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Abstract

A novel eco-friendly approach was used to synthesize a hydroxyapatite-carbon nanocomposite
(HAP-C) by utilizing the industrial waste of cement kiln dust (CKD) as a source of calcium for
the synthesis. Citric acid was first used to chelate the calcium from CKD, then the chelate was
converted into a mixture of calcium carbonate and carbon by calcination at 450°C for 1 h. The
mixture was used as a precursor for the synthesis of HAP-C by reacting it with ortho-phosphoric
acid via a precipitation method. HAP-C was then calcined at different temperatures of 400, 500,
and 700°C under inert atmosphere, with a heating rate of 10°C/min for 2 h. The adsorption
efficiency of the calcined composites towards rhodamine b (RB) dye and levofloxacin (LV) drug
was compared to the uncalcined one, and the best performance was observed for the composite
calcined at 700°C (HAP-C 700 A). BET, zeta potential, and TEM measurements indicated that
this composite is mesoporous, with a negatively-charged surface at the working pH and an average
particle size for the diameter and length are 10+ 3.6 nm and 8+ 2.9 nm for HAP-C 700A.
Equilibrium studies revealed that the adsorption process is best described by Langmuir isotherm
model with estimated maximum adsorption capacities of 9.65 and 14.84 mg/g for RB and LV,
respectively. The maximum removal efficiency observed was 96 % for RB at 10, 15 and 25 ppm
and 86 % for LV at 10 and 15 ppm. Kinetic studies revealed that adsorption of RB and LV followed
the pseudo second order model. Thermodynamic analysis suggested exothermic and spontaneous
physisorption possibly taking place through electrostatic attraction and hydrogen bonding. The
approach proposed herein for the removal of emerging contaminants from water supports the

concepts of zero waste management and circular economy.
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1.1 Introduction

One of the most essential needs of human beings is fresh water. The ever-increasing number of
people in the world has created a significant stress on the sources of fresh water leading ultimately
to scarcity of fresh water. The problem is not only limited to the increasing demand for fresh water
due to the increase in population, but also due to the pollution of these limited sources of fresh
water. The pollution can be attributed to the increasing activities of mankind, including the
industrial and agricultural ones which are key players in the pollution of the sources of freshwater.
Millions of tons of pollutants are discharged annually into different water bodies, however the
impact of this activity is not assessed appropriately. Hence, this necessitates proper management,
monitoring, assessment, and treatment of pollutants discharged into water bodies. Aside from
conventional pollutants like heavy metals, nutrients, microbial pollutants and priority pollutants,
other emerging pollutants, only newly revealed or recently monitored, are pollutants of increased

concern and are known as contaminants of emerging concern (Rodriguez-Narvaez et al., 2017).

Contaminants of emerging concern (CECs) are manmade or even natural chemicals; they are
usually not properly monitored or detected despite their accumulation in water bodies. They can,
thus, cause environmental and health adverse effects (Geissen et al., 2015). It is extremely difficult
to confine these pollutants to a list; the reason behind this difficulty is the daily increasing number
of newly introduced chemical products for use by humans (Rodriguez-Narvaez et al., 2017). The
registered number of such chemicals, which include pharmaceuticals, personal-care products,
pesticides, biocides and industrial chemical compounds, reaches up to 100 million. Unfortunately,
the number is still growing by an average rate of 4000 new chemicals per day. Out of this, an

estimated number of 30,000 to 50,000 chemicals are present in daily used products. The
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concluding remark is that these chemicals are now present everywhere, i.e., polluting air, food

chains and water bodies (Dulio et al., 2018).

Antibiotics are one type of pharmaceuticals which proved to be useful for humans in combating
pathogens. However, the abuse as well as the global increase in their consumption have led to the
production of antibiotic resistant pathogens. Eventually, this would lead to unproductive
therapeutic functions of this category of medicines (Rutgersson et al., 2014). It was also established
that antibiotics have individual as well as combined toxic effects to aquatic organisms (Gonzélez-
Pleiter et al., 2013). Antibiotics were also found to have potential to accumulate in soil sediments
(Kister & Adler, 2014), ultimately, inducing toxicity to soil dwelling organisms (Kimmerer,
2008). The effect of pharmaceuticals in drinking water is not yet well understood due to their
extremely low concentrations, however, the synergetic effect of the mixtures of these drugs poses
an alarming threat (Patel et al., 2019). Levofloxacin (LV) is an antibiotic which belongs to the
family of fluoroquinolone (FQ) antibiotics. It is a third generation FQ antibiotic, and it is
characterized by high antibacterial activity specifically against streptococci, when compared to
former generations, and against broad range of other microorganisms. FQs are excreted from
human body unmetabolized, i.e., about 20-80% of their pharmacologically active ingredients are
discharged into sewage systems mainly from hospitals and pharmaceutical plants without being
metabolized (T. M. Darweesh & Ahmed, 2017). Since pharmaceuticals possess a potential to bind
to receptors in living organisms, then, the existence of this un-metabolized LV is a real threat to
the living organisms and the environment (Patel et al., 2019). The increased exposure of bacteria
to LV could increase the adaptation of these bacteria to LV and result in an increase in number of
deaths in humans. The adverse effect of LV goes beyond human beings to include aquatic lives.

For instance, the exposure of fish embryo to LV for only 24 h could cause it to perish. It has also
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been reported that LV can hinder the growth of algae (Altaf et al., 2021). The concentrations of
LV reported in literature in different water bodies varied greatly, for instance, a very high
concentration of 6.2 mg/L was reported in a wastewater stream in Lahore, Pakistan, whereas very
low concentrations of 170-2168 ng/L were reported in a river in Japan (Patel et al., 2019). Other

literature reported concentration of LV in Baghdad, Iraq to be 0.414 ug/L (Mahmood et al., 2019).

Dyes are chemical compounds employed in colorizing various types of materials. It is widely
used in textile, tanning, pharmaceutical, paper and printing industries. The annual world
production of dyes reaches 700,000 tons, of which nearly 15-20 % is lost during the process of
dying. This amount of washout usually reaches various waterbodies, and thus, causes serious
health and environmental hazards. Dyes are persistent in the environment, which makes their
biodegradation difficult (Nyankson & Kumar, 2019). Rhodamine B (RB) is a basic cationic dye,
and it is one of the most important and commonly used type of dyes (Mohammadi et al., 2010;
Mousavi et al., 2021). It has been extensively used as a colorant, imparting red color, in the textile,
food, pharmaceutical, and cosmetic industries (Baldev et al., 2013; Ozkantar et al., 2017). It is also
used as a biologically staining material in biomedical laboratories (Mohammadi et al., 2010).
Owing to the presence of aromatic rings, RB is highly stable. This stability leads to almost no
biodegradation of this dye, consequently, this dye stays for a longer period of time in the
environment causing health and ecological problems (Baldev et al., 2013). The adverse effects
caused by RB vary from mild to extremely life-threatening conditions. Eyes, skin and respiratory
tract irritations can be named as mild effects of the RB (Soylak et al., 2011). Serious and life-
threatening conditions caused by drinking water polluted with RB include tissue borne sarcoma
(extremely carcinogenic) and congenital cancer (Ozkantar et al., 2017; Shen & Gondal, 2017). RB

is also considered to be teratogenic and mutagenic (Baldev et al., 2013; Mousavi et al., 2021). The
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effect of RB extends also to aquatic lives since it has a potential to shield sun light from aquatic

lives and block up transfer of oxygen (Mousavi et al., 2021).

1.2 An Overview of Methods of Treatment

The issues mentioned in the previous section necessitate the removal of these hazardous
pollutants. Towards this end, many techniques have been developed and employed for the removal
of pharmaceutical contaminants and dyes from water bodies. Techniques for removal of
pharmaceutical contaminants include conventional drinking water and wastewater treatment,
chlorination, nano-filtration, reverse osmosis, advanced oxidation and adsorption (Patel et al.,
2019). However, these techniques suffer from many drawbacks. Conventional drinking water
treatments plants are comprised of many processes which include flocculation, filtration, and
disinfection. All these process stages were found to be ineffective in removing the pharmaceutical
contaminants (Baldev et al., 2013). For instance, Mahmood et al., 2019 reported that 40 % of LV
was still present after treatment of the raw water in a drinking water treatment plant. The
conventional wastewater treatment has a limited capacity in removing pharmaceutical
contaminants due to failure of many drugs to adsorb on activated sludge. Chlorination technique
has the ability to remove only very reactive drugs, however, the products are poisonous making it
less favorable. Nano-filtration and reverse osmosis are characterized by very high operational costs
(Luo et al., 2014). Photocatalysis is very efficient, however, it is very difficult to scale it up to treat
large amount of water. Advanced oxidation is also characterized by high removal rate, but the
formation of highly toxic products is the main obstacle for applying this technique. Adsorption
offers a promising alternative, as it provides high removal rate, relatively low operating costs, ease
of operation, simplicity of design and it does not generate poisonous byproducts. However,

developing a cost effective highly efficient adsorbent is a challenge (Patel et al., 2019).
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1.3 Cement Kiln Dust (CKD)

CKD is a byproduct of cement industries, and it is one of the contributors to air pollution. It is
mainly composed of calcium oxide (up to 66 %) and silica (up to 22 %) (Meo, 2004). The huge
amount of CKD produced daily, for instance 7500 tons/day in Egypt, makes its proper disposal
difficult, while its recycling is mainly hindered by its high alkali content (i.e., Na2O and KO).
Thus, it is usually disposed of in deserts, where it is easily blown back to urban areas and ends up
inhaled by human beings (HHM. Darweesh, 2020). The particle sizes of CKD lie within the
respirable range (0.05-0.5um) (Meo, 2004), hence, it is easily inhaled and cause many diseases
like silicosis, pneumoconiosis, and lung cancer (HHM. Darweesh, 2020; Meo, 2004; Adeyanju &

Okeke, 2019).

1.4 Aim of Study

This work aims at developing an adsorption process that removes LV and RB efficiently from
water using a composite adsorbent synthesized from an industrial waste, CKD. Hence, the first
part of this work is solely dedicated to the use of CKD as a precursor to produce a nanocomposite
of hydroxyapatite and carbon (HAP-C). HAP-C is then characterized by using FTIR, BET, XRD,
TEM, TGA, and zeta potential measurements. The second part is intended to investigate the
performance of the synthesized nanocomposite in the removal of the contaminants in question. In
addition, the performance of the adsorbent is also evaluated via conducting adsorption isotherm,

kinetics and thermodynamic studies, while the mechanism of adsorption is suggested.

This is the first report, to the best of our knowledge, to utilize CKD waste for the synthesis of
HAP or HAP-C as a value-added product. In the due process, a novel approach is used for the
synthesis of the nanocomposite, whereby a single precursor incorporating carbon and calcium is

used. In previous literature, two precursors were used: one for carbon and one for calcium. Then,
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a simultaneous process for modification of the carbon and synthesis of the HAP takes place. The
advantage of this approach is the reduction in the number of steps undergone for modifying carbon
and exploiting it in chelating the calcium from CKD, which consequently leads to reduction in the
cost and environmental impact of the synthesis process. This approach is, therefore, in compliance
with the UN sustainable development goal, SDG #12 which is concerned with proper management
of resources. The work in this thesis is also in line with SDG #6 on clean water, and with the

concept of zero waste management and circular economy.
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Chapter 2
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2. Literature Review

2.1 Overview

HAP is a compound of the calcium phosphate family with a chemical formula
Ca10(PO4)s(OH)2 (Ferri et al., 2021). It occurs naturally in the structures of the teeth and bone of
vertebrates, plants, seashells, algae, eggshells, and limestone. HAP has a hexagonal crystal
structure and it is characterized by biocompatibility, bioactivity, nontoxicity and good mechanical
properties (Ferri et al., 2021; Szczes$ et al., 2017). Figure 1a and b depicts the 2-dimensional and

3-dimensional structure of HAP, respectively.
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Figure 1 HAP structures a) two-dimensional (Pai et al., 2021), and b) three-dimensional (Qi et al., 2017)

(Green= OH, Red= O, Blue= P and Purple= Ca)
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Calcium phosphates are distinguished amongst themselves via what is known as the calcium to
phosphorous ratio (Ca/P). The stoichiometric Ca/P ratio of HAP is 10:6 or simply expressed as

1.67. Other non-stoichiometric HAPs are within the range of 1.5 and 1.9 (Agbeboh et al., 2020).

Calcium phosphates with Ca/P ratio between 1.5-1.6 are called calcium deficient HAPs. Their
chemical formula is given by Caiox (POs)sx (HPOs)x (OH)2-x , Where X lies between 0 and 1
(Agbeboh et al., 2020). Table 1 illustrates different types of calcium phosphates with their crystal

structures, solubility and Ca/P ratios.
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Table 1 Calcium phosphate compounds with their Ca/P ratios, crystal structure, and pKs values (Agbeboh et al., 2020; Akram et al.,

2014; Szczes et al., 2017)

Compound Name Chemical formula Ca/P Ratio Crystal Structure pKs at 25°C
Monocalcium-phosphate Ca(H2P0O4).2H:0 0.5 Triclinic 1.14
monohydrate

Monocalcium phosphate anhydrous Ca(H2POa), 0.5 Triclinic 1.14
Dicalcium phosphate anhydrous CaHPO, 1 Orthorhombic 6.9
Dicalcium phosphate dihydrate CaHPO4.2H,0 1 Monoclinic 6.59
a-Tricalcium phosphate a-Caz(POa)2 15 Monoclinic 25.5
B-Tricalcium phosphate B-Cas(PO.), 15 Rhombohedral 28.9
Calcium-deficient hydroxyapatite Caiox(PO4)sx(HPO4)x (OH)2« 15-16 Hexagonal 85
Hydroxyapatite Caio(PO4)s (OH), 1.67 Hexagonal 116.8
Fluorapatite Caio(PO4)sF 1.67 Hexagonal 120
Tetracalcium phosphate Cas(P0O.).0 2 Monoclinic 38-44
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HAP is favored over the other calcium phosphates due to its thermodynamic, chemical and thermal
stability, biocompatibility and structural flexibilities (Ferri et al., 2021; Sassoni, 2018). Hence, its
applications extend from medical implants, drug delivery to water treatment (Agbeboh et al., 2020;

Pai et al., 2021).

