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[bookmark: _Toc173656713]ABSTRACT
[bookmark: _Hlk156906851][bookmark: _Hlk156907218]The rapid surge of population growth has translated to an unprecedented increase in heavy metal pollution in the environment resulting from various anthropogenic activities. Their non-biodegradable nature, toxicity and persistence in the environment raise a lot of concern. There are various methods for heavy metal removal that have been applied as a means of remediation such as adsorption, chelation, chemical precipitation, and ion exchange among others. These methods, however, pose several disadvantages such as difficulty in treatment of toxic sludge generated and high cost of operation. However, solid-phase chelation removal technique despite not being as widely documented as other methods has been found to be very promising in the effort of remediating polluted environmental components as it averts demerits such as waste generation and poor selectivity. In the effort of designing novel compounds which will be instrumental in the remediation of heavy metal polluted environmental components, Schiff base chelating ligands (E)-2-(3,3-dimethoxy-2-oxa-7,10-diaza-3-silaundec-10-en-11-yl)phenol (L1), (E)-N-(2-((pyridine-2ylmethylene)amino)ethyl)-3-(trimethoxysilyl)propan-1-amine (L2) and (E)-N-(2-((thiophen-2-ylmethylene)amino)ethyl)-3-(trimethoxysilyl)propan-1-amine (L3) were immobilized onto SBA-15 mesoporous silica and Fe₃O₄ magnetic nanoparticles to yield their corresponding adsorbents. The synthesized materials were characterized by a wide array of techniques that included NMR, FT-IR, BET/BHJ, TEM, and SEM. The adsorbents were then used for the solid-liquid removal of Cr(VI), Cd(II) and Pb(II) from aqueous solutions. Various physicochemical parameters were varied during the removal studies where the adsorbents recorded relatively high removal efficiencies of the metal cations ranging from 20-68% for Cr(VI), 48-90% for Cd(II) and 62-99% for Pb(II) which varied significantly (p<0.05) between the two adsorbents. Additionally, the nature of adsorption was evaluated using several adsorption isotherms and kinetic models where the Langmuir isotherm model and pseudo-second-order kinetic model yielded the highest correlation coefficients (R²>0.98) that confirmed the role of chemisorption and monolayer adsorption in the removal experiments. The Hard Soft Acid Base (HSAB) theory of metal-ligand interaction was also observed to influence the removal capability of the Schiff bases immobilized adsorbents. Therefore, the Schiff base chelating ligands immobilized onto SBA-15 and Fe₃O₄ magnetic nanoparticles can be synthesized as potential adsorbents for heavy metal removal from aqueous solutions and they can be used as potential sequestering agents for heavy metal cations in wastewater.
54

[bookmark: _Toc173656714]CHAPTER ONE
[bookmark: _Toc126745612][bookmark: _Toc173656715]INTRODUCTION
[bookmark: _Toc126745613][bookmark: _Toc173656716]1.1 Background of the study
Water is a transparent, inorganic, tasteless, odorless chemical substance that is an essential natural resource that forms the main component of the earth’s hydrosphere [1]. For example, water plays a vital role in the global economy with approximately 70% of the freshwater used in agriculture [2]. However, as a result of the rapid increase in global population, intense industrialization, and intensification of agricultural activities, there has been a massive increase in the pollution of water resources. Many developing countries are combating microbiological contamination of the environment which unfortunately, has stolen the attention away from inorganic pollutants [3]. Inorganic pollutants that pose great risks are heavy metal cations because of their toxicity and persistence in the environment [4]. Lead, zinc, copper, arsenic, cadmium, chromium, nickel, and mercury are some of the heavy metals that are of particular concern [5]. Sources of these heavy metals in the environment are quite diverse due to their numerous applications, for example, in the production of fertilizers, motor vehicles and petrochemicals, and construction among others [6], with industrial wastewater being the highest-ranking culprit of water pollution [7]. 
Heavy metals (HMs) are generally defined as metallic elements that have relatively high atomic numbers or densities, above 5g/cm [8]. Heavy metals are classified as either essential or non-essential. Essential heavy metals are not toxic at low concentrations, and play important roles as coenzymes in biological processes e.g., hemoglobin and myoglobin contain iron, while vitamin B12 contains cobalt [7]. Non-essential HMs are highly toxic and lethal even at minute concentrations, besides being non-biodegradable they are known to bioaccumulate in the environment [9]. Various technologies have been utilized in the removal of such HMs, for example, ion-exchange, liquid-liquid removal, chemical precipitation, and various forms of solid-phase removal [10]. These methods however, face several setbacks such as high operating costs, inefficiency, inability to be re-used and generation of secondary waste which can be expensive to handle and treat [11, 12].
In recent years, a lot of attention has been directed toward chemical separation techniques because of their inherent ability to enhance the selectivity and efficiency of the techniques through the syntheses of novel removal reagents possessing functional groups of choice [13]. Among these techniques, solid-phase removal has been particularly attractive due to the high cleanup ability, easy operation, low cost, fast phase separation and fast kinetics [14]. Numerous support systems onto which extractive material are immobilized have been developed [15]. Such materials include mesoporous silica, adsorbents, biosorbents and Fe₃O₄ magnetic nanoparticles (MNP) among others. With regard to mesoporous silica, several types are utilized in the industrial sectors such as Santa Barbara Amorphous-15 (SBA-15), Mobil Composition of Matter 48 and 41 (MCM-48 and MCM-41). Among these, SBA-15, developed in 1998, [16], has captured much attention due to its wider pores (ranging from 5-30nm), thicker pore walls (ranging from 3.1-6.4nm) and significantly a larger number of pore volumes as compared to MCM-41. This translates to an improved hydrothermal stability, higher functionalization and removal capabilities [17]. Similarly, Fe₃O₄ magnetic nanoparticles have also emerged as an attractive support due to their large surface area which enhances their tunability aspect. Furthermore, these nanoparticles have been observed to exhibit paramagnetism even at pore volumes of <20nm which enables them to be easily separated from solution by a magnetic field [18]. Thus, this study sought to investigate the removal ability of Schiff bases ligands anchored on SBA-15 mesoporous silica and Fe₃O₄ magnetic nanoparticles. 
[bookmark: _Toc126745614][bookmark: _Toc173656717]1.2 Statement of the Problem
There has been a recent increase in heavy metal pollution in the hydrosphere due to a wide array of factors. These heavy metal ions could originate from a vast network of anthropogenic activities such as discharge from industries, discarded oil from nearby garages among others. Heavy metals have been linked to various adverse health complications due to prolonged exposure. Lead and cadmium, for example, are known carcinogens that also negatively affects the central nervous system and the reproductive system, respectively [19]. Several methods have been employed in the mitigation and remediation of these toxic pollutants from contaminated wastewater. Such methods include chemical precipitation, ion-exchange, adsorption, and electrochemical methods. These techniques, however, suffer from low efficiency and selectivity resulting in rather low removal capabilities. There is a need, therefore, to come up with better technologies that can be more efficient and selective. Solid-phase extractants, however, do not generate toxic sludge, are more efficient and can be regenerated and re-used as opposed to its counterparts making it more attractive. In this context, solid-liquid phase removal is a promising technique because it offers an opportunity to design chelating ligands with specific donor atoms that can target specific metal ions.
[bookmark: _Toc126745615][bookmark: _Toc173656718]1.3 Justification
Industrial plant effluents have played a pivotal role in the increase of heavy metal pollution in the hydrosphere. The presence of these heavy metals in the wastewater stream poses an intensive threat to the biosphere at large. This is majorly because HMs are non-biodegradable, and are known to bio-accumulate and bio-magnify in the ecosystem [20]. As a result, there is an urgent need to develop methods that are very efficient and economical in remediating heavy metal polluted wastewaters since besides the detrimental effects on human health, the treatment plants are required to observe permissible levels of HMs in their effluents. In effect, various removal methods of various HMs have been developed in an effort of remediating these harmful pollutants. However, these methods experience significant drawbacks that hinder them from reducing these toxic heavy metals to acceptable levels. Thus, this study aims at developing efficient and selective adsorbents capable of removing heavy metal cations even in trace amounts from wastewater. This will ideally be achieved by designing solid phase extractants consisting of chelating ligands immobilized onto solid supports. This is advantageous because besides targeting the specific heavy metal cations, the technique minimizes the use of organic solvents which is in line with green chemistry principles. Thus, the development of these potentially highly efficient and selective HMs extractants is of substantial significance.   
[bookmark: _Toc173656719]1.4 General Objective
To investigate the ability of chelating ligands anchored onto SBA-15 and Fe₃O₄, respectively, to remove heavy metal cations from aqueous solutions.
[bookmark: _Toc173656720]1.4.1 Specific objectives
1. To synthesize and characterize chelating ligands anchored on SBA-15 and Fe₃O₄ MNPs respectively.
2. To determine the removal efficiency of chelating ligands anchored on SBA-15 for Pb(II), Cr(VI), and Cd(II) cations from aqueous solution.
3. To determine the removal efficiency of chelating ligands anchored on Fe₃O₄ MNPs for Pb(II), Cr(VI), and Cd(II) cations from aqueous solution.
4. To determine the nature of adsorption of Pb(II), Cr(VI) and Cd(II) cations on SBA-15/Fe₃O₄ adsorbents.
[bookmark: _Toc173656721]1.5 Hypothesis
1. The synthesis and characterization of the chelating ligands anchored onto SBA-15 and Fe₃O₄ MNPs is not possible.
2. The chelating ligands anchored onto SBA-15 are inefficient in extracting heavy metals from aqueous solutions.
3. The chelating ligands anchored onto Fe₃O₄ MNPs are inefficient in extracting heavy metals from aqueous solutions.
4. The nature of adsorption of heavy metal cations on SBA-15/Fe₃O₄ cannot be determined.
[bookmark: _Toc173656722]1.6 Scope of the study
The scope of this study encompasses the synthesis, characterization and application of Schiff base chelating ligands anchored onto SBA-15 and Fe3O4 magnetic nanoparticles for the removal of Cr(VI), Cd(II) and Pb(II) cations from aqueous solutions. The Schiff base chelating ligands will be synthesized and characterized using H1-NMR, 13C-NMR and FT-IR after which the ligands will be immobilized onto SBA-15 and Fe3O4 MNPs. The characterization of the adsorbents will be done using several techniques such as PXRD, VSM, TEM-SEM and FT-IR to confirm successful immobilization. Thereafter, the adsorbents will be used to remove Cr(VI), Cd(II) and Pb(II) cations from aqueous solutions while varying different physicochemical parameters such as, pH, initial metal concentrations, adsorbent dosage and contact time. The study will not test the removal efficiency of Cr(VI), Cd(II) and Pb(II) cations  in real water samples.
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[bookmark: _Toc126745620][bookmark: _Toc173656724]LITERATURE REVIEW
[bookmark: _Toc173656725]2.1 Heavy metals
[bookmark: _Hlk158242227]Heavy metals (HM), are defined as elements whose density in their standard state is more than 5g/cm³ [21]. There are two basic categories of HMs: essential and non-essential. Essential HMs are those that, within the prescribed levels have beneficial attributes toward living species, while non-essential HMs, even at trace levels, display harmful effects [8]. Essential HMs play vital physiological and biochemical functions, both in animals and plants and a deficiency could cause various ailments and syndromes [21]. Some of these functions include hormone production and functioning (Se), blood composition (Fe), cellular development (Ni), and enzymatic functioning (Mn) among others [22]. Metal cations such as lead (Pb), arsenic (As), mercury (Hg), and cadmium (Cd) have no recognizable physiological or biological functions and are, thus, non-essential HMs [23]. 
Sources of HMs within the environment vary widely but are mainly attributed to rapid industrialization which results in the use of these metals as raw materials in various processes [24]. The increased use of these metals has led to the rampant pollution of various environmental components such as water, soil, and air [25]. For example, metals such as cadmium, nickel, and platinum are widely used in the manufacture of alloys, solar cells, and batteries (Ni-Cd based) [26]. The negative health effects of heavy metals are manifest in two main ways. First, as they accumulate, they deter the normal functioning of several vital organs which include the heart, liver, brain, and kidney [27]. Secondly, they displace essential nutritional minerals, therefore, inhibiting their physiological and biological functions [28]. For instance, acute exposure to lead and mercury is known to cause gastrointestinal complications, brain and kidney damage, immune system dysfunction, and nervous system complications among others [29]. Aluminum has also been found to affect the normal functioning of enzymes while iron has been found to cause cellular and other organelle damage [30]. Table 1 summarizes the main potential effects and permissible levels of some selected metals in the environment.
[bookmark: _Toc173433198]Table 1: Standard levels of some selected heavy metals in drinking water in mg/L
	Metal
	Prevalent route of exposure
	Potential health effects
	aWHO[31]
	aEPA[31]

