hand, some other studies including this study focused on the multicomponent adsorption of antibiotics coming from different families. For example, Longcheng
Xu et al. [111] developed magnetic γ-Fe2O3 /mesoporous silica spheres and investigated their
performance in single and binary adsorption of tetracycline (TC) and sulfamethazine (SMZ)
from water. They carried out the binary adsorption experiments for TC at different initial
concentrations range from 0.005 to 0.05 mmol L−1, in the presence of 0.11 mmol L−1 SMZ
and adsorption experiments for SMZ at the concentration range of 0.02 to 0.08 mmol L−1 in
the presence of 0.08 mmol L−1 TC. Their results suggest that the simultaneous presence of
both antibiotics decreased the adsorption through competition for binding sites of the
adsorbent. According to their results, the value of qMixture /qSingle for TC and SMZ was 0.8285
and 0.5325, respectively. Since the values of qMixture /qSingle for TC were higher than those of
SMZ, they conclude that the SMZ adsorption onto the adsorbent was more affected by the
simultaneous presence of antibiotics than that for TC.
To the best of our knowledge, no study has been carried out regarding the
simultaneous adsorption of tetracycline and lincomycin from water in the literature.
Therefore, there is no solid data point to compare the obtained adsorption data with.
However, the overall outcomes of the mixture experiments are quite compatible with the
results of other studies in this area.

4.3 Adsorption experiment in liquid manure supernatant
The adsorption experiments in manure supernatant were carried out in two steps: first;
the stability of tetracycline in liquid manure supernatant was studied and second, the
performance of the prepared adsorbents for direct removal of tetracycline from liquid manure
supernatant was investigated at a single concentration.
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4.3.1 Tetracycline stability in liquid manure supernatant
According to the literature, the concentration of tetracycline in liquid manure does not
remain constant over time and it can change based on the types of manure and environmental
conditions. Kühne et.al. [112] studied the stability of tetracycline in liquid manure at ambient
temperature and natural light conditions. Their findings suggest that the concentration of
tetracycline in unventilated and ventilated pig slurry was decreased by around 69 and 50%
after eight days, respectively [112]. In this study, the effect of natural light was minimized by
using amber colour flasks but it is still needed to be assured that the concentration of
tetracycline remains constant at the applied experimental conditions. This would assure that
the variation of tetracycline concentration in liquid manure supernatant can only be attributed
to the performance of adsorbent. A set of experiments was carried out to check the stability of
tetracycline at high and low levels of concentrations (50 and 160 mg L-1) based on the
procedure explained in 3.2.4.2. Figure 4.22 depicts the obtained profiles of tetracycline
concentration in liquid manure supernatant over 30 days (from fourth to the thirty-fourth
day). Based on the acquired results, the concentration of tetracycline in liquid manure
supernatant was almost constant for the first eight days of experiments and then gradually
keep decreasing until the thirtieth day, reaching almost a constant value. The results reveal
that the concentration of tetracycline in 160 mg L-1 manure solution decreased more
significantly than that of 50 mg L-1. Also, the concentration of tetracycline at 50 mg L-1
manure solution had smaller margin of errors, especially at the first ten days of experiment.
Based on the obtained result, it was decided to carry out the adsorption experiments at a
lower level of tetracycline concentration in manure supernatant (around 50 mg L-1) rather
than higher concentrations.
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Figure 4.22 Profiles of tetracycline concentration in liquid manure supernatant as a function
of time (symbols) for two initial concentrations. Error bars are calculated based on the
standard deviation between duplicate samples.