2. 2 Sources of HAP

HAP is either extracted from natural sources (biological) or synthesized using reagents.
Biological sources include plants, mammalian bones, fish bones, egg shells and different types of
sea shells (Akram et al., 2014). There are many methods used in the synthesis of HAP, these
include sol gel, hydrothermal, mechanochemical, sono-chemical, emulsion method, microwave,
spray pyrolysis, solution combustion, precipitation, coprecipitation, hydrolysis and solid state

reaction method (Agbeboh et al., 2020; Pai et al., 2021).

2.2.1 Natural sources

2.2.1.1 Bone Sources

One of the major sources of HAP is animal bone. Animal bones are mainly composed of calcium
compounds, these include HAP. Up to 67% of animal bones is composed of HAP and the rest is
composed of organic matter and trace of other elements (Agbeboh et al., 2020). In the due process
of extraction, the following procedure is used in almost all extraction processes of HAP from
animal bones. The first step is thorough washing of the bones followed by boiling with distilled
water, in order to remove impurities, blood, meat or tissues from the bones. The alkaline treatment
follows to further dissolve the remaining proteins, oils, fats, and tissues. In the alkaline treatment,
either NaOH or CIO™ could be employed. Afterward, the bones are dried and crushed and ball
milled. Calcination is then used to completely remove any remaining organic matter and also to
increase the crystallinity of the extracted HAP. In addition, calcination ensures the complete
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destruction of any pathogens. Meanwhile, calcination usually causes a decrease in the mechanical
strength of the HAP extracted and if a suitable calcination regime is not adopted, thermal
decomposition can take place. Hence, it is of great importance to choose a suitable calcination
regime. In this method, purity and particle size distribution of HAP extracted is affected by the

calcination temperature as well as the bone condition (Agbeboh et al., 2020; Akram et al., 2014).

Extraction of HAP from animal bones has been extensively reported in literature. The type of
bones used varied from bovine to human bones (Nasser et al., 2009; Sobczak A, Kowalski Z,
2009; Kusrini, Eny & Sontang, 2012; A. Ruksudjarit et al., 2008; Bahrololoom, et al.,
2009;Yoganand et al., 2011; Figueiredo et al., 2010). The resulting HAP, thus, varied greatly in
its size distribution, particle size and regularity of the structure of its particles. Another drawback
was the presence of traces of metals, which resulted in a non-stochiometric HAP (Agbeboh et al.,

2020).

2.2.1.2 Biogenic Sources

Biogenic materials include eggshells, snail shells, mussel shells, nacre, coral, oyster shell, sea
shells and sea urchin (Agbeboh et al., 2020; Akram et al., 2014; Shavandi, Bekhit, Ali, et al., 2015).
Eggshells are composed of 94 % calcium carbonate. Millions of tons of eggshells are discarded
into the environment as waste material which makes it cheap and easily available. Generally,
methods of synthesis of HAP from shells start with washing the steam or even boiling water in
order to remove any organic impurities. This is followed by heating to convert calcium carbonate
to calcium oxide and to further remove any remnant organic matter, then it is reacted with a
precursor of phosphate to form the HAP. The type of reaction varies from simple precipitation to
microwave assisted one. Table 2 summarizes HAP synthesized from biogenic sources reported in

literature and the respective type of synthesis used.
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Table 2 HAP synthesized from biogenic sources and the respective method of synthesis

Source Method Particle size Ca/P ratio Reference
(diameter,
nm)
Egg shell  Precipitation - 1.65 (S. J. Lee, 2003)
Coral Hydrothermal and solvothermal - - (Kim, 2005)
shell
Egg shell  Microwave 50 1.67 (Kumar, 2007)
Egg shell  Precipitation 35 - (Sanosh et al., 2009a)
Egg shell  Precipitation 50 1.67 (Nayar & Guha, 2009)
Sea Hydrothermal - - (Alvarez-lloret et al., 2010)
Urchin
Egg shell  Precipitation - - (Meski et al., 2010)
Nacre Hydrothermal 5000 - (Y. Guoetal., 2011)
Egg shell  Hydrothermal - - (Ying Zhang et. al., 2011)
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Oyster
shell

Egg shell
Egg shell
Egg shell
Egg shell
Egg shell
Mussel
Shell
Egg shell
Egg shell
Egg shell
Egg shell
Snail shell
Mussel

Shell

Solid state reaction

Hydrothermal
Precipitation
Solvothermal
Hydrothermal
Precipitation

Precipitation

Solid state reaction
Hydrothermal
Hydrothermal

Precipitation

Ultrasound-Microwave

Microwave

20-40

15-35

60

30

41

10

460-2500

30-70

1.425

1.67

1.66

2.2

1.57-1.77

1.65

(Wu et al., 2011)

(Zhang et al., 2011)
(Taylor et al., 2011)
(Songnan et al., 2012)
(Elizondo-Villarreal et al., 2012)
(Goloshchapov et al., 2012)

(J.H. Shariffuddin, M.I. Jones, 2013)

(Ho et al., 2013)
(Wu et al., 2013)
(Chaudhuri et al., 2013)
(Ibrahim et al., 2013)
(Putro et al., 2014)

(Shavandi, Bekhit, Ali, et al., 2015)
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Mussel
Shell
Egg shell

Egg shell

Sonochemical

Precipitation

Annealing/Precipitation

12-18

31.5

4-6

1.63

1.63

(Edralin et al., 2017)

(Khandelwal & Prakash, 2016)

(Adeogun et al., 2018)
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One disadvantage of biogenic sources is that they require harsh chemicals to remove organic
impurities. In addition, these sources usually produce non-stoichiometric HAP, which also suffers

from the presence of trace elements impurities (i.e., the produced HAP is not always pure).

2.2.1.2 Plant Sources

Plants can be used in the production of HAP via two means, it can either be a source of calcium
or it can be a source of HAP. Plants like marine algae (Rodophycophyta class), C. officinals, and
Phymatolithon calcareum are considered calcium carbonate rich plants, whereas plants such as
mint, Khat (C.edulis), trifolium, green tea, and basil contain HAP in their structures (Agbeboh et
al., 2020; Akram et al., 2014). The parts of the latter plants that contain the highest amount of HAP

were found to be the leaves (Agbeboh et al., 2020).

Kusmanto and co-workers used Phymatolithon calcareum algae as sources of calcium carbonate
(Kusmanto et al., 2008). The first step was to extract the calcium source; hence, the algae was
first pyrolyzed into CaCO3/CaO. Then, in the second step the calcium precursors were reacted with
a source of phosphorus via a hydrothermal route, and the characterization tests confirmed the

partial formation of HAP (Kusmanto et al., 2008).

Synthesis of HAP from C. officinals was reported by Walsh and co-workers (Walsh et al., 2008).
The carbonate was first extracted from this plant by pyrolysis, then, the extracted calcium precursor
was reacted with ammonium dihydrogen phosphate for 12 h at 100°C. As the previous approach,
the hydrothermal method was also used here. In order to produce HAP with the required
specifications, the following factors must be taken care of: i) decomposition of the carbonate, ii)
the original morphology of the algae in use, and iii) the removal of organic impurities prior to the

pyrolysis step (Walsh et al., 2008).
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Shaltout and colleagues used mint, Khat, trifolium, green tea, and basil as sources of HAP
(Shaltout et al., 2011). These plants contain in their structure calcium hydroxide, HAP and traces
of other elements and compounds. The following procedure was followed to extract the HAP from
the leaves and trunks of the plant. The plant was first washed and dried, then it was subjected to
grinding and milling. Finally, milled plants were subjected to heating in a muffle furnace. FTIR,
TGA, DTG and XRD characterization confirmed the extraction of HAP (Shaltout et al., 2011).
Plant derived HAP tend to be thermally unstable, this could be attributed either to partial
conversion of precursors to HAP or to the presence of carbonate ions in the raw material (Akram

etal., 2014).

2.2.2 Synthetic sources

Synthetic sources include the use of various synthetic precursors of calcium and phosphorus.
The use of these precursors is dependent on the method used to synthesize the HAP. The synthesis
of HAP for various purposes requires control over the Ca/P ratio, the structure and shape of the
particles, the size distribution of the particles, surface properties and the purity of the product.
Hence, to accomplish these requirements it is of utmost importance that the synthesis method and
the synthetic materials employed in its production are strictly controlled (Akram et al., 2014). The
synthesis methods are categorized into dry, wet and high temperature methods (Mohd Pu’ad et al.,

2019). The following sections briefly discuss these methods.
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2.3 Chemical Synthesis of HAP

2.3.1 Solid-State method

In this method, the solid precursors of calcium and phosphorus are milled and calcined in a
certain ratio to produce HAP. The mechanism of the synthesis is mainly dependent on the diffusion
of reactants in addition to the heat which is responsible for the initiation of the chemical reaction
(Mohd Pu’ad et al., 2019). The advantages of this method are the relatively low cost of process,
relatively large particle sizes (10 m order of magnitude) and small number of chemicals used,
while the disadvantages are presence of many calcium phosphate phases, high sintering

temperature and time (Agbeboh et al., 2020; Mohd Pu’ad et al., 2019; Shavandi et al., 2015).

2.3.2 Mechanochemical method

A mechanochemical method is a method that uses mechanical processes such as shear stress,
friction, grinding, milling, and compression to initiate a chemical reaction. (Mohd Pu’ad et al.,
2019). In this method, the process is conducted in a closed vessel, and the impact of the mechanical
forces on the solid reactants causes an increase in temperature which, in turn, enhances the
diffusion and the kinetics of the chemical reaction. Thus, the mechanochemical route is always
used as an alternative to the solid-state route. The advantages of this method lies in its ease of
operation, low-cost, conduction at room temperature, and production of nano-sized HAP.
Meanwhile, this process has serious drawbacks, including the non-stochiometric Ca/P produced,

phase impurity and high crystallinity (Agbeboh et al., 2020; Mohd Pu’ad et al., 2019).

2.3.3 Precipitation
The precipitation method is one of the oldest and simplest techniques employed for synthesis of
HAP. This technique is usually performed through a series of steps; at the beginning, calcium and

phosphorus precursors are mixed, usually in a liquid phase using a solvent. The following step
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involves adjusting the pH and the temperature of the solution containing the precursors. Afterward,
agitation of the solution takes place for a certain period. In the last step, HAP powder is separated
from the liquid phase then thoroughly washed to remove any impurities. The source of phosphorus
in this method (usually orthophosphoric acid) is added dropwise to avoid abrupt change in pH
(Agbeboh et al., 2020; Mohd Pu’ad et al., 2019; Shavandi et al., 2015). The advantages of the
precipitation technique are its low-cost process, utilization of less chemicals, production of nano-
sized HAP, and suitability for mass production, while the disadvantages are sensitivity to pH, poor

crystallization, and diverse morphology (Agbeboh et al., 2020; Shavandi et al., 2015).

2.3.4 Sol-gel method

Sol is the dispersion of colloidal particle in a solvent while gel is a porous three-dimensional
continuous solid network with a continuous liquid phase. In this process, a precursor species with
a leaving group (an or group of atoms that breaks from a substrate during elementary step of a
reaction) is dissolved into a certain solution, then after the molecules are cross-linked
(polymerized) the sol is formed. This is followed by a digestion step and an aging step. Finally the
excess solvent is dried and the organic material is eliminated, forming a crystal structure (Pai et
al., 2020; Shavandi et al., 2015). The advantages of this technique is the purity and the low
temperature and pressure requirements, while the main disadvantage is the high cost of starting
materials in addition to the diversity of morphology of the HAP produced. (Agbeboh et al., 2020;
Shavandi et al., 2015). This method also suffers from lack of reproducibility (Shavandi et al.,

2015).