	Cadmium
	Inhalation (cigarettes)
Oral ingestion (Cd(II))
Dermal contact
	Causes pulmonary irritation  [27], hepatic injury, and the decline in serotonin levels [32].
	0.003
	0.005

	Lead
	Inhalation (Lead dust)
Dermal contact
Oral ingestion
Endogenous route (trans-placental)
	High lead exposure could lead to kidney damage, a decrease in sperm count in men, and spontaneous abortions in women [33, 34]
	0.01
	0.015

	Chromium
	Dermal contact 
Inhalation [Cr(VI)]
Oral Ingestion (Cr(VI))
	Reproductive system damage and development of stomach tumors [29]. Known to cause lung, sinus, and nasal cancer. Causes severe respiratory damage.
	0.05
	0.1

	Arsenic
	Inhalation
Oral Ingestion (trivalent and pentavalent arsenic)
	Inhibition of DNA repair [35] Causes cancer of the skin, lungs, liver, prostate, and bladder. Affects the cardiovascular and pulmonary systems. Leads to nerve degeneration and blood vessel damage.
	0.01
	0.01

	Mercury
	Oral Ingestion (methyl mercury)
Inhalation (elemental mercury)
	Neurotoxicity, adverse kidney damage, and negative effects on a developing fetus [27]. 
	0.001
	0.002


[bookmark: _Toc138715359][bookmark: _Toc173656726]2.2 Removal of heavy metal cations by chelating agents 
The use of chelating agents in the removal of heavy metal cations from wastewater can be described as typical precipitation due to the capability of the chelating agents to complex with heavy metals in wastewater to form insoluble complexes which can be easily filtered out [36]. In the recent past, different chelating systems have been investigated for the removal of heavy metal cations from water mainly due to the possibility of being highly efficient, selective, and sensitive in extracting various heavy metals, even at trace levels [37]. One major advantage of chelating agents is they can be designed to maximize their selectivity and removal capacities toward a given heavy metal cation. Secondly, chelating agents are capable of removing metal cations even at minute concentrations [36].  To date, several chelating systems have been developed, with varied coordination behaviors and show diverse removal efficiencies towards different metal cations. Notable examples of commercial chelating agents include sodium dimethyldithiocarbamate (SDTC), sodium thiocarbonate (STC), 2,4,6-trimercaptotiazine, trisodium salt nonahydrate (TMT), and 1,3-benzenediamidoethanethiol dianion (BDET, commercially known as MetX) as shown in Figure 1 [38].
[image: A diagram of chemical formulas
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[bookmark: _Toc173433220]Figure 1: (a) Sodium thiocarbonate (STC); (b) sodium dimethyldithiocarbamate (SDTC); (c) 2,4,6-Trimercaptotiazine, trisodium salt nonahydrate (TMT); (d) 1,3-benzenediamidoethanethiol dianion (BDET).                    
The removal of heavy metal cations from aqueous media using chelating agents is carried out using two main technologies, namely, solvent removal (liquid-liquid) or solid-phase removal. Solid phase removal (SPE) is a rapidly growing technique utilized in the remediation of polluted environmental components such as water and soil. It has exhibited quite a number of notable advantages such as selectivity, very simple to use, does not use organic solvents making it environmentally friendly, high efficiencies of removal and it’s very versatile [39]. Recent advances have been made in introducing novel sorbents for the sole purpose of aiding removal, they include polymers, metal organic frameworks, functionalized silica supports, zeolite framework supports, nano-adsorbents, bio-sorbents among others [40]. SPE has also been advanced further into various modes such as solid-phase micro removal (SPME) and dispersive SPE (D-SPE). The main mechanism behind the working of this technique, is the sample containing the potential pollutants is passed through a system containing the extractants supported on a solid matrix of which the pollutants have a degree of affinity to [41], as shown in Figure 2 below.
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[bookmark: _Toc173433221]Figure 2: Schematic diagram representing SPE, SPME and DSPE
The main advantage of these solid supports over other support systems is doubled down to two main factors. The first is that it possesses a substantial increase in surface area of about 100-1500m²/g and its increased permeability which does not result in the system losing its selectivity factor [42]. Secondly, there is enhanced capacity in loading the solid support due to the large pore size diameter which enables the support system to hold an impressive quantity of the entity bound to it unlike other biopolymers which have small loading capacities which increases the metal removal capacity of the adsorbents [43].
[bookmark: _Toc138715372][bookmark: _Toc173656727]2.2.1 Silica Support
Silica has been immobilized with various organic molecules to form chelating material for removal of HMs as it offers functional groups that play a pivotal role in selectivity and reusability of the chelating material [44]. Among other silica materials, MCM-41 and SBA-15 have been incorporated into Schiff base ligands to synthesize efficient chelating material for removal of HMs from aqueous solutions. SBA-15 is the most widely used due to its large uniform pores size and advanced mechanical strength [45]. However, it has been said that SBA-15 silica is not as stable as expected in water and at room temperature even though they have thick walls as compared to MCM-41 with thinner walls [46]. 
Hami et al., synthesized SBA-15 mesoporous silica and further modified it with N-propylsalicyladimine ligand (SBA/SA) (1), aminopropyl (SBA/NH2) (2) and ethylenediaminopropyl (SBA/En) (3), shown in Figure 3, for comparison on the removal of Pb (II), Cd (II) and Ag (I) cations [47]. The removal capacity of 2 was 29.4, 111.1, and 100.0 mg/g, for 3 it was 8.0, 14.0, and 5.6 mg/g and for 1 it was 7.3, 31.2, and 28.5 mg/g for Pb (II), Cd (II), and Ag (I), respectively. The removal capacity of these chelating agents towards HMs obeyed the order 3>1>2. The average order of removal capacity of the ligands for the metal cations follows the order Cd(II)>Ag(II)>Pb(I) which can be explained by the HSAB theory. Compound 3 contains more N^N binding sites as compared to 2, this particular binding site is more of a soft borderline base therefore an increased affinity towards softer borderline acids is expected. Pb(II) is more of a hard borderline acid as compared to the softer Cd(II) and Ag(I) cations. This, therefore, translates to higher removal capacities for these metal cations [47] explaining the trend observed.