4.3.2 Adsorption of tetracycline from liquid manure supernatant
The adsorption of tetracycline from liquid manure supernatant was studied at 60 mg
L-1 manure solution using three different dosages of adsorbents and the profiles of
tetracycline concentration as a function of time are presented in Figure 4.23. The
concentration of tetracycline in liquid manure supernatant was also monitored in the absence
of adsorbent (blue curve). This profile indicates that the concentration of tetracycline in liquid
manure supernatant was almost constant during the adsorption experiment. The presented
results indicate that prepared adsorbents can effectively remove tetracycline from liquid
manure supernatant. The green and yellow concentration profiles, for example, indicate that
the value of tetracycline concentration became almost zero in four to eight days after the
addition of adsorbent.
The equilibrium concentration of tetracycline when 1500 mg L-1 adsorbent was added
(orange profile) was used to determine the adsorption capacities of AC and MAC in liquid
manure supernatant. The calculated adsorption capacities, as well as the amount of adsorbent
and the ranges of pH during adsorption test are presented in Table 4.14. All the information is
also presented for the adsorption of tetracycline (60 mg L-1) from water to provide a basis for
comparison between tetracycline adsorption from water and liquid manure supernatant. The
presented data reveal that the amount of adsorbent used for tetracycline adsorption from
liquid manure supernatant was 15 times higher than that of adsorption from water solution. It
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also indicates that the adsorption capacity of the adsorbents toward tetracycline is much
lower when the adsorption experiments were carried out in manure supernatant. This can be
explained by the fact that when the adsorbent is added to a manure solution, manure particles
can cover the adsorbent surface, and make the surface active sites inaccessible for
tetracycline. Consequently, the adsorption capacity of the adsorbents toward tetracycline
becomes lower and a higher dosage of adsorbent would be required to remove the same
concentration of tetracycline. Moreover, the pH of adsorption media is the other important
parameter that possibly caused the difference in the amount of adsorption capacity between
water and manure supernatant media. According to the literature, the adsorption of
tetracycline into activated carbon from water remains constant in the pH range of 4-7 and
then keeps decreasing as the pH of adsorption media increases [25, 35]. This observation can
be explained by the fact that increasing the pH of solution enhances the amount of ionization
of oxygenated groups onto activated carbon. Consequently, the negative surface charge
density of adsorbent increases resulting in the reduction of adsorption capacity.
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Figure 4.23 Profile of tetracycline concentration in liquid manure supernatant with different
dosages of adsorbents at room temperature (T= 22 °C, pH: 8.0 - 8.2). Error bars are
calculated based on the standard deviation between duplicate samples.
Table 4.14 Adsorption data regarding the removal of tetracycline (60 mg L-1) from water and
liquid manure supernatant using AC and MAC (T= 22 °C)
Water
Ads.

pH

adsorbent

Manure supernatant
q (mg g-1)

pH

(mg L-1)

adsorbent

q (mg g-1)

(mg L-1)

AC

5.3-6.2

100

477

8.0-8.2

1500

38

MAC

5.3-6.2

100

450

8.0-8.2

1500

34
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No study has been carried out regarding the direct removal of antibiotics from liquid
manure. According to the literature, the only related study was carried out by Fukahori et al.
[113] in 2013. They studied the adsorption of sulfonamide antibiotics on zeolite HSZ-385
from distilled water and stored porcine urine. The pH of porcine urine was around 9 and it
was used as an adsorption medium without any pH adjustment. Their findings suggest that
the adsorption capacity for sulphonamide antibiotics in the porcine urine were lower than
those obtained from distilled water (pH 9). For example, the adsorption capacity of HSZ-385
for sulfadimethoxinev declined by around 30% when the adsorption experiment was carried
out in porcine urine. They explained that this decrease was attributed to the presence of
organic matter within urine matrix, which competitively adsorbed onto the adsorbent.
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5 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The following chapter summarizes the conclusions from this research study and
provides recommendations for future work.

5.1 Conclusions
•

A commercial activated carbon was successfully magnetized through an ultrasonicassisted co-precipitation method. The prepared adsorbent possesses high saturation
magnetization (13 emu g-1) with superparamagnetic properties.

•

The developed magnetic activated carbon could effectively remove tetracycline and
lincomycin in aqueous solution either individually or when both antibiotics are
present in a mixture. The adsorption capacities of activated carbon toward both
antibiotics are slightly decreased after the magnetization. This decrease was much
higher for lincomycin than tetracycline

•

Initial concentration of the antibiotics in the single- or binary-solute adsorption
process affects the adsorption uptake.