2.3.5 Hydrothermal method
In this method, the chemical reaction is conducted at elevated pressure and temperature (slightly

above boiling point of the water) in a closed vessel/ autoclave. The increased pressure and
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temperature causes an increase in reactivity (Mohd Pu’ad et al., 2019; Shavandi et al., 2015). This
technique produces highly crystalline HAP with enhanced mechanical and morphological
properties, while its main disadvantage is associated with high cost owing to the high temperature
and pressure requirements (Agbeboh et al., 2020; Mohd Pu’ad et al., 2019; Pai et al., 2020;

Shavandi et al., 2015).

2.3.6 Sonochemical method

In this technique, the salts of calcium and phosphorus are subjected to sonication during or after
mixing. At the end of the reaction, HAP is separated via centrifugation. The sonication enhances
the kinetics of the reaction and makes it energy efficient (Pai et al., 2020), however it is still a

costly process.

2.3.7 Microwave

Microwave irradiation is used to enhance the reaction between the calcium precursor and
phosphorus precursor. This usually takes place at a reduced time when compared to conventional
methods. Microwave irradiation is characterized by uniformity in dissipating heat, this will lead to
homogenous distribution of temperature and pressure over the reactants. As a result, better control
over the crystal size of the HAP can be achieved, which, in turn, affects the morphology of the
HAP product. For instance, the HAP nano-rods can be converted to prism like structures by just

increasing the temperature (Shavandi, Bekhit, Sun, et al., 2015).

2.3.8 Combustion

In this method, the mixture of reactants is heated at low temperature at the beginning followed
by an abrupt increase in temperature, usually this takes place by mixing the fuel with the reactants.
At the end of the reaction, the mixture is subjected to rapid cooling. The process of rapid cooling

brings about nucleation and causes the crystal growth to stop. This technique produces a
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stochiometric HAP, however, it suffers from presence of other phases with HAP in addition to the

high- cost of operation (Mohd Pu’ad et al., 2019).

2.3.9 Pyrolysis

Pyrolysis or spray pyrolysis is conducted via the spraying of a precursor solution into a hot zone
of an electric furnace by an ultrasonic generator. Then, gases and vapors are generated, and a
chemical reaction takes place. After the precursors are completely vaporized, nucleation takes
place and is followed by gas phase growth of nanoparticles. Ultimately, this results in the formation
of an aggregated form of powder. This method suffers from increased process costs and presence

of different phases along with HAP (Mohd Pu’ad et al., 2019).

Table 3 summarizes the reported synthesis methods of HAP with their respective calcium and

phosphorus precursors.
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Table 3 Synthesis methods of HAP with their respective calcium and phosphorus precursors

Type of method Calcium and Phosphorus precursors Reference
Solid-State Ca (OH); and B-TCP (Rao et al., 1997)
CaO and P20s (Pramanik et al., 2007)
Ca (NO3)2.4H,0 and (NH4)2HPO4 (X. Guo et al., 2013)
CaCOs and CaHPO4 (Arkin et al., 2015)
Mechanochemical Ca0 and CaHPO4 (Yeong et al., 2001)
CaCOs and CazP07 (Rhee, 2002)
CaCOs and CaHPQO4.2H.0 (Shu et al., 2005)
Ca (OH)z2and P20s (Fathi & Zahrani, 2009)
Precipitation Ca (OH)2and HzPO4 (Afshar et al., 2003)
Ca (NO3)2.4H,0 and (NH4)2HPO4 (Mobasherpour et al., 2007)
Ca (OH)2 and H3PO4 (Yelten-Yilmaz & Yilmaz, 2018)
Ca (NOz)2.4H20 and NasPO4 (Sundarabharathi et al., 2020)
Sol-gel Ca (NO3)2.4H20 and H3PO4 (Sanosh et al., 2009b)

Ca (NO3)2.4H20 and P2Os+ ethanol (Agrawal et al., 2011)




Hydrothermal

Sonochemical

Microwave

Combustion

Ca (NO3)2.4H:0 and CsH1504P

Ca (NO3)2.4H20 and Na2HPO4
CaClzand K2HPO4

CaClzand HzPO4

Ca (NO3)2.4H,0 and (NH4)2HPO4

Ca (NOs)2and (NH4)2HPO,4

Ca (NOz3)2.4H20 and Na;HP0O4.12H,0
Ca (OH)2and (NH4)3PO4

Ca (NO3)2.4H20 and (NHa),HPO4

CaCl, and NapgHPO4

Ca (NOz3)2and (NH4)2HPO4

Ca (OH),, Ca (NOz)2 and NH4H2PO4,

Ca (C2H302)2 and (NH4)2HPO4

(Amiri et al., 2017)
(Phatai et al., 2019)
(Wang et al., 2006)
(Zhang et al., 2011)

(Nagata et al., 2013)
(Buitrago-Véasquez & Ossa-Orozco, 2018)
(Y. Xu et al., 2018)
(Lopez-Ortiz et al., 2020)

(Utara & Klinkaewnarong, 2015)

(Xiao et al., 2018)

(Sasikumar & Vijayaraghavan, 2008)

(R. Narayanan et al., 2009)

(Kavitha et al., 2014)

38



Pyrolysis

Ca (NO3)2.4H20 and (NH4)2HPO4

Ca3(P0Oa4)2, Ca (NO3)2.4H20 and (NH4)2HPO4

Ca (NO3)2, (NH4)2HPOg4,
Ca (OH), H3PO4
Ca (C2H3052)2, (CH3)3PO4

Ca (C2H302)2 and (NH4)2HPO4

(Canillas et al., 2017)

(Cho & Rhee, 2012)

(Nakazato et al., 2012)

(Widiyastuti et al., 2014)
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4. HAP- Carbon composite and its application in water treatment

HAP as a major inorganic compound has received increased attention due to its high
biocompatibility, bioactivity, non-toxicity and physicochemical properties (Ferri etal., 2021; Long
et al., 2019). It has a high capacity to adsorb inorganic materials, especially heavy metals (Ferri et
al., 2021). Nevertheless, the efficiency of adsorption of pollutants on the surface of HAP is usually
hindered by the following factors. HAP possesses lower capacity to adsorb organic pollutants
compared to inorganic pollutants (Ferri et al., 2021). HAP tends to aggregate causing the clogging
of active sites and reduction of surface area which, in turn, leads to decline in the adsorption
capacity. The aggregation is attributed to the high energy of the surface of HAP caused by van der
Waals forces (Liao et al., 2022; Long et al., 2019). Another problem associated with HAP
adsorption is the extreme difficulty of separating the adsorbates from the surface of HAP, and
hence inability to re-use the adsorbent (Long et al., 2019). Therefore, to address these deficiencies
of HAP adsorbent, HAP is usually incorporated into a composite system. For instance, Kede and
co-workers coated HAP with polymeric sponges to enhance the removal of lead and cadmium
(Kede et al., 2012), while Wang and colleagues loaded HAP on carbon nanotubes to remove
methylene blue (Wang et al., 2017). Su and co-workers functionalized HAP with graphene oxide
to remove uranium from aqueous media (Su et al., 2021). Even though, these composites have
enhanced the adsorption performance of HAP, nevertheless, they suffered from complex synthesis
processes as well as increased costs. In order to overcome these problems, carbon as a low cost
environmentally friendly material, is incorporated in a composite form with HAP. Carbon is
characterized by large surface area and porosity, ability to disperse in aqueous media, and high

functionality (Liao et al., 2022).
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Fernando and co-workers synthesized a HAP-C composite via precipitation (Fernando et al.,
2015). Stoichiometric amounts of (NH4):HPO4 and Ca(NOs3)2.4H.O were mixed and stirred
vigorously at 60°C for 3h to achieve Ca/P ratio of 1.67. The pH was maintained at 10 with the use
of ammonium hydroxide, then granular activated carbon (GAC) was immediately added. The
precipitate was vacuum filtered and washed then heated at 80°C for 3 h. The final product was
whitish gray granules of HAP coated on granular activated carbon. Then, the composite was
employed in removal of lead. The composite had a hanorod structure with a diameter of 50-80 nm
range and length of 250 nm. The optimum pH was 6 and contact time was 2 h, and the adsorption
mechanism was suggested to be via Ca*? ion exchange. The Langmuir adsorption capacity was
found to be 83.3 mg/g (Fernando et al., 2015). The same synthesis procedure was adopted in
another study by Udayakantha and co-workers to prepare a composite of GAC coated with HAP
(Udayakantha et al., 2015). However, the composite was also coated with curcumin to induce an
antibacterial property for water purification (Udayakantha et al., 2015). The same composite was
prepared by Long and colleagues who used ammonium dihydrogen phosphate and calcium
chloride in addition to GAC to produce HAP-C composite (Long et al., 2019) for lead removal
from aqueous solutions. The maximum adsorption capacity for lead was 416.67 mg/gat pH 5, 2 h
contact time and 25 °C, which is very high compared to other adsorbents and corresponds to a
maximum removal of 78.94% (Long et al., 2019). In another study, Rout et al., synthesized HAP-
AC composite for the purpose of removal of uranium from water systems (Rout et al., 2020). The

removal efficiency reached up to 98% (Rout et al., 2020).

Liao et al. also studied the effect of carbon ratio on the performance of HAP-C composite. The
composite was synthesized by utilizing swine manure as a source of carbon and was used for

uranium removal (Liao et al., 2022). The best performance was achieved by the composite with
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10 % mass percent of carbon. The removal efficiency of the composite after five consecutive
regeneration cycles was 93% at pH 3 and 25°C, illustrating the composite stability and reusability.
The equilibrium was reached after 5 min, and the Langmuir maximum adsorption capacity was

834.8 mg/g (Liao et al., 2022).

In all of the reported studies with the exception of the work of Liao and colleagues, the carbon
was first modified or activated before adding it to the reaction medium for the synthesis of HAP.
However, in case of Liao et al. work the carbon was pyrolyzed after the synthesis of the HAP. In

our study, a similar approach is adopted with some modifications.

2.4 HAP and HAP-C for CECs removal
HAP-based adsorbents have been employed in the removal of CECs. Typical studies from
literature that focus on using HAP alone or HAP-carbon composites for the removal of CECs is

discussed in this section.

Chen et al. employed HAP for the removal of two different pharmaceuticals which belong to the
fluoroquinolone antibiotics family, these were norfloxacin (NOR) and ciprofloxacin (CIP) (Chen
et al., 2015). The reported removal percentages were 51.6% and 47.3% for NOR and CIP,
respectively. The highest removal for both antibiotics was achieved at pH 6 and the equilibrium
was attained after 20 min. The Langmuir maximum adsorption capacity was 1.486 and 1.272 mg/g
for NOR and CIP, respectively (Chen et al., 2015). Huang et. al. used HAP for removing ofloxacin
(OFL) and triclosan (TCS) (Huang et al., 2016). The optimum pH for removal of OFL and TCS
was 4.5 and 2, respectively, and the equilibrium was attained after 0.5 h. The respective Langmuir
maximum adsorption capacity was 29.15 and 133.33 mg/g for OFL and TCS at 45°C (Huang et

al., 2016). Ciobanu and Harja reported the removal of LV from aqueous media with a removal

42



efficiency that reached up to 95.24 and 87.32 % for uncalcined and calcined HAP, respectively
(Ciobanu & Harja, 2018). These efficiencies were attained at pH 7 with high adsorption capacity
of 157.09 and 124.52 mg/g for uncalcined and calcined HAP, respectively (Ciobanu & Harja,

2018).

In the study conducted by Yuan et al., the effect of pH and metal ions on the interaction of
oxytetracycline (OTC) onto HAP was evaluated (Yuan et al., 2019). The study concluded that that
adsorption of OTC on HAP was highly affected by the pH and metallic species present in the
aqueous media. The highest amount of OTC adsorbed on HAP was obtained at pH 8, with a
Langmuir maximum adsorption capacity of 78.27 mg/g, and the equilibrium was attained after 2
h. This capacity was significantly affected by the presence of metal ions (0.25 mM of Cu?"), i.e.,
it increased to 169.18 mg/g (Yuan et al., 2019). Another antibiotic, cephalexin (Ceph) was
removed from aqueous media using HAP in the study reported by Alhasan et al., (Alhasan et al.,
2022). The highest removal percent observed was 70.7% at pH 7 and after 1 h time, and Langmuir

maximum adsorption capacity was 16.67 mg/g (Alhasan et al., 2022).