[bookmark: _Toc173433222]Figure 3: Silica immobilized chelating ligands for the removal of metal cations from aqueous solution [47].
Another study was conducted where SBA-15 silica was functionalized bis-salicylaldehyde Schiff base (SBA-DSA) (4) and mono-salicylaldehyde Schiff base (SBA/SA (5), as shown in Figure 4, for removal of Pb (II) and Cu (II) ions from aqueous solutions [48]. The removal efficiency of 4 was 60.9 and 54.8 mg/g and for 5 it was 36.6 and 31.9 mg/g for Pb(II) and Cu(II) cations, respectively. Even though these chelating agents showed potential for removal of HMs especially Pb(II) cations from multicomponent solution, their removal efficiency was lower compared to other chelating agents reported in literature synthesized from ligands with branched structures. Compound 4 brings forth an extra coordination site which will ultimately improve the removal efficiency of the system as exhibited by the reported results. It was reported that the ligands which also contained similar coordination sites as 4, exhibited high affinities for both Pb(II) and Cu(II) cations which translated to improved removal capacities. 


[bookmark: _Toc173433223]Figure 4: Silica immobilized salicylaldehyde based chelating ligands for the removal of Pb(II) and Cu(II) cations from aqueous solution [48].
He et al., synthesized SBA-15 and MCM-41 via condensation for removal of Ni (II) cations from plating wastewater under acidic and basic conditions [49]. SBA-15 was further functionalized with iminodiacetic acid (NiIMS1) (6), and employed for removal under acidic conditions, while MCM-41 was functionalized with ethanediamine (NiIMS2) (7), as shown in Figure 5, and used for removal under alkaline conditions. These chelating agents showed potential in real wastewater treatment applications with removal efficiency above 92.5% for SBA-15 after several removals and 90.9% for MCM-41. The difference in the results could be attributed to the fact that SBA-15 is more porous and has a higher surface area than MCM-41 [50]. This will result in a better loading capacity and an increase in the binding sites available for removal which will translate into better removal efficiencies as observed for 6 and 7. 



[bookmark: _Toc173433224]Figure 5: Different silica-based supports functionalized with chelating agents for the removal of Ni(II) cations from plating wastewater [49].
Moreover, several studies utilizing potential N^N bidentate ligands anchored on solid supports have also been reported in the last decade. For example, 1,5-dimethyl-1H-pyrazole-3-carbaldehyde immobilized on silica gel (8), shown in Figure 6, has been investigated as a potential adsorbent for the solid-phase removal of Pb(II), Cd(II), Cu(II) and Zn(II) cations from aqueous solutions [51]. Compound (8) showed an increased selective adsorption capacity towards Pb(II) of 74.89 mg/g while Cd(II), Cu(II), and Zn(II) metal cations yielding adsorption capacities of 26.93 mg/g, 22.08 mg/g and 20.43 mg/g, respectively. Remarkably, the adsorbent can be recycled five times and showed no significant decrease in removal percentage. The chelating system within the extractant is borderline due to N^N coordination site this therefore explains the high selectivity towards Pb(II) cation which is also borderline. The other cations involved are softer cations than Pb(II) therefore explaining the low adsorption capacities observed. 
In another study by the same group, heavy metal removal performance of up to 99 mg/g with recyclable silica-immobilized (E)-4-((pyridin-2- ylmethylene)amino)phenol Schiff’s base (9), shown in Figure 6, was recorded in the removal of Hg(II), Cd(II), Pb(II) and Zn(II) cations at a pH range 6.5-8 showing a high preference for Pb(II) [52]. Moreover, ethylenediaminopropyl immobilized on SBA-15 mesoporous silica material (10), Figure 6, was investigated for the removal of Pb(II), Cd(II), and Ag(I) cations from aqueous solutions where the adsorbent also showed an improved capacity of adsorption towards Pb(II) cations [47]. Ligand 10 is borderline therefore explaining the high selectivity towards Pb(II) cation which is also a borderline acid as compared to the softer Ag(I) and Cd(II) cations therefore explaining their low removal capacities. Comparison between 9 and 10 shows that N^N chelating ligands have a unique affinity for borderline acids such as Pb(II) as opposed to softer acids such as Cd(II). This provides much insight into the use of N^N coordinating ligands in the removal of metal cations since a general trend is observed in association with HSAB theory.


[bookmark: _Toc173433225]Figure 6: Silica immobilized N^N bidentate ligands for the removal of metal cations from aqueous solution.
[bookmark: _Toc138715373][bookmark: _Toc173656728]2.2.2 Zeolite/clay support materials
Clay and its composites (such as montmorillonite, halloysite, attapulgite, kaolinite), zeolites and silica are mineral based adsorbents that are employed in removal of HMs from aqueous medium. Clay is a naturally occurring particle that exists on the earth’s surface. It is made up of silica, weathered rocks, and alumina. Clay materials consist of positively charged exchangeable ions such as Na(I), K(I) and Cu(II). However, these materials can be negatively charged due to substitution by other cations such as Al(III) and Si(IV) [53]. Removal capacity of heavy metal ions by clay adsorbents can be improved by pre-treatment which promotes their surface area, pore volume and makes it hydrophobic and organophobic. Also, the porous and high surface area of clay materials is improved by its complex structure, which promotes its chemical and physical interaction with dissolved species.
Zeolites have been employed in the removal of HMs and have similar structural characteristics to clay. However, zeolite minerals have extremely small pores, either nano- or sub-nanosized, which makes the process of extracting HMs very laborious. To enhance zeolites’ binding affinity with heavy metal ions, they are also treated with alkali and surfactants. Zeolites surface can be modified with an amino or organic group to help overcome this restriction [54]. Due to its biocompatibility and environmental friendliness, silica oxide can also be utilized to alter zeolites to further improve their removal capacity towards HMs [55]. 
Clinochlore, which is a type of clay material that belongs to the chlorite group was utilized to modify triazole (TzlOH@Clin) (11) and triazolium (IL-Tzl-OH@Clin) (12) ligands shown in Figure 7, and utilized for removal of Co(II), Pb(II) and Zn(II) cations from commercial wastewater [56]. The application of the ligands modified with clinochlore was not only limited to the removal of the mentioned HMs, but they were further used in catalytic activities for reduction of nitroarenes to amines. In the end, these materials indicated excellent removal efficiency for Co(II), Pb(II), and Zn(II) cations of 99.40%, 98.50%, and 98.90%, respectively. Furthermore, the extractants 11 and 12 can be considered as borderline ligands, this will therefore explain the high removal efficiencies observed since the metal cations in this study are borderline acids. This is in coherence with the HSAB theory of acid-base interactions.