•

The adsorption capacity of MAC toward tetracycline is highly temperature
dependent. The higher temperatures are more favourable for the adsorption of
tetracycline by MAC, indicating endothermic nature of this process.

•

The adsorption capacity of MAC toward tetracycline (mg g-1) was up to 4 times
higher than that of lincomycin at room temperature depending on the initial
concentration of antibiotics in solution. Also, tetracycline was preferably adsorbed
when both antibiotics were present in a mixture

•

The presence of each antibiotic in mixture decreased the adsorption capacity of
adsorbent toward the other one. In the binary-solute adsorption, although the
adsorption capacity of the adsorbents for each antibiotic was lower compared to their
individual adsorption, the overall adsorption capacity was higher.

•

Langmuir and Freundlich isotherms were used to model the adsorption data.
Langmuir model either in a non-extended or extended format predicted mixture
adsorption data well. On the other hand, Freundlich model was not able to model the
obtained data well based on the obtained R2 values.
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•

The obtained adsorption data indicated that the direct and effective removal of
tetracycline from liquid manure supernatant is possible, but it requires around 15
times larger amounts of adsorbent compared to adsorption in water.

5.2 Recommendations for future works
As part of this research study, a few new ideas were identified that would be
interesting to pursue further. In this regard, it is recommended to:
•

Investigate the desorption of antibiotics and regeneration of the developed magnetic
activated carbon. For this aim, the performance of the magnetic adsorbent can be
studied in sequential cycles of adsorption-desorption. This study would show how the
performance as well as magnetic property of the adsorbent would change over time.

•

Study the kinetics of tetracycline and lincomycin adsorption as an individual and in a
mixture. These kinetic studies would be helpful to compare the rate and dynamics of
adsorption in single- and binary-solute adsorption processes.

•

Investigate the effect of antibiotic concentration and pH on the adsorptive removal of
tetracycline from liquid manure. If a significant change is observed, pH adjustment of
manure could be considered as a pre-treatment step to enhance the adsorption
efficiency.

•

Investigate how the magnetic property of adsorbents would change in manure media.
This can include checking the possibility of leach and loss of magnetic components
from the sorbent. This investigation can open doors for development of sustainable
adsorbent with longer lifetime for direct removal of antibiotics from manure.
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APPENDIX A

Calibration curves used for determination of TC and LM concentrations
The concentration of tetracycline and lincomycin in water was determined using
HPLC based on the procedure explained in section 3.2.5. Figure A.1 depicts the developed
calibration curves for determination of tetracycline and lincomycin concentrations in water.
In addition, the calibration curves developed for determining the antibiotics concentration in
the mixture solutions are presented in Figure A.2.
In addition, the concentration of tetracycline in liquid manure supernatant was
determined based on the procedure explained in in section 3.2.5, and the developed
calibration curve is presented in Figure A.3.

Figure A.1 Tetracycline (a) and lincomycin (b) calibration curves in deionized water
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Figure A.2 Tetracycline (a) and lincomycin (b) calibration curves in the mixture solutions

Figure A.3 Tetracycline calibration curve in the prepared liquid manure supernatant
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APPENDIX B

Calculating enthalpy changes for the TC adsorption process
Each set of tetracycline adsorption data was fitted separately to the Langmuir
isotherm model and the obtained results are presented in Figure B.1 and Table B.1. Also, the
insets in Figure B.1 magnify the obtained adsorption data at very low range of tetracycline
concentration (0-2 mg L-1). Based on the acquired results, the enthalpy changes for the
tetracycline adsorption process were calculated as explained in section 2.4.3. For this aim,
Van't Hoff plots for tetracycline adsorption on AC and MAC are prepared and presented in
Figure B.2. The obtained enthalpy changes are presented within Figure B.2.