Dyes were also removed by HAP and HAP composites. Hou and colleagues used HAP-chitosan
composite to remove congo red (CR) from aqueous solutions (Hou et al., 2012). The Langmuir
maximum adsorption capacity reported for CR in this study was 769 mg/g (Hou et al., 2012). Wei
and co-workers used poorly crystalline HAP for removal methylene blue from aqueous solution
(Wei et al., 2015). The Langmuir maximum adsorption capacity was 14.27 mg/g at 10°C and 12.94
mg/g at 25°C, while the highest percent removal was recorded at pH 10 (Wei et al., 2015). Oladipo
and Gazi used a composite of HAP-alginate for removing simultaneously RB and nickel ion
(Oladipo & Gazi, 2016). The highest removal for RB was 96%, and the highest adsorption capacity

was 480 mg/g at pH 7 and a dose of 20 g/L (Oladipo & Gazi, 2016). Adeogun et al., used HAP for
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adsorbing yellow 4 dye (Y4D) (Adeogun et al., 2018). The highest removal was observed at pH 6,
and the Langmuir adsorption capacity was 127.9 mg/g (Adeogun et al., 2018). Other workers
utilized HAP-C composites for the removal of dyes along with heavy metals. Ferri and colleagues
synthesized a HAP-C composite via chemical precipitation and studied the simultaneous removal
of methylene blue dye, copper and nickel (Ferri et al., 2021). The study also reported the effect of
the percent ratio of HAP to carbon on the surface properties of the composite. The adsorption
experiments were conducted at pH 5.5, contact time 2 h and 30°C, the results varied depending on
the carbon content in the composite. For instance, the highest percent (100 %) removal of
methylene blue in the single system belonged to the composites with 8, 12, and 16 % carbon
content, at the same time the highest removal of nickel was only 44.7% at relatively close initial
concentrations of both adsorbates. All of the composites with different ratios of carbon showed

very high removal percentages for copper, ranging for 96.4 to 99.8% (Ferri et al., 2021).

HAP-C composites were employed for removing CECs. Li and colleagues used biochar
stabilized HAP for the removal of tylosin (TY), sulfamethoxazole (SMX) and copper (Z. Li et al.,
2020). The Langmuir adsorption capacity was 118.84 and 128.77 mg/g for TY and SMX,
respectively (Z. Li et al., 2020). Zhao and co-workers also used HAP-biochar for the removal of
heavy metals (Cu, Cd, and Pb), carbamazepine (CBZ) and tetracycline (TC) (X. Zhao et al., 2022).
The Langmuir maximum adsorption capacity was 168.9, and 105.1 mg/g for CBZ and TC,

respectively at pH 6 and 20°C (X. Zhao et al., 2022).
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3.Theoretical Background
3.1Characterization techniques

3.1.1 X-ray Fluorescence (XRF)

X-ray fluorescence is an analytical non-destructive spectroscopic technique used widely in
elemental analysis. In general, the interaction of x-rays when it falls can take place in three
different ways, the first one is the x-ray being absorbed, the second is the x-ray being scattered and
the third one is the x-ray being transmitted through the material. In XRF analysis the interaction
of x-ray occurs as absorption, where the absorbed x-ray causes an inner shell electron to be ejected.
This causes the atoms to be intrinsically unstable due to the presence of a vacancy in an inner
electron shell leading to an immediate decay to a more stable electronic state. The decay here is
the transition of an outer shell electron to fill this inner shell vacancy. When the electrons fall
through the potential energy gradient to the inner shell, energy is lost through emitting a fluorescent
x-ray photon, and thus, stability of the atom is regained. The emitted fluorescent x-ray is a
characteristic property of each element (Perrone et al., 2014; Potts, 1995). Figure 2 illustrates the

process of fluorescent x-ray emission.
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Figure 2 Scheme of fluorescent x-ray emission (Perrone et al., 2014).
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3.1.2 X-ray powder diffraction (XRD)

XRD is a technique used to study geometrical structure and phases of the crystalline substances.
This technique is a non-destructive technique, and it was used in this study as a confirmatory test
for the synthesized materials. Crystalline materials are characterized by highly ordered three-
dimensional geometrical arrangement of ions, atoms, or molecules in a coherent symmetry in

periodically repeating units (Tong, 2019).

Samples are placed in a zero-background holder and then are subjected to a beam of x-ray, with
a wavelength comparable to inter atomic distances in the crystalline material. The sample in the
holder rotates so that the sample is subjected to the beam from all sides at a specific angle. The
coherent scattered radiation is detected by an x-ray detector which converts it into signals. A
computer that receives the signals from the detector plots intensity counts versus diffraction angle
(Lanzirotti et al., 2010; Raja et al., 2022). The detected scattered radiation peaks at particular

values of 20 obey Bragg’s law:

nA=2dsinf (3.1)
where, n is an integer, 4 is the wavelength, d is interplanar spacing, and @ is the angle between the
lattice plane and the incident beam (Bragg’s angle) (Graff et al., 2011; Wilcox & Thron, 2016).

The size of the crystal (D) can be estimated using the diffractogram resulting from the XRD

analysis by using the Debye Scherrer equation (Ingham & Toney, 2013):

K&
- Lcosb

(3.2)
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where K is the shape factor (typical value of 0.9), 4 is the incident beam wavelength, 6 is Bragg’s
angle and f is the full width at half maximum peak (FWHM). The following figure (Figure 3)

illustrates the working principle of XRD.

Figure 3 Illustration of XRD working principle (Ingham & Toney, 2013)

3.1.3 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy is an analytical technique that detects the transition of vibrational energy
exhibited by covalent bonds. Usually this takes place when covalent bonds absorb radiation in the
infrared region (IR), and then excitation within vibrational energy levels occurs. The absorption
is only possible when the electromagnetic radiation in the IR region matches the vibrational bond

energy in the compound (Khan et al., 2018).
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When energy in the IR region is absorbed, vibrational transitions (i.e., stretching, bending) take
place, in which bond length can change and an atom can be subjected to an angular movement.
This is usually accompanied by a change in the dipole moment of the molecule. Thus, compounds
with zero net dipole moment are FTIR inactive. Strong ionic compounds (e.g. NaCl, KBr etc..)
and homonuclear diatomic (e.g. Hz, N2 etc..) molecules possess zero net dipole moment, and thus

are FTIR inactive (Khan et al., 2018).

The produced IR spectrum is represented by groups of frequencies. These groups are the far-
infrared region, near-infrared region, and mid-infrared region. In this study, the group of concern
is the mid-infrared spectrum (4000 — 400 cm™). An infrared spectrum is generated by passing
infrared radiation through a sample pelleted with KBr, and then determining the absorbed or

transmitted fraction of the incident radiation at a specific energy (Pavia et al., 2000).

The FTIR device, is based on the Michelson interferometer. The interferometer is made up of the
following components, movable mirror, fixed mirror, and a beam splitter. The collimator directs
the infrared radiation in a single direction towards the beam splitter. Half of the incident beam is
transmitted to the fixed mirror and reflected back to the beam splitter. The other half is transmitted
to the movable mirror and then reflected back to the beam splitter, where the two beams are
recombined and propagate towards the detector. Depending on the path length difference between
the two beams, either constructive or destructive interference occurs. If the difference in path
length is equal or a multiple of the wavelength, then a constructive interference occurs. If the
difference in path length is a fraction of the wavelength, then destructive interference occurs. The
product from the interferometer is called the interferogram, it contains all the data as signals but

in the form of time domain spectrum. The Fourier transform is a mathematical treatment, which
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transforms the amplitude signals as a function of time to amplitude power signals as a function of

frequency. Figure 4 illustrates the components of the interferometer (Pavia et al., 2000).
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Figure 4 Fourier transform infrared spectrophotometer (Pavia et al., 2000).

3.1.4 Ultraviolet/ Visible (UV/VIS) Spectrophotometry

UV-VIS spectrophotometry is a quantitative analytical instrument. The working principle
depends on the absorption of light of wavelength ranging between 200 — 800 nm. Unlike IR
spectroscopy which depends on the vibrational energy level excitations, the UV-VIS spectroscopy
depends on excitation of electronic energy levels, as they possess shorter wavelength (i.e., higher

frequency or higher energy) (Stuart, 2004).

When energy is absorbed by a molecule, electrons are excited from an occupied orbital to an
unoccupied orbital of higher potential energy, i.e., from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO). It is always true that electronic
transitions take place from ¢ to 6*, n to 6*, n to n*, © to ©* where o are of a single bond electron,

© are double bonds electrons, and n electrons are of the lone pairs (Pavia et al., 2000). From Beer-
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Lambert law the amount energy absorbed is proportional to the concentration of the sample in the

solution. The law is given by (Pavia et al., 2000),

A=¢cl (3.3)

where A is the absorbance of the solution, | is path length, c is the concentration of the sample

and ¢ is molar absorptivity of the sample.

Typical UV-VIS spectrophotometer is composed of the following parts: source of light, a
monochromator, beam splitter and a detector. Two types of lamps are used as sources of light, a
deuterium lamp which emits electromagnetic radiation in the UV region of the spectrum and a
tungsten lamp which emits rays in the visible region of the spectrum. A diffraction grating
(monochromator) is used to disperse the beam of light into its constituent wavelengths. The
dispersed light is focused by a system of slits and then is split into two beams, the sample beam
and the reference beam. Each beam passes through its corresponding cuvette holding. The light
from the cuvettes reaches the detector and its intensity is measured (A. De Caro, 2015; Gong et
al., 2009; Pavia et al., 2000). Figure 5 depicts the process of measuring concentration using a

UV/VIS instrument.
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Figure 5 UV-VIS spectrophotometer schematic diagram (Gao, 2012).

3.1.5 Brunauer-Emmett-Teller (BET) Analysis

Adsorption is a surface phenomenon, in which an adsorbate is bound to an adsorbent. The
adsorbent is usually a solid which exhibits a porous structure, whereas the adsorbate can be a gas,
liquid, or solid. Usually, the interaction between the adsorbate and the adsorbent is spontaneous,
due to the presence of unsatisfied bonds on the surfaces of both adsorbent and adsorbate, i.e., the
spontaneous process takes place in order to make the energetically unfavorable surface
energetically favorable. Hence, it is extremely important to analyze the structure of the adsorbent
when studying adsorption processes. The main properties studied include, pore size, pore volume,

surface area and pore distribution (Jirgen U. Keller, 2005).

Surface area was first assessed based on the assumption of formation of monolayer by
Langmuir. However, the BET model extended the assumption to include multilayer adsorption
alongside the monolayer adsorption. The BET analysis uses a gas physisorption analysis to
determine the earlier mentioned properties of the adsorbent, usually, the inert gases used are
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nitrogen or argon. The surface area is then measured by injecting an inert gas into a closed glass
tube where the adsorbent is kept. The gas comes then in direct contact with the adsorbent at
constant temperature until equilibrium (gas pressure) is established. Since, the cross-section of the
gas molecule is known the surface area can be calculated by determining the number of gas
molecules adsorbed onto the adsorbent. In addition, the pore volume is determined from

condensation of gas molecules in the pores of the adsorbent (Jurgen U. Keller, 2005).

Adsorption isotherm is a relationship between the amount of adsorbate gas and the equilibrium
gas pressure at constant temperature. The IUPAC classified such standard isotherms into six
different types. Their classification is associated with their pore size and structure, hence, its helps
in determining many features of the adsorbent easily (S. Lowel, 2004). Figure 6 depicts the six

standard types of isotherms according to IUPAC.

Adsorbed amount of gas

Relative pressure (P/P°)

Figure 6 IUPAC Isotherms (Jirgen U. Keller, 2005).
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These adsorption isotherms can be explained as follows:

Type | is described by Langmuir model, where the plot is concave to the P/P° axis. The pore size

IS microporous (< 2 nm).

Type Il is exhibited by either a nonporous or macroporous (>50 nm) material. Both monolayer and
multilayer adsorption takes place, where the knee at point B represents the relative pressure where

complete monolayer surface coverage is completed.

Type 11 is hyperbolic (convex to the P/P° axis), and it is exhibited by nonporous or macroporous
materials where the adsorbent-adsorbate interaction is far more less than the adsorbate-adsorbate

interaction.

Type 1V is exhibited by mesoporous materials (2-50 nm) with strong interaction between adsorbent
and adsorbate. The existence of the knee and hysteresis loop is an indication of the presence of

pore condensation.

Type V is exhibited by mesoporous materials with weak interaction between adsorbent and

adsorbate, and it is highly uncommon.

Type VI is exhibited by nonporous materials, where the surface is almost completely uniform and

multilayer adsorption occurs layer by layer (Shields, 1991).

3.1.6 Thermogravimetric Analysis (TGA)
Thermogravimetric analysis is the study of the thermal behavior of a substance under specified
heating rate and atmosphere. The thermal stability profile of the sample is obtained by tracking the

loss in weight with respect to increase in temperature. The loss in weight of the sample is attributed
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to the thermal decomposition of the sample. The result of this analysis is displayed as a plot of

weight loss % versus temperature (Brown, 1989).

The apparatus consists of an extremely sensitive balance to measure weight changes and a
programmable furnace. The balance is thermally isolated and placed above the furnace. A high
precision wire is suspended from the balance down into the furnace, where a ceramic cuvette is
hanged (sample is placed in the ceramic cuvette during analysis) (Ebnesajjad, 2011). Figure 7

represents the working scheme of TGA.
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Figure 7 TGA working scheme (Raju, 2012).