[bookmark: _Toc173433226]Figure 7: Clay immobilized triazole(pyridine) chelating agents for the removal of Co(II), Pb(II) and Zn(II) cations from wastewater [56].
[bookmark: _Toc138715374][bookmark: _Toc173656729]2.2.3 Polymer support
Synthetic and natural polymers have been used to modify Schiff basses for removal of HMs due to their physical and chemical properties such as high surface area, pore size distribution and ability to introduce suitable functional groups on their surfaces. They also allow regeneration of HMs after removal using acidic or basic solutions which offer them further applications [57]. However, there are limitations associated with polymers such as poor mechanical strength, swelling, low removal and selectivity [58]. They also have drawbacks such as difficult regeneration and elution, significant pH value variations. The hydrophilicity of the chelating resin degrades because of some polymer resins' large-scale introduction of specific hydrophobic groups in an effort to achieve greater removal selectivity. As a result, the range of applications is somewhat constrained. Additionally, some polymer resins with weak skeletons and difficult processing are created through monomer polymerization [59].
To bind these drawbacks, organic ligands with the desirable functional groups for removal have been used to modify polymers. For instance, Naeimi et al., employed a biodegradable and recoverable bionanopolymer (chitosan) based on shrimp wastes for removal of Co(II) and Pb(II) metal cations from polluted watewater [60]. Graphene oxide (GO) and 4-hydroxy-3-methoxybenzaldehyde were used to modify this bionanopolymer to make Chit-Schiff-GO biosorbent 13, shown in Figure 8. The removal efficiency of Co(II) and Pb(II) cations was  698 and 466 mg/g, respectively. Another study was conducted where small organic molecules containing pyridine and hydroxyl groups were grafted into poly-chloromethyl styrene (CPS-AA) (14), shown in Figure 8, for removal of Ni (II), Pb (II) and Cu (II) cations from wastewater in industrial production [61]. The chelating resin had high removal efficiency of 95.5, 95.1 and 92,3 mg/g for Cu (II), Pb (II) and Ni (II) ions, respectively. A chelating mechanism with multi-tooth coordination which was more stable and efficient for the large removal of HMs, was proposed after the removal mechanism was investigated. 


[bookmark: _Toc173433227]Figure 8: Polymer immobilized ambidentate chelating ligands for the removal of metal cations from wastewater.
[bookmark: _Toc138715375][bookmark: _Toc173656730]2.2.4 Magnetic nanoparticles
In the recent past, much effort has also been directed toward the synthesis of functionalized magnetic nanoparticles for the removal of heavy metals from water [62-64]. The interest in magnetic nanoparticles is driven by their unique properties, particularly the convenient separation from wastewater under a magnetic field [65]. However, application of Fe3O4 nanoparticles without modification for removal of HMs is associated with some drawbacks such as low solubility, surface oxidation, leaching under acidic condition and aggregation [66, 67]. Variety of supporting material such as polymers, surfactants, metal oxides and silicon dioxide among others have been used [68]. Schiff bases are the most widely used supporting material due to the desirable functional groups they contain.  Modification of magnetic nanoparticles using O-H and N-H groups, among other surface modifiers is the most recently used as it offers chelating material with high removal efficiency[69, 70].
Karami et al., recently synthesized and modified Fe3O4 nanoparticles through a heterogeneous approach utilizing bromobenzaldehyde (Fe3O4-BA) and 3-aminopropyltriethoxysilane (APTES) (15) as shown in Figure 9 [71]. The synthesized magnetic nanoparticles, Fe3O4-BA, were employed for removal of Pb(II) cations from aqueous solutions. The adsorbent had a high removal efficiency above 90% for Pb(II) cations within 12 min at neutral pH. The generated nanoparticles' reusability experiment was conducted across four iterative cycles, and the findings indicated a 10% decrease of Pb(II) cations removal from solution after 4 regeneration cycles. Similarly, a novel epoxy-triazinetrione-functionalized magnetic nano-adsorbent (Fe3O4-ETT) (16), shown in Figure 9, was developed and employed to extract malachite green (MG) dye and Pb(II) cations from synthetic wastewater [72]. The study indicated that the Fe3O4-ETT extracted MG dye and Pb(II) ion through electrostatic interactions and surface complexation, respectively, with Pb(II) having the highest removal efficiency. Compound 16 possesses an O^O coordination site whereby this borderline ligand exhibited an improved removal efficiency of borderline acid Pb(II) cations owing to the HSAB theory. 


[bookmark: _Toc173433228]Figure 9: Magnetic nanoparticles immobilized chelating ligands for the removal of Pb(II) cations from aqueous solution and wastewater.
As part of the ongoing research on magnetic nano-adsorbents in the sector of water treatment, magnetite (Fe3O4) nanoparticles functionalized with (2-Formyl-1H-pyrrole (Fe3O4-FP) (17), shown in Figure 10, were recently reported [71]. The synthesized magnetic nanoparticles, Fe3O4-FP were employed for the removal of Pb(II) cations from aqueous solutions with removal efficiency above 90% for Pb(II) cations being reported within 12 min at neutral pH. Moreover, the generated nanoparticles' reusability experiment was conducted across four iterative cycles, and the findings indicated only a 10% decrease of Pb (II) ions removal from the solution after 4 regeneration cycles. In comparison with 8, 9, and 10, extractant 17 lies in agreement with the behavior of the extractants towards moderate acids such as Pb(II) due to the availability of N^N coordination site. This, therefore, explains the high removal capability of 17 towards Pb(II) cations due to the HSAB theory of acid-base interaction.


[bookmark: _Toc173433229]Figure 10: Magnetic nanoparticles immobilized N^N-donor chelating ligand for the removal of Pb(II) cations from aqueous solution [71].
[bookmark: _Toc138715376][bookmark: _Toc173656731]2.2.5 Chelated metal-organic frameworks
Chelated metal-organic frameworks (MOFs) usually comprise of strongly bonded metal cations or organic linkers functionalized with a chelating agent. Chelated MOFs possess the distinct advantage of enhanced adsorptive capacity due to two main attributes, its ultra-high porosity and enormous internal surface areas of up to 90% free volume and extending beyond 6000m²/g, respectively [73]. These two normally enable an increase in the loading factor of these systems, in that a larger amount of functionalization with chelating agents can occur. This, therefore, improves its adsorptive capacity by several orders of magnitude [74]. For example, a study conducted by Esmaeilzadeh et al., consisted of chelated MOFs in the recovery of V(IV) and V(V) from both drinking and river water samples. They synthesized iron-based nanoparticles functionalized with (2-(2,4-dihydroxyphenyl)-3,5,7-trihydroxychromen-4-one) (18), shown in Figure 11, as a chelating extractant otherwise known as morin to yield MIL-101(Fe)/Fe₃O₄ [75]. This system was able to achieve a high recovery of 110 and 96% for drinking water, 104 and 99.3% for river water for V(IV) and V(V), respectively. This shows that 18 can potentially be used on a larger scale for heavy metal sequestration. 
These systems have been very efficient in numerous applications such as heavy metal removal owing to their highly porous structure [76]. For example, in a study conducted by Liang et al., novel sulfur functionalized metal-organic frameworks were utilized in the removal of Hg(II) cations from water [77]. They used NCS⁻, Co(II) functionalized with 2,4,6-tri(1-imidazoyl)-1,3,5-triazine 19, shown in Figure 11, (Timt) to yield a system designated as FJI-H12. It is comprised of infinite octahedral M₆L₄ cages which aid in the enhancement of the removal capability of the system. FJI-H12 achieved 100% removal efficiency of Hg(II) from water with an impressive saturation factor of 439.8mg/g together with a distribution coefficient of approximately 1.8510⁶ ml/g among other chelated MOFs. The isothiocyanato group (NCS⁻) that was present enabled 19 to have an increased affinity for the soft Hg(II) cations thereby translating to the very high efficiencies recorded by the moiety.