Figure B.1 Adsorption of tetracycline on AC and MAC at 5, 15, 22 and 35 °C (pH: 5.3 - 6.2).
Symbols represent the experimental results and lines represent the prediction by Langmuir
isotherm model. Error bars are calculated based on the standard deviation between two HPLC
injections.
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Table B.1 Parameters of Langmuir isotherm for tetracycline adsorption on AC and MAC (T:
5 - 35 °C, pH: 5.3 - 6.2)
Ads.

AC

MAC

T (°C)

qmax (mg g-1)

KL (L mg-1)

R2

MAPE (%)

5

371

0.42

0.996

8

15

548

0.11

0.981

13

22

722

0.30

0.987

22

35

1493

0.69

0.974

20

5

347

0.15

0.999

4

15

482

0.13

0.923

15

22

622

0.48

0.894

20

35

1400

1.05

0.958

23

Figure B.2 Van't Hoff plots for the tetracycline adsorption onto AC and MAC at 5-35 °C and
the corresponding enthalpy changes
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APPENDIX C

Fitting TC and LM adsorption data to Freundlich model
Besides Langmuir isotherm, Freundlich isotherm was used to model the adsorption of
tetracycline and lincomycin onto AC and MAC in water. The tetracycline adsorption data for
AC and MAC at 5, 15, 22 and 35 °C were fitted to Freundlich model, and the obtained results
are presented in Figure C.1 and Table C.2. Also, the insets in Figures C.1 and C.3 magnify the
obtained adsorption data at very low range of tetracycline and lincomycin concentrations (0-2
mg L-1). Freundlich isotherm was also used to model the adsorption of lincomycin on AC and
MAC at room temperature, and the acquired results are presented in Figure C.2 and Table
C.2. Freundlich isotherm was used to model the adsorption of tetracycline and lincomycin on
AC and MAC in mixture at room temperature, and the acquired results are presented in
Figure C.3 and Table C.3.
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Figure C.1 Adsorption of tetracycline on AC and MAC at 5, 15, 22 and 35 °C (pH: 5.3 6.2). Symbols represent the experimental results and lines represent the prediction by
Freundlich expressions. Error bars are calculated based on the standard deviation between
two HPLC injections.
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Table C.1 Parameters of Freundlich isotherm for tetracycline adsorption on AC and MAC
(T: 5 - 35 °C, pH: 5.3 - 6.2)

Ads.

AC

MAC

T (°C)

KF (mg g-1)(L mg-1)1/n

n

R2

MAPE (%)

5

224

9.3

0.698

6

15

266

7.9

0.787

7

22

313

5.6

0.819

14

35

652

4.6

0.952

10

5

204

10.3

0.999

5

15

267

9.8

0.566

9

22

306

6.7

0.690

11

35

595

3.9

0.932

13

Figure C.2 Adsorption of lincomycin on AC and MAC at room temperature (T= 22 °C, pH:
6.0 - 6.4). Symbols represent the experimental results and lines represent the prediction by
Freundlich expression. Error bars are calculated based on the standard deviation between two
HPLC injections.
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Table C.2 Parameters of Freundlich isotherm for lincomycin adsorption on AC and MAC
(T= 22 °C, pH: 6.0 - 6.4).
Ads.

KF (mg g-1)(L mg-1)1/n

n

R2

MAPE (%)

AC

161

8.9

0.847

5

MAC

115

9.6

0.400

10

Figure C.3 Adsorption of tetracycline and lincomycin on AC and MAC in mixture at room
temperature (T= 22 °C, pH: 5.9 - 6.3). Symbols represent the experimental results and lines
represent the prediction by Freundlich expression. Error bars are calculated based on the
standard deviation between two HPLC injections.
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Table C.3 Parameters of Freundlich isotherm for tetracycline and lincomycin adsorption in
mixture on AC and MAC (T= 22 °C, pH: 5.9 - 6.3)
Ads.

Antibiotic

KF (mg g-1)(L mg-1)1/n

n

R2

MAPE (%)

AC

TC

357

6.3

0.913

7

LM

191

83.3

0.081

4

TC

251

4.5

0.992

2

LM

135

116.3

0.033

3

MAC
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