3.1.7 Inductively Coupled Plasma/ Optical emission spectroscopy (ICP/OES)

Inductively coupled plasma/ optical emission spectroscopy (ICP/OES) is a spectroscopy
analytical technique used to detect metal traces. Its main parts consist of plasma as the excitation
source. ICPs are divided into atomic/optical emission spectroscopy (AES/OES) or atomic

emission/mass spectrometry (AES/MS). The sample is transferred to the instrument as a liquid,
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and inside the device the liquid sample is converted to aerosols via a process known as
nebulization. Then, the aerosols are transported to the plasma where it is then subjected to the
following consecutive processes of de-solvation, vaporization, atomization, excitation and/or
ionization by the action of plasma on it. Then the excited ions or atoms emit a wavelength which
is a characteristic property of the metal. The wavelength is then detected by a detector and
converted to signals to be analyzed by a connected computer. Figure 8 illustrates the working

scheme of ICP/OES (Fredeen, 2004).
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Figure 8 Working scheme of ICP/OES (Fredeen, 2004).

3.1.8 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a quantitative technique of characterization, where
it is used to determine the particle size, shape and distribution of nanomaterials. TEM is also used
as a spectroscopic imaging technique similar to SEM. The difference between TEM and SEM is
mainly in the action of the beam of electrons, i.e., in case of TEM the beam of electrons is

transmitted through the sample while in SEM the beam is scattered from the surface. TEM is
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advantageous over the SEM technique for having a higher resolution. A high voltage, 200 keV, of
a highly focused electron beam is transmitted through the sample, thickness of the sample is
typically 100-200 nm. The transmitted electrons undergo coherent scattering or diffraction from
crystalline lattice planes; hence, phases can be identified. The qualitative elemental analysis can
be achieved via the characteristic x-rays that are generated (Ebnesajjad, 2011; Santwana Padhi,

2022).
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4.Materials and methods

4.1 Materials

All chemicals purchased were of analytical grade and were used as received without any further
purification. For the process of synthesis of nano-hydroxyapatite/carbon composite (HAP-C) from
CKD, citric acid monohydrate (MW 210.14 g/mol, purity 99.5%) was purchased from Chem-Lab
NV (Belgium) and ortho-phosphoric acid 85% was obtained from Merck Millipore (Switzerland).
The CKD was collected from a local cement industry and its composition determined by XRF. For
the sorption studies, the following chemicals were used; Rhodamine-b dye (pKa=3.7, MW 479.02
g/mol) from Loba Chemie (India), sodium hydroxide (MW 40 g/mol, purity 99%) from Piochem
labs and hydrochloric acid, HCI (purity 37 % by weight). Levofloxacin hemihydrate (pKa1=6.8 &
pKa2=8.2, MW 740.7 g/mol, purity 98.0-102%) was obtained from Zhejiang East Asia
pharmaceutical Co. (China). Commercial hydroxyapatite (MW 1004.6 g/mol) from Nano Tech

Egypt for Photo-Electronics.

4.2 Methods

In this study, the adsorbent was synthesized from the industrial waste CKD, however, to do so
initially calcium was separated from CKD to be used as a precursor for the synthesis of HAP-C.
The separation of calcium and the subsequent HAP-C synthesis will be detailed in the forthcoming

sections.

4.2.1 Precipitation of Calcium

Citric acid monohydrate was allowed to react with the raw CKD in order to chelate calcium and
separate it from other components of the CKD. The following modified procedure was followed
(H. Zhao et al., 2013), initially the CKD was subjected to drying and removal of any volatile matter

at 105°C + 2°C for 7h in an oven, i.e., until the mass was stable and no more mass fluctuations
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were observed. Then, 200 mL of 1M citric acid were added slowly to 10 g of CKD placed in a 250
mL Erlenmeyer flask, to avoid effervescence of the evolving hydrogen gas. The solid to liquid
ratio (1:20 w/v) was adopted specifically to avoid formation of sludge at the end of the reaction
(Seo et al., 2019). The reaction was conducted at room temperature (25°C+2) for 10 min on a
magnetic stirrer with vigorous mixing. The produced calcium rich solution (H. Zhao et al., 2013),
was collected using a vacuum filter to get rid of any unreacted CKD, then the solution was heated
for 1h at 105°C+2. The resultant precipitate was a white calcium chelate, which was further
subjected to vacuum filtration and up to five times washing with distilled water. After filtration
and washing, the white precipitate was dried in an oven for 2h at 100°C * 2. Figure 9 illustrates

the whole process of separating calcium from CKD.
Citric acid is a triprotic acid, and its chemical reaction with CKD proceeds as follows.
m M**+ | LY+ h H* <— mM**ILY-hH* (4.1)

where M is calcium metal, L is the citrate ligand and H* is the hydrogen ion lost from the
carboxylic acid functional group (H. Zhao et al., 2013). The type of calcium chelate formed is
determined by the number of hydrogen ions lost, i.e., there are 3 different possibilities of chelates
that can be formed. Table 4 illustrates the types of chelates formed and their corresponding stability
constants. From the stability constants, one can deduce that the most probable type of chelate

formed is mono calcium chelate.
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Figure 9 Precipitation of calcium from CKD.

Table 4 Calcium chelates and their respective stability constants (H. Zhao et al., 2013)

Type of calcium Number of Hydrogen ions  Chelate stability constant (log K)
chelate lost

CalLH: One 12.3

CalLH Two 9.5

CaL Three 4.7

The difference between the procedure adopted in our study and the one in literature, is the
method of precipitation of calcium. As mentioned earlier, heating was used here while in the
previously reported procedure the calcium rich solution was reacted with potassium carbonate (H.

Zhao et al., 2013). In addition, the acid concentration as well as the solid to liquid ratio were
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modified. The main advantage of the modification of the procedure was the purity of the eluate.
The method was primarily used for dissolution of wollastonite which is composed of calcium and
silicates, whereas in our case it was used to elute calcium from CKD, and hence the use of K.CO3
was not adopted, as in previous literature, since it could result in precipitation of metal carbonates

other than calcium.

4.2.2 Synthesis of HAP-C nanocomposite

The synthesis method used for producing HAP-C nanocomposite was adopted from previous
literature (Pham Minh et al., 2013). However, the latter method was used to produce pure
hydroxyapatite (HAP), whereas in this study it was used to produce the nanocomposite HAP-C.
In this method, calcium chelates underwent a thermal decomposition at 450°C for 1h in a muffle
furnace (VULCAN 3-550). The calcium carbonate was then used as a precursor for the synthesis
of the HAP, in addition, the presence of the carbon was exploited to synthesize the nanocomposite
adsorbent, i.e., the HAP-C. Calcium carbonate and ortho-phosphoric acid were reacted in
stoichiometric ratios to obtain a 1.67 Ca/P ratio. The reaction took place for 24 h at 80°C + 5°C on
a magnetic stirrer with vigorous stirring. The acid was added to the solution of calcium carbonate
dropwise (~ 1.5 mL/min). The resultant product was separated from the supernatant by vacuum
filtration and washed with distilled water 5 to 6 times, followed by air drying for 12h. Figure 10

illustrates the process of synthesis of HAP-C nanocomposite.

62



HAP-C air

Dropwise addition of * drying for 12 hrs
HsPOs
Heat treatment
in muffle furnace
m Vaccum filtartion + washing
= = with distilled water HAP-C or HAP
Reaction, 24 hrs powder

@ 353K

calcium carbonate +
carbon

Figure 100 Synthesis of HAP-C and HAP.

The synthesized HAP-C was subjected to various thermal heating scenarios to assess the effect
of heat on its properties and performance. The following table summarizes the heating conditions
that the HAP-C was subjected to. Under certain treatments, the HAP-C converts to HAP (HAP

700, and HAP 900).

Table 5 Heat treatment conditions for the synthesized adsorbent

Adsorbent Name Atmosphere Temperature, °C
HAP-C - -

HAP-C 400 Inert 400
HAP-C 500 Inert 500
HAP-C 700A Inert 700

HAP 700 Air 700

HAP 900 Air 900
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4.3 Characterization

4.3.1 X-ray Fluorescence (XRF)

The CKD sample powder was mixed with a binder material (cellulose wax) in a ratio of 20%
to 80% by wt. Then, the mixture was ground and pressed at a pressure of 4kPa, leading to formation
of a pellet. The pellet was heated to 1000°C leading to loss of all volatile matter, then, the sample

was subjected to an X-ray beam to detect the oxides of the elements present in the CKD.

4.3.2 Fourier Transform Infrared (FTIR) analysis

Infrared spectroscopic analysis was carried out using a Thermo-Scientific NICOLET 380 FTIR
device. The samples were prepared first in the form of pellets, this was done by mixing and
grinding the synthesized HAP and HAP-C nanocomposites with analytical grade KBr in a ratio of
1:100 (by wt). Then, the mixture was subjected to a hydraulic press at 1,400 kPa for 2 min. The
samples were then scanned from 4000 to 400 cm™ wavenumbers at an average recording of 32
scans. To prevent the interference of the surrounding with the spectra of the samples, the

background was first scanned and subtracted from that of the sample.

4.3.3 Powder X-ray Diffraction (XRD)
The crystalline nature of HAP and HAP-C was examined using powder x-ray diffractometer
BRUKER D8 system. The two-theta (20) range of the scan was from 5° to 80°at a scan

increment rate of 0.03° per second.

4.3.4 Surface area and porosity measurements

Surface area, average pore diameter and average pore volume of HAP and HAP-C
nanocomposites synthesized with various heat treatment conditions were calculated using
Micrometrics ASAP 2020 instrument. To conduct the analysis, about 1g of the powder sample was

placed in the designated tube of the instrument, then the tube was connected into the system and
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degassed under 50 pumHg at 105°C for 4 h. Nitrogen gas was used to generate
adsorption/desorption isotherms at -196° C, then, the specific surface area was calculated by
Brunauer-Emmett-Teller (BET) and Langmuir methods, while the pore volume was estimated

based on Barret-Joyner-Halenda (BJH) model.

4.3.4 Transmission Electron Microscopy (TEM)

The size and morphology of the synthesized HAP-C nanocomposites were investigated using
a high-resolution transmission electron microscope (HR-TEM, JOEL JEM-2100). The samples
were first dispersed in distilled water and sonicated for 5 min, then vacuum filtered and dried.
Afterward, they were subjected to a beam of electrons with a voltage of 200 kV. Morphologies,

average sizes, and lattice places were determined.

4.3.5 Thermogravimetric Analysis (TGA)

The thermal stability of the synthesized HAP and HAP-C nanocomposites was investigated by
means of a LABTRON thermal analyzer. A 20 mg sample powder was placed in a ceramic cuvette
and subjected to 1000°C at an incremental rate of heating of 10°C per min. Hence, the thermal

profiles of the adsorbents were generated.

4.3.6 Inductively Coupled Plasma (ICP)
Thermo Scientific ICP-AES 7000 was employed to determine the concentrations of calcium
ions leached from CKD. The following formula was used to calculate the percent extraction of

(oF:

% Extraction = [(Cion *V)/ Mckp™ Xion ckn]*100 (4.2)
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where Cion is the concentration of calcium as quantified by ICP in mg/L, V is the volume of the
solution, Mckp is the mass of the CKD sample, and Xionckp is the fraction of calcium ion present

in the CKD.

4.3.7 Zeta Potential

The surface charge was determined by a zeta-sizer (Malvern Zeta-sizer, Nano ZS). To conduct
the measurement of zeta potential the following procedure was followed. To 50 mL of distilled
water, 10 mg of the adsorbent was added and then sonicated for 10 min. Afterward, the mixture
was divided into 5 beakers at a volume of 10 mL each, and their pH was adjusted by addition of
either HCI or NaOH dilute solutions. Then, a certain amount of the pH adjusted mixture was

transferred to a Malvern cuvette and measured by the zeta-sizer.

4.4 Batch Sorption experiments

To study the effect of the different operating parameters (time, initial concentration, pH and
adsorbent dose) on adsorption, stock solutions of LV and RB were prepared separately in
volumetric flasks by dissolving 100 mg of each contaminant in 100 mL of distilled water. Serial
dilutions of 10,15, 25, 40, 50, 60 and 100 mg/L were then prepared. The pH of the solutions was
adjusted by adding either 0.01 M HCI or 0.01 M NaOH accordingly. To conduct batch sorption, a

known dose of the adsorbent was added to the prepared solution in a 15-mL falcon tube and

subjected to shaking in a mechanical rotary mixer (80 rpm, LABDEX) for a specific duration of

time. Then, the solutions were centrifuged at 12,000 rpm for 5 min in a centrifuge (SIGMA 3-
30KYS). Each adsorption run was centrifuged twice because the adsorbents were not separated from
the first centrifugation. After centrifugation, the supernatants were collected and the absorbance
of either LV or RB was measured by UV/VIS spectrometer (PG instruments T80+ UV/VIS

spectrophotometer) at a wavelength of 288 nm and 554 nm, respectively. The concentrations of
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contaminants remaining in the solution after adsorption (Ce) were calculated based on pre-prepared

calibration curve.

The equilibrium adsorption capacity (q.) was calculated via the following equation,

qe — M X V (43)

m
where,
Co= initial concentration of pollutants (mg/L)
Ce = equilibrium concentration of pollutants in solution (mg/L)
m= mass of adsorbent (g), and
V = volume of the solution (L).