[bookmark: _Toc173433230]Figure 11: Polymer immobilized chelating ligands for the removal of metal cations from water.
In conclusion, it is evident that the use of chelating ligands to remove heavy metal cations from wastewater is a subject of academic and industrial interest. One attractive feature of these chelating agents is their efficiency in heavy metal pollution remediation even at very low concentrations. More significantly, careful choice of the donor atoms in the chelating ligand has the potential to improve targeted heavy metal removal, thus enhancing their selectivity which is very limited in other techniques such as adsorption. However, the separation of the metal chelates from the treated wastewaters has remained a major setback of the process and an industrial challenge. The use of supported chelating agents, as highlighted in this review, has the potential to minimize this hurdle when solid phase removal is adopted. Thus, the use of chelating agents and their supported derivatives have the potential to remove heavy metal cation pollutants from wastewaters even on industrial and commercial scales.
Chapters 3 and 4 describe the results of the work done to advance the search for industrially applicable solid-phase technology, while the overall conclusions and recommendations are summarized in chapter 5.
[bookmark: _Toc173656732]CHAPTER THREE
[bookmark: _Toc173656733]3.1 MATERIALS AND METHODS
[bookmark: _Toc173656734]3.1.1 Materials and chemicals
[bookmark: _Toc157599380]Mesoporous silica type Santa Barbara Amorphous-15 (SBA-15, 99%), 2-pyridinecarboxaldehyde (PC, 99%), 2-thiophenecarboxaldehyde (TC, 98%), salicylaldehyde (SA, 98%), 3-(2-aminoethyl-aminopropyl)trimethoxysilane (AEAPTMS, 97%), cadmium chloride (CdCl₂, 98%), lead nitrate (Pb(NO₃)₂, 98%), and potassium dichromate (K₂Cr₂O₇, 98%) were purchased from Sigma-Aldrich and were used without further purification. 
[bookmark: _Toc173656735]3.1.2 Synthesis of functionalized Schiff base ligands
[bookmark: _Toc157599381]3.1.2.1 (E)-2-(3,3-dimethoxy-2-oxa-7,10-diaza-3-silaundec-10-en-11-yl)phenol (L1)
Ligand L1 was prepared using a literature procedure [78]. To a methanol solution of salicylaldehyde (0.50 mL, 4.70 mmol), AEAPTMS (1 mL, 4.60 mmol) was added dropwise. The reaction mixture was refluxed for 24 h at 65℃ after which methanol was removed by evaporation in vacuum to yield L1 as a yellow oily liquid. Yield: 1.46 g (97%). ¹H NMR (400 MHz, CDCl₃): δH 0.60 (s, 2H, Si-CH₂); 1.56 (s, 3H, CH₂, C-NH), 2.61 (s, 4H, (CH₂)2), 2.89 (s, 2H, CH₂), 3.55-3.42 (m, 9H, ³JHH=6.32 Hz, O-CH3), 6.84 (s, 1H, Ph), 6.92 (d, 1H, ³JHH=3.16 Hz, Ph), 7.21 (d, 1H, ³JHH=2.68Hz, Ph), 7.28 (d, 1H, ³JHH=3.44Hz, Ph), 8.35 (s, 1H, C=NH). ¹³C NMR (100 MHz, CDCl₃,): δ 10.16 (Si-CH₂), 23.29 (CH₂), 50.26 (O- CH₃, CH₂-N), 52.43 (CH₂-N), 59.58 (CH₂-N), 116.95 (3-Phe-C), 118.60 (5-Phe-C), 131.29 (4-Phe-C), 132.24 (6-Phe-C), 161.11 (N=C), 165.99 (2-Phe-C-OH). FT-IR (cm⁻¹): υ(N-H)= 3290, υ(C-H)=2983-2923,  υ(C=N)=1625, υ(C-O)=1276, υ(Si-O)=744.
Compounds L2 and L3 were prepared following the same procedure as described for compound L1, using the appropriate reagents as shown in Scheme 1.
[bookmark: _Toc157599382]3.1.2.2 (E)-N-(2-((pyridine-2ylmethylene)amino)ethyl)-3-(Trimethoxysilyl)propan-1-amine (L2) 
Compound 2-pyridine-carboxaldehyde (0.50 mL, 5.30 mmol) was reacted with AEAPTMS (1 mL, 4.60 mmol) and isolated as a dark orange oily liquid. Yield 1.43 g (95%). ¹H NMR (400 MHz, CDCl₃): δH 0.36 (m, 2H, ³JHH=4.12 Hz, CH₂), 1.29 (s, 3H, CH₂, NH), 2.08 (t, 2H, ³JHH=3.46Hz), 2.29 (q, 2H, ³JHH=5.72 Hz, CH₂), 2.94 (t, 2H, ³JHH=2.68Hz, CH₂), 3.16 (s, 9H, O-CH₃), 7.06 (s, 1H, Py), 7.26 (s, 1H, Py), 7.51 (t, 2H, ³JHH=7.43 Hz, Py), 8.39 (s, 1H, NH). ¹³C NMR (100 MHz, CDCl₃,): δ 10.02 (Si-CH₂), 22.04 (CH₂), 49.58 (O- CH₃, CH₂-N), 52.56 (CH₂-N), 55.66 (CH₂-N), 122.72 (3-py-C), 123.29 (5-py-C), 136.63 (4-py-C), 149.32 (6-py-C=N), 153.92 (N=C), 159.01 (C-CH₂). FT-IR (cm⁻¹): υ(N-H)= 3285, υ(C-H)=2804-2931, υ(C=N)= 1650, υ(C=Npy)=1434, υ(Si-O)=764.
[bookmark: _Toc157599383]3.1.2.3 (E)-N-(2-((thiophen-2-ylmethylene)amino)ethyl)-3-(Trimethoxysilyl)propan-1-amine (L3)
Compound 2-thiophene-carboxaldehyde (0.50 mL, 5.30 mmol) was reacted with AEAPTMS (1 mL, 4.60 mmol) and a dark brown oily liquid was obtained. Yield 0.98 g (65%). ¹H NMR (400 MHz, CDCl₃): δH 0.58 (s, 2H, CH₂), 1.55 (s, 3H, CH₂, NH), 2.61 (s, 2H, CH₂), 2.88 (s, 2H, CH₂), 3.24 (s, 2H, CH₂), 3.42 (m, 9H, ³JHH=3.24 Hz, O-CH₃), 6.93 (s, 1H, Th), 7.04 (s, 1H, Th), 7.36 (s, 1H, Th), 8.38 (s, 1H, NH). ¹³C NMR (100 MHz, CDCl₃,): δ 9.51 (Si-CH₂), 23.01 (CH₂), 50.30 (O- CH₃, CH₂-N), 52.37 (CH₂-N), 55.69 (CH₂-N), 127.39 (4-Th-C), 128.95 (5-Th-C), 130.64 (3-Th-C), 142.19 (C-CH₂), 155.55 (N=C). FT-IR (cm⁻¹): υ(N-H)=3298, υ(C-H)=2820-2928, υ(C=N)= 1631, υ(O-Si)=744, υ(C-S)=700.
[bookmark: _Toc173656736]3.1.3 Immobilization of Schiff base chelating ligands on SBA-15
3.1.3.1 Immobilization of L1 onto SBA-15
In a standard reaction, (E)-2-(3,3-dimethoxy-2-oxa-7,10-diaza-3-silaundec-10-en-11-yl)phenol (L1) (1.0 g, 5.3 mmol) was mixed with 0.50 g of SBA-15 dispersed in dry toluene (15 mL). After 40 minutes of sonication, the reaction mixture was refluxed at 100℃ for 24 hours in a nitrogen environment. The result was filtered and washed three times with dry toluene and dichloromethane before being dried in a vacuum at 65℃ for 8 hours to produce L1@SBA-15, a yellow powder. Yield 1.30 g (87%). FT-IR (cm⁻¹): υ(N-H)=3289, υ(O-H)= 3256, υ(C-H)=2838-2932, υ(C=N)= 1630, υ(C-O)=1278, υ(Si-O)=1060.
3.1.3.2 Immobilization of L2 onto SBA-15
Compound L2@SBA-15  was prepared using the same procedure described for L1@SBA-15 by using (E)-N-(2-((pyridine-2ylmethylene)amino)ethyl)-3-(Trimethoxysilyl)propan-1-amine (L2) (1.0 g, 5.3 mmol) and SBA-15 (0.5 g). Yield 1.10 g (73%), FT-IR (cm⁻¹): υ(N-H)= 3290, υ(C-H)=2811-2934,  υ(C=N)=1649, υ(C=Npy)= 1434, υ(Si-O)=1029.
3.1.3.3 Immobilization of L3 onto SBA-15
Compound L3@SBA-15 was prepared using the same procedure described for L1@SBA-15 by using (E)-N-(2-((thiophen-2-ylmethylene)amino)ethyl)-3-(Trimethoxysilyl)propan-1-amine (L3) (0.75 g, 5.3 mmol) and SBA-15 (0.5 g). Adsorbent L3@SBA-15, yield 0.85 g (68%), FT-IR (cm⁻¹): υ(N-H)=3294, υ(C-H)=2817-2931, υ(C=N)=1633, υ(Si-O)=1031, υ(S-Th)=700.
[bookmark: _Toc173656737]3.1.4 Characterization
The ¹H NMR and ¹³C(¹H) NMR (100 MHz) spectra were acquired on a 400 MHz Bruker Ultrashield NMR spectrometer using deuterated solvent (CDCl₃) to validate the integrity of the ligands synthesized. The Perkin-Elmer Spectrum 100 was used for Fourier-Transform Infrared spectroscopy (FTIR) in the 4000-400cm⁻¹ range to confirm the presence of the expected functional groups on both the ligands and adsorbents used in the study. Transmission electron microscopy (TEM) pictures were captured using a TEM microscope (JEOL JEM, 1400 model, Peabody, MA, USA). The surface morphology of the extractants was studied with a ZEISS EVO LS15 scanning electron microscope (SEM) (Thornwood, NY, USA). A thermogravimetric analyzer (Perkin-Elmer TGA 4000 model, Boston, MA, USA) with Pyris software was used to conduct thermal stability analyses of the adsorbents. Nitrogen physisorption studies were carried out using BELSORP MAX from Microtrac Retzsch to ascertain the mesoporous nature and surface area of the adsorbents used. The powder X-ray diffraction (PXRD) spectral data were examined using an XPERT-PRO XRD equipment with CuKα radiation, the 2θ range was selected from 4.01 to 89.9° to establish the crystalline structure of SBA-15 materials. 
[bookmark: _Toc173656738]3.1.5 Adsorption experiments
Batch adsorption studies were carried out in 100 mL glass conical flasks with steady stirring at 425 rpm at room temperature. The adsorption behaviors of L1@SBA-15 to L3@SBA-15 in the removal of Cr(VI), Pb(II), and Cd(II) cations from aqueous solutions were thoroughly investigated. The influence of starting metal ion concentration, contact time, pH, and adsorbent loading on metal cation removal was examined in optimization removal tests utilizing L1@SBA 15. The optimal conditions were then employed for metal cation removal with L2@SBA-15 and L3@SBA-15. To make stock solutions (1000ppm) of Pb(II), Cr(VI), and Cd(II) cations appropriate amounts of Pb(NO₃)₂, K₂Cr₂O₇, and CdCl₂ were dissolved in distilled water. 
3.1.5.1 Effect of pH
To prepare for adsorption investigations, each solution's pH was adjusted with diluted 0.1M NaOH and 0.1M HNO₃ solutions. The removal studies were then carried out by suspending 0.02 g (20 mg) of L1@SBA-15 and L3@SBA-15 in 15 mL of aqueous metal ion solution. The effect of pH on metal cation elimination was investigated by adjusting the pH of the aqueous solution between ranges 3.0 and 9.0. 
3.1.5.2 Effect of initial metal concentration
Initial metal concentration evaluation studies were carried out using concentrations ranging from 20-60 ppm for Cr(VI), Cd(II) and Pb(II) cations. Several adsorption isotherm studies were used to evaluate the nature of adsorption of Pb(II), Cr(VI), Cd(II) cations on 0.02 g of L1@SBA-15 at various initial concentrations under room temperature. The data obtained was fitted into the isotherms given in Table 2, following the mass balance relationship shown in Equation 2 [79], 
					Equation 2
where V is the volume of solution (L), and m is the mass (g) of the adsorbent used.
[bookmark: _Toc173433199]Table 2: Multi-adsorbate adsorption isotherms
	Isotherm model
	Parameters
	References

	Linear Langmuir 

	Ce- Metal cation concentration in equilibrium (mg/L)
qm- Maximum capacity of adsorption (mg/g)
qe- Metal adsorbed in mg/g on the adsorbent’s surface at equilibrium (mg/g)
KL- Energy constant (L/mg)
	[80]

	Non-linear Langmuir

	
	

	Linear Freundlich

	Ce- Metal cation concentration in equilibrium (mg/L)
qe- metal adsorbed in mg/g on the adsorbent’s surface at equilibrium (mg/g)
KF- Freundlich constant ((mg/g)(L/mg)(1/n))
1/n- Heterogeneity factor
	[81]

	Non-linear Freundlich

	
	

	Linear Redlich-Peterson

	Ce- Metal cation concentration in equilibrium (mg/L)
qe- metal adsorbed in mg/g on the adsorbent’s surface at equilibrium (mg/g)
qm- Maximum capacity of adsorption (mg/g)
KR- Isotherm constant at equilibrium (L/g)
αR- Isotherm kinetic constant (L/mg) 
β- Exponent
	[82]

	Non-linear Redlich-Peterson

	
	

	Linear Temkin

	Ce- Metal cation concentration in equilibrium (mg/L)
qe- metal adsorbed in mg/g on the adsorbent’s surface at equilibrium (mg/g)
A- Isotherm constant at equilibrium (L/g)
B- Isotherm constant (L/g)
	[83]

	Non-linear Temkin

	
	



3.1.5.3 Effect of adsorbent dosage
The effect of adsorbent loading was investigated by altering the adsorbent amount utilized from 0.005-0.02 g.
3.1.5.4 Effect of contact time
Contact time evaluation tests were undertaken with time intervals ranging from 1 to 24 hours. Various kinetic models were utilized to assess the influence of contact time on the maximum adsorption capacity (qe) to contact time. The studies were done using 0.02 g of L1@SBA-15 in 15 mL of different metal concentrations at various time intervals. The kinetic models that were used are given in Table 3.
[bookmark: _Toc173433200]Table 3: Multi-adsorbate adsorption kinetic models
	Kinetic model
	Parameters
	References

	Pseudo-first order

	qt- metal adsorbed in mg/g on the adsorbent's surface at time t
qe- metal adsorbed in mg/g on the adsorbent’s surface at equilibrium
K1- adsorption rate constant of Pseudo-first-order in min⁻¹
K2- adsorption rate constant of Pseudo-second-order in mg/min⁻¹
	[83]

	Pseudo-second order

	
	

	Elovich

	α- Initial adsorption rate in mg/(gmin)
β- Surface coverage limit
	[84]

	Intraparticle diffusion

	Kp- Rate constant (mg/gmin1/2)
C- Intercept 
	[85]



3.1.5.5 Determination of removal efficiency
Following each sorption experiment, the solutions were centrifuged for 30 minutes and filtered; the amount of metal cation remaining in the filtrate was then quantified using a Varian 720-ES inductively coupled plasma atomic emission spectroscopy (ICP-AES) with ICP Expert II software.
The percentage removal efficiency (%Eff) was calculated using Equation 1.
     Equation 1
where Co and Cf are the initial and final metal concentrations respectively.
[bookmark: _Toc173656739]3.1.6 Data analysis
Data analysis will be done using two-way Analysis of Variance (ANOVA) to determine any significant differences in the extraction efficiencies of Cr(VI), Cd(II) and Pb(II) by L1@SBA-15, L2@SBA-15 and L3@SBA-15.
[bookmark: _Toc173656740]3.2 Results and Discussion
[bookmark: _Toc173656741]3.2.1 Synthesis of functionalized Schiff base ligands
Synthesis of the functionalized Schiff base ligands was conducted as shown in Scheme 1, via condensation using 3-(2-aminoethyl-aminopropyl)trimethoxysilane (AEAPTMS) with the appropriate aldehydes which obtained high yields of (E)-2-(3,3-dimethoxy-2-oxa-7,10-diaza-3-silaundec-10-en-11-yl)phenol (L1), N-(2-((pyridine-2ylmethylene)amino)ethyl)-3-(Trimethoxysilyl)propan-1-amine (L2) and N-(2-((thiophen-2-ylmethylene)amino)ethyl)-3-(Trimethoxysilyl)propan-1-amine (L3).