While the percent removal of these pollutants was calculated by the following equation,

% removal = % X 100 (4.4)

o
where,

Co = initial concentration of pollutants (mg/L)

Ce = concentration of pollutants at equilibrium (mg/L)

To study the thermodynamics of the adsorption process, an incubator shaker unit (New
Brunswick innova 42) was employed. The adsorption process was conducted at different

temperatures and then the concentration was measured using the previously mentioned procedures.
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4.4.1 Adsorption Isotherms

An adsorption isotherm is a plot that expresses the relationship between ge and Ce at constant

temperature. These plots were fitted to several mathematical models (Langmuir, Freundlich, Sips

and D-R) to predict the adsorption behavior and elucidate the nature of interaction between the

adsorbent and adsorbate.

Langmuir isotherm model assumes that the surface of the adsorbent is homogenous (i.e., all

sites are energetically equivalent), only monolayer adsorption takes place, and no adsorbate-

adsorbate interaction exists. It also assumes that the heat of adsorption is independent on coverage

of surface and is equivalent for all sites (Robert J. etal., 2022). The Langmuir model can be plotted

using the following linearized equation

C 1 C
e 4 Le
de qmKL dm

where,
gm = the maximum adsorption capacity (mg/qg)

Kv = Langmuir constant (L/mg)

(4.5)

Furthermore, the separation factor (RL) can be calculated using equation (4.6) to determine the

how favorable is the adsorption process.

1
T1+4KLC,

L

(4.6)

Freundlich isotherm model unlike Langmuir isotherm model accounts for heterogeneity of the

surface, and interaction between adsorbed species, i.e., accounts for multilayer adsorption. The

empirical linear form of Freundlich isotherm model is given by (Popoola, 2019).
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logq, = logKy + %logce 4.7)

where,
Ks= Freundlich constant, and
72 = measure of favorability of adsorption

Sips isotherm model represents a combination of Langmuir and Freundlich models. The purpose
of this model is to predict the adsorption in heterogeneous system for a wider range of
concentrations and so it overcomes the concentration limitation associated with the Freundlich
model. The model approaches Freundlich model at low adsorbate concentrations, while at higher
adsorbate concentrations it approaches Langmuir model (Popoola, 2019; Tzabar & ter Brake,

2016). The following equation is the linearized form of Sips equation

In (ﬁ) = (%) InC, + InK; (4.8)

where,
Ks= Sips constant
1/n= heterogeneity factor

The D-R isotherm model associates the adsorption process to micropore filling unlike the
previous models, which are based on layer-by-layer adsorption (Hu & Zhang, 2019). It is

expressed linearly by the following equation
Inqg, = —pe* + Ing,, (4.9)
where, f is the D-R isotherm constant and e is given by
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e = RTIn(1+-) (4.10)

where R is the universal gas constant and T is the absolute temperature. The D-R isotherm model
is applied here mainly to estimate the energy of adsorption through the mean free energy, which

is given by the following equation,

E = (4.11)

where Bpr is the D-R isotherm constant.

4.4.2 Kinetic models

Two different kinetic models were investigated with respect to the adsorption of the
contaminants on the synthesized HAP-C adsorbent. These are the pseudo-first order and pseudo-
second order kinetic models. The first model assumes that the rate of reaction is directly

proportional to the number of unoccupied sites, and is given by (Edet & Ifelebuegu, 2020),

=k~ ) 412
which is linearized to,
In(q,—q)=1Inq, — kt (4.13)
where,
g= adsorption capacity (mg/g) at time t, and

k= rate constant (min)
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The pseudo-second order kinetic model is based on the assumption that the rate of reaction is
directly proportional to the square of the number of unbound sites on the adsorbent surface

(Lopez et al., 2020).
dq _ 2
— = k2(qe —q) (4.14)

Integrating the above equation results in the following linear form

t 1 t
t_ + = 4.15
qa dqelkz  qe (4.15)

4.4.3 Thermodynamic Study
To estimate thermodynamic parameters of the adsorption process, the van’t Hoff equation (EQ.

4.16) was used (Ebelegi et al., 2020).

InK, = — T + = (4.16)

Where Ke (ge/Ce) is the equilibrium constant, AS is the entropy (KJ/mol), and AH is the enthalpy

(KJ/mol).

The Gibbs free energy (AG) can then be calculated using Eq. 4.17,
AG = —RTInK, (4.17)

The Gibbs free energy is an indication of the spontaneity of the adsorption process, while AH
determines whether the adsorption process is exothermic or endothermic, and AS indicates the
favorability of the adsorption process (for AS<O indicates decrease in randomness and hence

favorability of adsorption process).
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4.4.3 Statistical Analysis

All the sorption experiments were run in triplicates and the values of the adsorption capacity
and removal were expressed as mean £SD (standard deviation). To test the significance of results
a two-tailed student’s t-test at a 95% level of confidence was conducted. The adsorption isotherms
and kinetic models’ fitness (linear regression) were confirmed by using coefficient of
determination (R?) and Chi-square test (2). The linear regression analysis was conducted via the

use of Origin-lab software, version 85E.
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5. Results and Discussion

The purpose of this study is to produce HAP-C from the industrial waste CKD. Hence, it was

important first to study the process of chelating calcium from the CKD then using the calcium

chelate in HAP-C preparation. The following sections will discuss the synthesis, characterization,

and adsorption performance of the synthesized adsorbent.

5.1 Chelating Calcium from CKD and Synthesis of HAP-C composite

An XRF analysis was conducted for the CKD to determine its mass composition as given by

Table 6. CKD constitutes mainly CaO, along with minor amounts of other oxides.

Table 6 XRF analysis of CKD

Constituents

SiO;

TiO;

AlO3

Fe O3

CaO

K20

Na,O

P20s

SOs

Cl

*L.O. 1

Mass %

6.55

0.23

2.12

2.06

37.81

2.78

0.96

0.08

1.1

4.23

40.54

*L.0. I: Loss on ignition

The mass % of CaO in CKD varies depending on the raw material used in the process of producing

cement. Various studies have reported mass % exceeding 60% for CaO in CKD (Seo et al., 2019;

Siddique, 2014). Since the CKD mainly consists of CaO, it was exploited for synthesizing the

adsorbent. Therefore, citric acid was used to separate calcium from CKD because of its ability to

readily form a complex with calcium via chelation (Kirimura & Yoshioka, 2019). The effect of

pH and citric acid concentration on the percent extraction of calcium ions was studied and is

summarized in Table 7. After inspecting the results in Table 7, a concentration of 1 M of citric

acid (with no pH adjustment) was used to obtain Ca?* ion, to avoid contamination with pH

adjusting reagents.
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Table 7 Effect of Citric acid concentration and solution pH on Ca?* extraction

Concentration (M) pH % Extraction of Ca?*
0.5 3.7* 91
0.5 5 73.3
1 3* 73.1
1 5 99.9
2 2.6* 29.5
2 5 99.9

*No pH adjustment was made after reaction.

The calcium chelate complex was then subjected to 1h heating at 450 °C to produce calcium
carbonate in addition to carbon. To investigate the chelate, prior to heat treatment, a TGA analysis
was conducted, where the temperature was raised up to 700°C. Figure 11 represents the TGA

analysis for the thermal decomposition of the calcium chelate.
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Figure 11 Thermogravimetric analysis of calcium chelate.
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Process | represent the loss of surface adsorbed water molecules, which accounts for 1.6% of the
weight lost. In Process |1, no loss in weight takes place owing to possible melting of the chelate (J.
Lietal., 2016). Process Il represents the decomposition of the chelate into calcium carbonate, and
it is associated with the loss of carbon as CO2 accounting for 39% loss. This process is completed
at 560°C, where after no weight loss was observed. This process can be represented by the

following chemical equation (unbalanced).
Cax2+ Ly3- Hz-)(+ - » XC3.CO3+ Z'XH20+ COZ (51)

Process IV represents the pure calcium carbonate heating where no loss of weight was noticed.
Process V begins at 681°C, where the calcium carbonate starts to decompose to calcium oxide

and CO..

After heat treatment at 450°C for 1h, TGA and XRD tests were conducted for the chelate.
Figure 12 illustrates the TGA analysis of the chelate after heat treatment which is composed of
calcium carbonate along with some carbon produced as a result of heat treatment. The amount of
carbon was estimated by subtracting the weight loss at 450°C from the weight loss at 560°C, at

which only calcium carbonate starts to exist (estimated to be 6-7 %).
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Figure 12 TGA analysis of calcium chelate after heat treatment.

The TGA analysis after heat treatment of the chelate is identical to the one before the heat
treatment, except for the amount of weight loss. In process Il the decomposition starts at
temperature above 400°C, because this sample was already subjected to heat treatment. In process
VI, the decomposition of CaCOz to CaO was almost complete and the weight loss was
approximately 40%, which is close to the theoretical loss i.e., 44 %. XRD analysis was also

conducted to confirm the product after heat treatment.
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Figure 13 XRD pattern of thermally treated calcium chelate (calcium carbonate and carbon).
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Intentionally, carbon was not separated from the mixture in order to eventually form the
nanocomposite of carbon with HAP. XRD analysis was conducted confirmed the formation of
CaCOs product (Figure 13). Calcium carbonate appeared as brownish black after heat treatment,

possibly since it was coated by carbon.

The presence of carbon with calcium carbonate was then exploited to synthesize the adsorbent.
A free activation protocol (activation of carbon without use of chemical reagents) was adopted
from previous literature to enhance the adsorption capacity of the nanocomposite adsorbent
through increasing the porosity and activating the hydroxyl groups (Gursharan et al., 2022; Qing
et al., 2012). According to the study reported by Qing et al. the surface area of the composite was
expected to exceed the 700 m?/g (Qing et al., 2012), however, this was not achieved due to the
increase of crystallinity of hydroxyapatite as it was heated which led to the decrease in surface
area (Ivanets et al., 2019; Rout et al., 2020). Meanwhile, using the activation free protocol at higher
temperatures proved to enhance the composite adsorbent performance in removing pollutants.

Table 8 summarizes the effect of temperature on the performance of the adsorbent.

Table 8 Effect of heat treatment on the performance of synthesized adsorbent

Adsorbent RB removal (%) LV removal (%)
HAP-C 39.06 45.87
HAP-C 400 43.83 39.24
HAP-C 500 61.21 37.13
HAP-C 700A 96.61 76.48

* The heat treatment conditions were adopted from (Qing et al., 2012).

As can be deduced from Table 8, the adsorbent HAP-C 700A showed the highest removal

efficiency, and thus, was used throughout the adsorption study.
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5.2 Characterization
5.2.1 FTIR spectroscopy

FTIR spectroscopy was used as a confirmatory test for the synthesized adsorbent. The main
functional groups present in the adsorbents synthesized under various heat treatment conditions
were also determined. Figure 14 illustrates the FTIR spectra of the different synthesized

nanocomposites. In addition to the adsorbents synthesized, the FTIR spectra of commercial HAP

(com-HAP) is also depicted in Figure 14 for comparison.
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Figure 14 FTIR for a) com-HAP, b) HAP-C, c) HAP-C 400, d) HAP-C 500, €) HAP-C 700 A, f) HAP

700, and g) HAP 900

It is clear that all synthesized HAP-C nanocomposites and the commercial HAP show a broad
band at 3700-3200 cm™ which corresponds to the stretching vibration of hydrogen bonded group.
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In addition, peaks appearing at 563, 960, and 1030 cm* can be ascribed to the stretching vibration
of PO*}. The bending vibration of PO4> bonds is represented by the peaks 605, 871 and 2360 cm”
! however, the latter can only be observed in com-HAP, HAP 700, HAP-C, and HAP-C 400
(Jayaweera et al., 2018). Peaks at 1458 and 1380 cm™ can be attributed to the bending of the OH

group (Shavandi, Bekhit, Ali, et al., 2015).

5.2.2 XRD Analysis

XRD powder analysis was also used as a confirmatory test. The main peaks confirming the
crystalline structure of HAP and HAP-C can be seen in Figure 15 at 26°, 29°, 32°, 34°, 40°, 46°
and 54°. These peaks are in agreement with previous literature (Mujahid et al., 2015; Rout et al.,
2020; Santos et al., 2004; Shavandi, Bekhit, Ali, et al., 2015). It is also worth noting that some
peaks of the pure HAP XRD pattern are altered in case of nanocomposites that contain amorphous
carbon. The noise in the diffractogram can be attributed to the presence of amorphous carbon,
which is eliminated in case of HAP. The crystal size was estimated using Debye—Scherer equation
and pure HAP (HAP 700 and HAP 900) showed the largest crystal size among the different
nanocomposites, which could explain the low surface area obtained for the nanocomposites using
BET analysis (Ivanets et al., 2019). However, the crystal sizes of the rest of the nanocomposites
showed little variation, even though, their surface areas differed noticeably. Table 9 illustrates the
crystal sizes as estimated by Debye Scherrer equation, along with the corresponding surface areas

as measured by BET.
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Figure 15 XRD patterns for a) com-HAP, b) HAP-C, ¢) HAP- 400, d) HAP-C 500, e) HAP-C 700 A, f)

HAP 700, and g) HAP 900

Table 9 Crystal sizes and BET surface areas of the synthesized adsorbents

Adsorbent Crystal size (nm) BET Surface area (m?/g)
HAP-C 4.54 147.00
HAP-C 400 4.57 136.65
HAP-C 500 5.70 119.98
HAP-C 700A 5.93 107.96
HAP 700 6.45 30.69
HAP 900 13.3 18.98
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5.2.3 Textural and Structural Properties

The surface area and pore size play a crucial role in adsorption, hence, BET analysis was
conducted to determine these surface properties. The nitrogen adsorption-desorption isotherms for
all HAP and HAP-C adsorbents (Figure 16 and 17, respectively) revealed a type IV isotherm,
where the adsorbent-adsorbate interaction is much less than the adsorbate-adsorbate interaction.

Type IV isotherm is associated with mesoporous pore sizes that range between 2-50 nm.
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Figure 16 Adsorption-desorption isotherms for a) HAP 900, and b) HAP 700.

82



w

&

S
)

w

S

S
L

o

3

S
1

200 1

150

1004

Quantity Adsorbed (cm3/g STP)

—#— Adsorption
—— Desorption

Quantity Adsorbed (cm?3/g STP)

o

>
>3
3

~
I=1
3

H
S
S

,_‘
=)
3

o
S

00 02 04 06 08 10
Relative Pressure (P/Po)

—#—Adsorption|  §
—o—Desorption| ¢

Relative Pressure (P/Po)

w

&

=]
J

w

S

S
f

N

a

S
L

[NY

>

S
!

100

50 -

Quantity Adsorbed (cm3/g STP)
—
&
3

100

50

Quantity Adsorbed (cm3/g STP)

—#— Adsorption
—e— Desorption

b

00 0.2 04 06 08 1.0
Relative Pressure (P/Po)

—a— Adsorption
—e— Desorption

T
00 0.2 04 06 08 10
Relative Pressure (P/Po)

Figure 17 Adsorption-desorption isotherms for a) HAP-C, b) HAP-C 400, ¢) HAP-C 500, and d) HAP-C

700 A

Table 10 summarizes the textural properties of the synthesized adsorbents and confirms that the

average pore sizes of all adsorbents are in the mesoporous range. The shape of the hysteresis loop
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also indicates the geometry of the pores, which can be estimated to be cylindrical for HAP-C and
HAP-C 400, while those of HAP-C 700 A and HAP-C 500 almost agree with the wedge-shaped

pore geometry (S. Lowell et al., 2004; Xu et al., 2020).

Table 10 Surface properties of synthesized adsorbents with various heat treatment conditions

Adsorbent BET S.A Langmuir Pore width (nm) BJH Pore volume (cm?®/g)

(m?%g) S.A (m?/g)

HAP-C 147.5 214.9 12.1 0.48
HAP-C 400 136.6 200.7 13.8 0.49
HAP-C 500 119.9 176.0 17.7 0.56
HAP-C 700A 107.9 154.3 19.6 0.57
HAP 700 30.7 44.1 19.2 0.27
HAP 900 18.9 27.5 17.8 0.13

As clear from Table 10, the BET and Langmuir surface areas show an inversely proportional
relationship with the temperature for all adsorbents, and almost a directly proportional relationship
with the pore volume and pore width for the nanocomposites only. The case for HAP 700 and HAP
900 is different, i.e., the pore width and pore volume decreased as temperature increased. This
behavior can justify the poor adsorption performance of HAP 700 and HAP 900 since they possess
the smallest surface areas and pore volumes amongst the synthesized adsorbents. The surface area
diminishes with increasing heat treatment temperature due to the increase in the crystal size of the
HAP (Table 9), in both pure and composite forms (Ivanets et al., 2019). The pore width also plays
a crucial role in the adsorption process. As presented in Table 10, the highest pore width was

recorded for HAP-C 700 A, which showed the best removal efficiency for both contaminants.
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The morphological properties of the adsorbents were further studied using a high-resolution
transmission electron microscope. The images produced (Figure 18) revealed rod structured
particles typical of nanohydroxyapatite (Mostafa et al., 2015). The images show nano rods coated
by carbon. The coating is not shell and core model of coating, but rather HAP nanorods are
embedded in the body of the carbon. The mean sizes for the diameter and length are 10+ 3.6 nm
and 8+ 2.9 nm for HAP-C 700A, and 81+ 28.9 nm and 72+ 18.5 nm for HAP-C 400, respectively.
The particle size distribution is shown in Figure 19. The sizes increased with increase of

temperature; this could be attributed to mild sintering.

Figure 18 HR-TEM images for HAP-C 700A (a & b), and HAP-C 400 (c & d)
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Figure 19 Particle size distribution for HAP-C 400, and HAP-C 700 A
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5.3 Effect of Operating Parameters
In the following the sections, all the studies were conducted by using the HAP-C 700 A adsorbent.
This adsorbent showed enhanced performance over the other adsorbents, which was a result of

increased pore width and pore volume.

5.3.1 Effect of pH

pH greatly influences the performance of an adsorbent, by causing protonation and
deprotonation of adsorbate. RB exists in either of two forms depending on the pH of the polar
solution it exists in. The cationic form exists at pH value less than that of the pKa (i.e., 3.7), and it
exists as a zwitterion at pH values greater than that of the pKa. (Inyinbor et al., 2015; Mohammadi
etal., 2010). The effect of pH on the adsorption of RB (Figure 20 a) onto HAP-C 700A was studied
by varying the pH between 3 and 9, at a contact time of 3.5 h, initial adsorbate concentration of 25

mg/L and an adsorbent dose of 3.8 g/L.
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Figure 20 Effect of pH on % removal of a) RB and b) LV onto HAP-C 700 A at 3.8¢g/L dose, 3.5 h
contact time and 25 mg/L initial concentration, c) Zeta potential of HAP-C 700A, and d) LV charge

distribution as a function of pH (Ciobanu & Harja, 2018).

It can be clearly seen that the highest removal was achieved at pH value of 7. Below pH 7 the
removal percentage increases with increasing the pH; however, the increase is more pronounced
in the pH range of 5 to 7. In the acidic region, H* ions compete with RB over the sorption sites
(Oladipo & Gazi, 2016). This explains the highest removal percentage at pH 7, where the solution
is neutral, i.e., there is less competition for sites. As the pH increases above 7, the removal
decreases which can be attributed to electrostatic attraction taking place between xanthene groups
and carboxyl groups on RB monomers, ending up in forming dimers. The formation of dimers,
ultimately leads to an increase in molecular size of the adsorbate and hinders its adsorption and

diffusion into the active pores (Inyinbor et al., 2015; Mohammadi et al., 2010). Even though, this
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interaction can take place at pH values greater than that of the pKa, however, this behavior was

noticed to be more prominent at pH >7.

The surface charge of the adsorbent is also affected by the pH of the solution. Therefore,
determining the point of zero charge (PZC) is another important factor that affects the adsorption
process. Figure 20 (c) depicts the zeta potential of HAP-C 700 A with varying pH values, where
it can be deduced that PZC to is 3.9. The charge on the surface of the adsorbent would be then,
positive below the PZC and negative above it. Therefore, in the pH range of 5-7, HAP-C 700 A is
negatively-charged while the dye is zwitterion (pKa=3.7), hence, they were possibly bound via
electrostatic interaction in addition to hydrogen bonding, which explains the high removal shown
in this pH range. Since the highest removal of RB is achieved at pH 7, this pH is chosen as the

working pH for further adsorption studies.

The effect of pH on the removal of LV was also studied as shown in Figure 20 (b), by varying
the pH between 4 and 10, at 3.5 h contact time, 25 mg/L initial adsorbate concentration, and 3.8
g/L adsorbent dose. LV exhibits all the three forms namely, anionic, cationic and zwitterionic

depending on the solution pH as shown from its speciation diagram in Figure 20 (d).

Clearly from Figure 20 (b), the removal of LV was not notably affected by pH of the solution.
The removal percentage ranged between 66.4 % at pH 10 and 75.8 % at pH 4. Hence, all of the
following adsorption runs will be conducted at pH 4. The relatively increased removal efficiency
of LV at pH of 4 and 5 can be attributed to electrostatic interaction between the negatively-charged
adsorbent and positively-charged adsorbate at these specific pHs, but this does not negate the

possibility of binding through other mechanisms such as H-bonding and van der Waals forces.
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5.3.2 Effect of contact time

The effect of contact time was studied by performing adsorption experiments at different time
intervals and different initial concentrations of RB and LV. The initial concentrations of RB tested
were 10, 15, 25 and 50 ppm, at an adsorbent dose of 3.8 g/L, pH=7 and 25+ 2°C. Same conditions
were applied for LV adsorption but its optimal pH of 4 was employed. Figure 21 (a-d) shows the
adsorption profiles of the respective percent removal and adsorption capacity (ge) for RB and LV
as a function of time. A steep increase in the removal percentage and ge can be observed initially
then the rate of increase slows down as the profiles approach equilibrium. For the low
concentration profiles (10 and 15 ppm), they reached equilibrium in the first 5-10 min and hence
they describe instantaneous adsorption. For the higher concentration profiles (25 and 50 ppm),
they reached equilibrium after about 2 h. The rate of removal slows down due to the saturation of
active binding sites as time elapses, until complete saturation is achieved where no significant

increase in the removal percentage or ge occurs, and hence, equilibrium is attained.
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Figure 21 Effect of contact time on percent removal and adsorption capacity of RB (a, b) and LV (c, d),

respectively onto 3.8 g/L HAP-C 700 A under different initial concentrations at pH 7 for RB and pH 4 for

LV.
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The highest removal percentage recorded for LV is 86 % at 10 and 15 ppm and it is less than
that of RB removal which is 96 % at 10, 15, and 25 ppm initial concentrations. Meanwhile, the ge
is observed to increase with increasing the initial concentration in either RB or LV. At 50 ppm, Qe
reached 9.5 and 8.5 mg/g for LV and RB, respectively. The direct proportionality between ge and
the initial concentration can be ascribed to the increased concentration gradient which led to
enhanced mass transfer (Bayomie et al., 2020). Nevertheless, the removal efficiencies decreased
notably for both adsorbates at this high initial concentration, possibly due to saturation of

adsorption sites (Bayomie et al., 2020;Werkneh et al., 2014).

5.3.3 Effect of adsorbent dose

Studying the effect of adsorbent dose is of paramount importance in the economics of the
adsorption process (Radnia et al., 2012). Hence, different HAP-C 700A doses were investigated,
i.e., 1,2, 3.8, 6 and 7 g/L at various initial adsorbate concentrations for 210 min contact time, at
25+ 2°C and using pH 7 and pH 4 for RB and LV, respectively. The dose profiles for the adsorption

of RB and LV under these conditions are shown in Figure 22 (a-d).
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Figure 22 Effect of adsorbent dose on percent removal and adsorption capacity of RB (a, b) and LV (c, d),

respectively onto HAP-C 700 A under different initial concentrations for 3.5 h contact time at pH 7 for

RB and pH 4 for LV.
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The equilibrium removal of RB increases as the adsorbent dose increases. On the other hand, ge is
observed to increase as the adsorbent dose increases for the 10 ppm and 15 ppm initial
concentrations. In case of higher initial concentrations of 25 and 50 ppm, ge declines as the
adsorbent dose increases. The increase in removal efficiency can be explained by the increase of
available active sites on the surface of the adsorbent due to the increase of the amount of adsorbent
(Werkneh et al., 2014). The decrease of the adsorption capacity in case of 25 and 50 ppm could,
however, be owed to unsaturation or overlapping of the available sorption sites and aggregation
of particles, this can be evidenced by the percent removal, that did not similarly decrease

(Padmavathy et al., 2016; Bayomie et al., 2020).

By inspecting the same profiles for LV at pH 4 (Figure 22 (c)), it can be deduced that the
equilibrium percent removal increases as adsorbent dose increases for all profiles (Figure 22 d),
but the ge decreases. The decrease in adsorption capacity may be, again, explained by the
unsaturation of active sites or aggregation of particles during the adsorption process, such behavior

has been reported in previous literature (Gorzin & Bahri Rasht Abadi, 2018; Radnia et al., 2012).

5.3.4 Effect of Initial Adsorbate Concentration

The effect of initial adsorbate concentration on ge and percent removal was studied by
employing different initial concentrations while holding other parameters constant. Figure 23(a)
depicts the initial concentration profiles for RB adsorption onto HAP-C 700 A at 3.5 h contact

time, a dose of 3.8 g/L, and pH 7.
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Figure 23 Effect of initial concentration on the percent removal and g. of RB (a)and LV (b) onto HAP-C

700, respectively for 3.5 h contact time, a dose of 3.8 g/L at pH 7 for RB and pH 4 for LV.