[bookmark: _Toc173433251]Scheme 1: Synthesis of functionalized Schiff base ligands L1 to L3; dry methanol, reflux 24 h, Dean-Stark condensation (i-iii).
The successful formation of the ligands was established using ¹H NMR, ¹³C NMR, and FT-IR spectroscopy. For example, the ¹H NMR spectra of L1 to L3 showed strong singlet signature peaks of the imine proton at 8.35, 8.39, and 8.38 ppm respectively, which confirmed successful condensation (Figures 12-14). Furthermore, strong intense multiplet peaks were observed at 3.55, 3.16, and 3.42 ppm for L1 to L3, respectively, resonating to methoxy groups (O-CH₃) present on AEAPTMS. ¹³C NMR was also instrumental in confirming the identity of the synthesized compounds L1 to L3 where the signals of the imino carbon (C=N) were observed at 161.11, 153.92, and 155.55 ppm, respectively, (Appendices1-3). The FT-IR spectra of ligands L1 to L3 showed stretching frequencies of 1666, 1634, and 1625 cm⁻¹, respectively, that correspond to the imine functional group [86] (Figure 15).
[image: A graph of a chemical formula]
[bookmark: _Toc173433231]Figure 12: ¹H-NMR for L1 showing azomethine proton at 8.35 ppm
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[bookmark: _Toc173433232]Figure 13: ¹H-NMR for L2 showing the azomethine proton at 8.39 ppm
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[bookmark: _Toc173433233]Figure 14: ¹H-NMR for L3 showing the azomethine proton at 8.38 ppm


[image: ]
[bookmark: _Toc173433234]Figure 15: Stacked FT-IR spectra of L1 to L3 showing the υ(C=N) between 1620-1670 cm-¹
[bookmark: _Toc173656742]3.2.2 Incorporation and characterization of immobilized SBA-15
Compounds L1 to L3 were immobilized onto SBA-15 to yield L1@SBA-15 to L3@SBA-15 (Scheme 2). Further characterization of the materials was conducted utilizing several techniques which included PXRD, FT-IR, BET/BHJ and TEM-SEM as discussed in the following sections. 


[bookmark: _Toc173433252]Scheme 2: Immobilization of functionalized Shiff base ligands on SBA-15 to give L1@SBA to 15 - L3@SBA-15; dry toluene, reflux 24 h under nitrogen atmosphere (i-iii).
[bookmark: _Hlk164721568]As shown in Figure 16 the FTIR spectra of L1@SBA-15 to L3@SBA-15 showed very strong band between 1020-1040 cm-1, 750-780 cm-1, and  405-420 cm-1 which were attributed to the asymmetric stretching and bending vibration frequencies of Si-O-Si moieties that are present within the SBA-15 framework [87]. The bending vibrational frequency of secondary amine groups, NH, ranging from 3289-3294 cm-1 were observed for all the compounds synthesized. All the adsorbents displayed sharp peaks ranging from 1630-1650 cm-1 which is due to the azomethine (C=N) stretching vibrations confirming the successful functionalization of the Schiff base ligands onto SBA-15 substrate. Adsorbent L1@SBA-15, exhibited a peak at 3256 cm-1 and 1278 cm-1 which is characteristic to the phenolic O-H and C-O bending vibration frequency, respectively, as reported for similar functional groups [88, 89]. 
[image: A graph of different colors]
[bookmark: _Toc173433235][bookmark: _Hlk164723439]Figure 16: FT-IR spectra of adsorbents L1@SBA-15, L2@SBA-15 and L3@SBA-15 showing the υ(C=N) and υ(Si-O-Si) resonating between 1630-1650 cm-1 and 1020-1040 cm-1, respectively.
Adsorbent L2@SBA-15 also exhibited a characteristic peak at 1434 cm-1, confirming the presence of pyridine moiety within the adsorbent system [90]. Adsorbent L3@SBA-15 also recorded a unique peak at 700cm-1, which was assigned to thiophene ring C-S stretching vibrations [91]. Furthermore, shifts in vibration frequencies were also observed for the Si-O functional group upon immobilization of the chelating ligands onto the solid SBA-15 support. For example, the vibration frequency recorded for υ(Si-O) in L1 is 744 cm-1, however, upon immobilization this value shifted to 1028 cm-1 in L1@SBA-15. The other compounds exhibited similar trends which confirmed the immobilization was successful as similar findings were reported by [92, 93]. The above discussed FT-IR vibrational bands confirmed the successful immobilization of AEAPTMS, and the functionalization of the respective Schiff base ligands affiliated with L1@SBA-15 to L3@SBA-15 on the mesoporous SBA-15 surface.

3.2.2.1 Thermal properties
The thermal properties of L1@SBA-15 to L3@SBA-15 were studied using TGA-DSC coupled thermograms as the decomposition patterns were obtained in the temperature range of 0-800℃ as shown in Figure 17. The materials exhibited a general trend where an increase in temperature resulted in a decrease in the percentage weight of the material. For example, at temperatures of <100℃, all the materials’ weights were observed to decrease which was mainly attributed to the loss of moisture content present within the mesoporous silica moieties [47]. Furthermore, a steady decrease in the adsorbent’s weight was observed between the temperature range 200-800℃ which is a result of the termination/melting of the adsorbents’ organic core (Figure 17). Similarly, the DSC thermograms (Figure 17) also exhibit the phase transition of the compounds in that the peaks observed are indicators of an exothermic process. The change in phase (melting) of the compounds is in alignment with the decomposition patterns observed for TGA analysis for L1@SBA-15 to L3@SBA-15.
[image: ]
[bookmark: _Toc173433236]Figure 17: TGA and DSC plots, a and b respectively, showing the decomposition patterns of L1@SBA-15 to L3@SBA-15.
3.2.2.2 Specific surface area
The specific surface areas of the SBA-15 immobilized adsorbent systems were analyzed by nitrogen adsorption/desorption measurements in line with Brunauer, Emmet, Teller (BET), and the overall porosity of the materials was determined using the Barret, Joyner, Halender (BHJ) method given in Table 4 and appendices 4 and 5. According to BHJ, L1@SBA 15 to L3@SBA-15 exhibited a large pore size distribution (appendices 4), the adsorbents recorded pore diameters of <14 nm as highlighted in Table 4. These results depicted that the large surface of the mesoporous silica was efficiently imprinted by the functionalization groups. A H4-type hysteresis loop pattern was observed in the adsorption-desorption nitrogen isotherms obtained for L1@SBA-15 to L3@SBA-15 which is a typical indication of the presence of mesoporous materials [94], appendix 5.
[bookmark: _Toc173433201]Table 4: The physical properties of SBA-15 immobilized systems
	Adsorbent
	aSBET (m²/g)
	bPD (nm)

	
	
	