Obviously, ge increases almost linearly with respect to the initial concentration of RB (Figure 23a).
This can be attributed to the increased concentration gradient, which enhances mass transfer of the
adsorbate into the adsorbent (Mohammad & El-Sayed, 2020). The effect of initial concentration is
associated with decrease in percent removal at higher initial concentrations, but with almost
negligible effect at lower initial concentrations. The former might be attributed to the saturation of
available adsorption sites (S. L. Narayanan et al., 2014). . The highest removal recorded was 96 %
at an initial concentration of 10 ppm, while the highest ge was 9.64 mg/g at 60 ppm initial

concentration.

The corresponding profiles for LV adsorption at pH 4 are shown in Figure 23 (b). The effect of
initial concentration on LV is similar to that of RB, where ge increases linearly while the percent

removal decreases with increasing concentration. The highest removal was 83.8 % recorded at an
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initial concentration of 10 ppm, while the highest ge was 12.42 mg/g at 100 ppm initial

concentration.

5.3.5 Effect of Temperature

The effect of temperature was studied from 30 °C to 80 °C. The adsorption runs were conducted
by fixing the contact time at 210 min, the dose at 3.8 g/L and the initial concentration at 25 ppm
for both adsorbates. Figure 24 illustrates the impact of temperature on the removal and ¢e of both
adsorbates. For both adsorbates, it was observed that the percent removal as well as ge decrease as
the temperature increases, implying that the adsorption of RB and LV onto HAP-C 700A is an

exothermic process.
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Figure 24 Effect of temperature on a) RB and b) LV removal and adsorption capacity at an adsorbent dose

of 3.8 g/L, contact time of 3.5 h at pH 7 for RB and pH 4 for LV.

To determine the heat of adsorption, the linear plots of van’t Hoff equation were investigated,

and are presented in Figure 25 (a & b) for RB and LV, respectively.
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Figure 25 van’t Hoff plots for a) RB and b) LV adsorption.

From these plots, the thermodynamic parameters were calculated, which are summarized in

Table 11.
Table 11 Thermodynamic parameters for RB and LV adsorption
RB LV
Temperature (K) AG AH AS AG AH AS
(kJ/mol) (kd/mol)  (J/mol K)  (kJ/mol)  (kJ/mol)  (J/mol K)

303 -8.185 -5.589

313 -8.388 -5.254

323 -8.196 -5.234

333 -7.138 -18.7115 -33.7598  -5.457 -8.828 -10.883
343 -7.238 -4.892

353 -6.678 -5.018
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The negative values of enthalpy change (AH) confirm that the adsorption process is an exothermic
process. The AH values also indicate the type of interaction taking place between the adsorbent
and the adsorbate, i.e., physisorption or chemisorption. Since AH values of both processes lie in
the range 10-40 kJ/mol, then the interaction is inferred to be physisorption interaction (Egbosiuba
et al., 2019). The negative values of Gibbs free energy (AG) indicate a spontaneous adsorption
process, this might be related to the instantaneous adsorption observed in both adsorption
processes. The values of AS are negative for the adsorption of both RB and LV indicating less

randomness in the system due to adsorption.

5.4 Adsorption Isotherms

Adsorption isotherms illustrate the adsorbate-adsorbent interaction at equilibrium. Experimental
adsorption data was fitted to various adsorption isotherm models. The validity of the adsorption
isotherm models for fitting the experimental adsorption data was determined by calculating the
coefficient of determination (R?) and Chi-square (%2), where the highest R? value indicate the best
model and 2 values confirm the goodness of the fit. The experimental profile for the isotherm of
RB onto HAP-C 700 A at pH 7 and the predicted profile according to Langmuir are shown in
Figure 26, while the linear plots predicted by Langmuir, Freundlich, Sips, and D-R models are
illustrated in Figure 27 a, b, c, and d, respectively. The estimated isotherm parameters for each

model are compiled in Table 12.
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Figure 26 Experimental adsorption isotherm of RB onto HAP-C 700 A at pH 7 and 25 £2 °C, along with

the predicted Langmuir isotherm
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Figure 27 Linear plots for Langmuir (a), Freundlich (b), Sips (c), and D-R (d) models for the adsorption
of RB onto HAP-C 700 A at pH 7 and 25+2 °C.
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Table 12 Langmuir, Freundlich, Sips, and D-R isotherm parameters for RB adsorption onto
HAP-C 700 A at pH 7 and 25 £2 °C

Isotherm model Parameter

Langmuir gm 9.651 (mg/g)

KL 0.797(L/mg)

R2 0.980

2 0.035

Freundlich 1/n 0.2846

K 4.0901

(mg/g)(L/mg)*"

RZ 0.884

z2  0.051

Sips N 0.746

Ks 0.963 (L/mg)'"

R2 0.670

72 4.292

D-R gm 8.309 (mg/g)

B -1.30712E-07

(mg/g)(I/mol)?
R? 0.957
22 0.0412
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From the values of y?and R? given in Table 12, it can be deduced that the best isotherm model that

fits the experimental data is Langmuir model, since it yielded the highest R? value while its ¥2 is

less than the p-value (0.05). This was furthermore proved by calculating the separation factor (R.).

Table 13 summarizes the values of R, which range between 0 and 1 implying favorable adsorption

(Mohammad & El-Sayed, 2020). The energy calculated using the D-R model was found to be

1.956 kJ/ mol, since it is less than 8kJ/mol then it represents physisorption, which is in agreement

with the conclusion drawn from the thermodynamic study.

Table 13 Summary of values of R, for RB adsorption

e (Mg/qg) Co (mg/L) K (L/mg) RL
2.49 10 0.891 0.100
3.72 15 0.909 0.068
6.14 25 1.28 0.030
7.97 40 0.508 0.047
8.4 50 0.379 0.050
9.64 60 46.549 0.0004

The same procedures were employed for LV experimental data, and the corresponding isotherm

plots and linear plots were obtained as depicted in Figure 28 & 29, respectively.
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Figure 28 Adsorption isotherm of LV onto HAP-C 700 A at pH 7 and 25 £2 °C along with predicted

Langmuir isotherm
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Figure 29 Linear plots for Langmuir (a), Freundlich (b), Sips (c), and D-R (d) models for the adsorption

of LV onto HAP-C 700 A at pH 7 and 25+2 °C.
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Table 14 summarizes the fitting isotherm parameters as predicted by Langmuir, Freundlich, Sips
and D-R models. From the table, it can be deduced that the best fit for the adsorption experimental
data is Langmuir isotherm, since it yielded the highest R? value and its y2 is less than the p-value

(0.05).
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Table 14 Langmuir, Freundlich, Sips and D-R isotherm parameters for LV adsorption onto HAP-
C700 AatpH 7and 25 +2 °C

Isotherm model Parameter

Qm 14.836 (mg/q)

K. 0.0895 (L/mg)

Langmuir = 5959
Ve 0.220
Freundlich 1/n 0.50006
Kr 1.936
(mg/g)(L/mg)*"
R? 0.935
7 0.035
Sips n 1.049
Ke  0.103 (L/mg)'"
R? 0.936
x 1.713
D-R Om 8.089
B -1.02E-06
(mg/g)(mol/J.)?
R? 0.784
Ve 0.237
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The energy calculated using the D-R model for LV adsorption was 0.7kJ/mol, which indicates a
physisorption process since it is less than 8 kJ/mol, and this is in agreement with the

thermodynamics study.

5.5 Adsorption Kinetic Modelling

The adsorption kinetics was studied for both RB and LV at initial concentrations of 10, 15, 25
and 50 ppm and 3.8 g/L adsorbent dose at pH 7 for RB and pH 4 for LV. The experimental kinetic
plots for RB and LV (Figures 30 and 31) were fitted to the pseudo-first order (Figure 30) and the
pseudo-second order (Figure 31) kinetic models, and the best fit was determined by the highest R?
value. Then, using the slopes and the intercepts of the plots the rate constants were determined.
For both RB and LV adsorption, the values of R? pertaining to the pseudo-first order are lower
than their counterparts for the pseudo-second order model, indicating that the process of adsorption
of each RB and LV onto HAP-C 700 A can be best described by the pseudo-second order kinetic
model. The rate constants obtained from both linear plots at different initial RB or LV

concentrations are summarized in Table 15.
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Table 15 Kinetic rate constants (k) at different initial concentrations of RB and LV

RB LV
Co K1 R? k2 R? K1 R? k2 R?
(ppm) (min?) (g/mg.min) (min?) (g/mg.min)
10 0.0005 0.018 0.409 0.999 0.018  0.932 0.427 0.999
15 0.0045 0.675 0.244 0.999 0.029  0.843 0.076 0.999
25 0.011 o0.811 0.016 0.997 0.032  0.947 0.016 0.999
50 0.0065 0.777 0.022 0.998 0.010  0.997 0.009 0.999

It can be clearly seen that the rate constant for the pseudo-second order model decreases as the
initial concentration of adsorbate increases. Figure 32 depicts the relation between the rate constant
and the initial concentration of RB and LV. The decrease in the pseudo-second order rate constant
with increasing the initial concentration of RB or LV can be ascribed to the saturation of active

sites.
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Figure 32 Relation between pseudo-second order rate constant and initial concentration.
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5.6 Assessment of Binary System

The adsorption capacity and removal efficiency of HAP-C 700A in a binary system was
investigated via two runs, in which the initial concentration for both adsorbates was 10 ppm. The
solution pH was set at 7, because at this pH the removal efficiency of RB was the highest and
even though this was not the case for LV, however, there was no significant variation in removal
efficiency as the pH changed from 4 to 7. The temperature was kept at 25+ 2°C, the dose at 3.8

g/L and contact time at 240 min.

Table 16 Comparison of adsorption capacities and removal efficiencies of RB and LV in single
and binary systems at pH 7

Co (ppm) % Removal of ge of RB % Removal of Qe Oof LV

RB (mg/g) LV (mg/g)
10 (binary system) 96.46 2.31 77.68 2.02
10 (single system) 90.64 2.38 78.69 2.05

It can be observed that at this specific initial concentration the performance of the adsorbent in
both systems is comparable, indicating that no considerable competition between the adsorbates
existed. It could be that their dominant binding mechanisms are different; RB is likely to bind by
electrostatic interactions between its positively-charged groups and the negatively-charged HAP-

C 700 A at pH 7, while LV probably binds via hydrogen bonding since it is a zwitterion at this pH.

5.7 Adsorption Mechanism
To elucidate the underlying adsorption mechanism, FTIR spectra before and after adsorption of
RB and LV were examined as shown in Figure 33. In case of RB, a significant shift from 3466.9

cm™ to 3446.4 can be observed along with less broadening in the OH peak. The same shift and
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broadening also occurred with LV, specifically from 3466.9 cm™ to 3448.5 cm™. This implies that
OH plays a role in binding. It is thus, suggested that binding occurs either via electrostatic
interaction or hydrogen bonding. For example, the OH groups of HAP-C 700 A could possibly
interact with the OH groups, or the N* of RB, and it could interact with the OH groups, or lone

pairs of the N atoms of LV.
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Figure 33 FTIR analysis before and after adsorption of a) RB and b) LV onto HAP-C 700 A.

This mechanism is in agreement with the earlier drawn conclusions about binding mechanisms.
That is to say, that the positively-charged groups of RB and LV were bound to the negatively-
charged adsorbent by physical forces such as electrostatic attraction or hydrogen bonding, since

the enthalpy of adsorption was found to be below 40 kJ/mol.
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Chapter 6
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6. Conclusion and Future Work

A novel approach was used to synthesize HAP-C nanocomposite as a value-added product the
industrial waste of CKD. In the due process, citric acid was used successfully to separate the
calcium from the CKD by chelation. The chelate was then converted to a mixture of calcium
carbonate and carbon. The formation of the composite was confirmed by XRD, FTIR and TEM
analysis. The textural and surface properties of the composite were also analyzed to study the effect
of surface area, pore volume and pore size on the adsorption process. The synthesized composite
was then utilized for the removal of RB dye and LV drug in single systems, and its adsorption
performance was assessed in binary systems. Excellent removal efficiencies were recorded for
both adsorbates in single systems, i.e., 96% for RB with initial concentrations of 10, 15, and 25
ppm, and 86 % for LV with initial concentrations of 10, 15 ppm. The maximum adsorption
capacities estimated by Langmuir isotherm model were 9.65 and 14.84 mg/g for RB and LV,
respectively. In the binary system, the preliminary assessment revealed that the composite
possesses a high potential for simultaneous removal of RB and LV with no considerable
competition between the two contaminants on the active sites. Thermodynamic study of the
adsorption process revealed that the adsorption of both RB and LV onto HAP-C 700 A was
spontaneous, and the interaction was physisorption. This conclusion was further supported by
FTIR conducted before and after adsorption, which suggested that OH groups are responsible for
the binding that probably occurs by means of electrostatic attraction forces and hydrogen bonding.
The kinetic study revealed that adsorption process for both adsorbates followed the pseudo-second
order model which suggests that the adsorption takes place via surface reaction, film and pore

diffusion.

Future work will include:
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Complete study of adsorption in a binary system of RB and LV.

Assessment of the potential of using the composite in continuous packed bed columns for
both single and binary systems.

Assessment of the adsorption potential of the composite for heavy metals, specifically lead.

Assessment of the potential of composite to be re-used, i.e., regeneration.
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