	L1@SBA-15
	105
	8.7

	L2@SBA-15
	128
	8.3

	L3@SBA-15
	58
	13


a BET surface area (SBET) measured by N₂ physisorption. b Pore diameter (AVPD) with respect to BHJ.
The powder X-Ray diffraction patterns were utilized to identify the structural ordering of the mesoporous nature of the adsorbents used in this study. It was observed that L1@SBA-15 to L3@SBA-15 showed the main diffraction peak associated with SBA-15 materials which refers to the crystal plane affiliated with the Miller index (100)  as shown in Figure 18. 
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[bookmark: _Toc173433237]Figure 18: PXRD patterns of L1@SBA-15 to L3@SBA-15 immobilized systems.
This peak is characteristic of a 2-D hexagonal pore arrangement which is commonly found in mesoporous ordered materials such as SBA-15, which depicts a well-defined mesostructured material [94]. Additionally, the d100 value is known to correspond to the distance between two walls in the material’s structure which is unique for SBA-15. It’s also notable that after 2θ=1° there are unresolved peaks which is a typical indicator of a degree of mesoporous arrangement which was confirmed by TEM imaging (Figure 19). 
3.2.2.3 Surface morphology
Mesoporous SBA-15 has two distinct appearances while subjected to TEM imaging, they are honeycomb (hexagonal) structures and strip like patterns. The hexagonal/honeycomb structures are attributed to the order in which the pores are packed/stacked. As observed in Figure 19, adsorbents L1@SBA-15 to L3@SBA-15 designated as a-c, respectively, exhibited both these appearances in a uniform fashion, validating the presence and successful immobilization of silica within the systems. Furthermore, the black strips observed are known to portray the silica walls, whereas the white strips are affiliated with the hollow mesopores on the solid’s lattice [95]. Furthermore, an extended and regular pore periodicity was also observed. This indicates that after functionalization with the Schiff base chelating ligands, the textural properties which include particle size, hexagonal pore structure and order of the SBA-15 material were not affected. The adsorbents were further analyzed using SEM imaging technique as shown in Figure 19 (d-f). With regards to surface morphology, the images of the compounds were observed to possess short rod-like structural framework, together with well-defined shapes and a narrow particle size distribution. 
[image: ]
[bookmark: _Toc173433238]Figure 19: TEM micrographs, L1@SBA15 (a), L2@SBA-15 (b), L3@SBA-15 (c). SEM micrographs, L1@SBA-15 (d), L2@SBA-15 (e), L3@SBA-15 (f).
[bookmark: _Toc173656743]3.2.3 Adsorption studies
3.2.3.1 Effect of pH on the adsorption of metal cations
The initial pH of a solution is an important component that influences metal cation removal since it impacts not only the surface charge of any sorbent, but also the type of metal cation present in the solution [91]. Therefore, several studies were carried out to assess the influence of pH on the removal of Pb(II), Cr(VI), and Cd(II) cations using L1@SBA-15. The pH range used in this study was between 1-9, higher pH values were not used since at higher pH values metal cations have been found to form precipitates and the reduced stability of functionalized mesoporous silicate materials in high pH solutions [96]. As observed in Table 5, pH 1  recorded the lowest removal efficiency 37%, 24% and 67% for Cr(VI), Cd(II) and Pb(II) respectively. At low pH levels, H⁺ ions compete with metal cations for binding sites on the adsorbent due to their high concentration [97].
[bookmark: _Toc173433202]Table 5: % Removal efficiencies by variation of pH
	pH
	% Removal efficiency for different metal cations

	
	Cr(VI)
	Pb(II)
	Cd(II)

	1
	37.7
	43.3
	24.5

	3
	68
	73.2
	46.2

	5
	55.4
	83.3
	44.5

	7
	45.3
	98.3
	40.5

	9
	42.2
	99.8
	35.9


Reaction conditions: contact time 24 hrs, adsorbent dose 20 mg, initial metal concentration 20 ppm (Cr(VI), Cd(II), Pb(II)) using L1@SBA-15
For Cd(II) and Cr(VI) cations, the optimum removal efficiency was recorded at pH 3 of 46% and 68% and a decrease in removal efficiency was observed as pH was increased (Figure 20 and Table 5). This could be because as the pH was increased, the metal cations precipitated out as hydroxide ions and at higher pH levels there is an extensive competition for adsorption on the positively charged binding sites between the negatively charged OH⁻ anions and metal cations [98]. However, Pb(II) cation showed a different trend in comparison to the other metal cations in that as the pH was increased so did the removal efficiency, attaining the highest removal efficiency of 99% at pH 9 (Table 5). This is because Pb(II) cations exist as free cations abundantly between the pH ranges of 1-9 because these conditions are acidic enough to prevent the precipitation of Pb(OH₂), therefore, enabling the cations to be viable for removal [99].
[image: ]
[bookmark: _Toc173433239]Figure 20: % Removal efficiencies of L1@SBA-15 showing the effect of  (a)-pH, (b)-contact time, (c)-adsorbent dosage, (d)-initial metal concentration.
3.2.3.2 Effect of initial metal concentration on adsorption
Heavy metal cations removal by any mesoporous compound normally depends heavily on the bonding mechanism between the donor atoms present on the molecules immobilized on the adsorbent’s and the metal cation. Hence, to study the influence of initial metal cation concentration, 20 mg of L1@SBA-15 was dispersed in 15 mL of Cr(VI), Cd(II) and Pb(II) solution with a concentration range of 20 ppm to 60 ppm. As illustrated in Figure 20(d), the quantity of metal cation adsorbed as a function of initial metal concentrations, and a general trend was seen in which the removal capacity of the adsorbents reduced when the initial metal concentration was increased. The highest removal efficiencies recorded for Cr(VI) and Cd(II) cations were 68% and 46% respectively, at 20 ppm (Table 6), and very high removal efficiencies for Pb(II) cations at >96% also at 20 ppm (Table 6). This trend can be attributed to the difference between the ratio of the total metal cations to the binding sites on the surface of the adsorbent. Thus, at higher metal concentrations, the overall number of metal cations is substantially larger than the number of active binding sites present on the surface of L1@SBA-15, resulting in a drop in removal efficiency. In conclusion, the decrease in adsorption rate can be related to the adsorption/desorption equilibrium attained between the extractant and the metal cations in the solution, as comparable findings have also previously been reported [99, 100].
[bookmark: _Toc173433203]Table 6: % Removal efficiencies by variation of initial metal concentration
	Initial metal concentration (ppm)
	% Removal efficiency of different metal cations

	
	Cr(VI)
	Cd(II)
	Pb(II)

	20
	68
	46.2
	99

	30
	56.6
	42.1
	99

	40
	46.9
	39.1
	98

	50
	37.8
	33.7
	97

	60
	33.7
	29.4
	97


Reaction conditions: contact time 24 hrs, adsorbent dose 20 mg, pH 3 (Cr(VI), Cd(II)) , pH 7 ( Pb(II)) using L1@SBA-15.
Evaluation of the favorableness of adsorption for Cr(VI), Cd(II) and Pb(II) cations, was done by the calculation of the separation factor (RL) and given in Table 7. 
[bookmark: _Toc173433204]Table 7: Separation factor (RL) values for the sorption of metal cations based on Langmuir isotherm
	Initial conc. (mg L−1)
	Cr(VI)
	Cd(II)
	Pb(II)

	20
	0.480
	0.225
	0.0015

	30
	0.381
	0.162
	0.0009

	40
	0.316
	0.127
	0.0007

	50
	0.270
	0.104
	0.0005

	60
	0.235
	0.088
	0.0003



All the metal cations recorded values in the range, 0<RL<1, which is an indicator that the removal of the metal cations was favorable and similar findings reported by [101, 102]. Four adsorption isotherm models listed in Table 8, were employed in evaluating the removal data of Cr(VI), Cd(II) and Pb(II) cations on L1@SBA-15 at different initial metal concentrations. The Langmuir isotherm which presumes that the maximum adsorption capacity of any system can be attained when an adsorbent's surface has a saturated monolayer of adsorbate ions, and the adsorption energy remains constant [103]. Both linear and non-linear forms of the isotherm recorded the highest R² values for the metal cations, >0.99 for Cr(VI) and Pb(II) cations and >0.94 for Cd(II) cations. These results demonstrated that the isotherm is a reasonable match to analyze the removal data, implying that the adsorption process of metal cations may be characterized by the formation of a monolayer on the adsorbent's surface (Figure 21). Freundlich isotherm model recorded R² of 0.9821, 0.8784, 0.9148 for Cr(VI), Cd(II) ad Pb(II) cations respectively, and Temkin isotherm recorded R² >0.90 for the studied metal cations which depicts an avid interaction between the metal cations and the adsorbent’s L1@SBA-15 surface (Table 8). Redlich-Peterson isotherm which includes three adjustable parameters integrated into an empirical system, and is normally and widely used as a combination between Freundlich and Langmuir systems [104], recorded R² of 0.9695, 0.9855 and 0.9943 for Cr(VI), Cd(II) and Pb(II) cations respectively. Similarly, the β values obtained using this isotherm obtained were β≈1 which is an indication that the system is most suitable to fit Langmuir adsorption isotherm which is also confirmed by the high R² values recorded by Langmuir isotherm [105]. 







[bookmark: _Toc173433205]Table 8: Adsorption isotherms and their respective parameters
	Isotherm Model
	Cr(VI) ion
	Cd(II) ion
	Pb(II) ion

	
	Parameter
	R2
	Parameter
	R2
	Parameter
	R2

	Langmuir
	Linear
	qm=36.114
KL=0.054
	0.9924
	qm=16.631
KL=0.172
	0.9459
	qm=125
KL=3.721
	0.9957

	
	Non-linear
	qm=36.052
KL=0.051
	0.9818
	qm=16.280
KL=0.190
	0.9367
	qm=125.02
KL=3.708
	0.9884

	Freundlich
	Linear
	KF=3.262
n=1.761
	0.9821
	KF=5.977
n=4.071
	0.8784
	KF=83.268
n=12.508
	0.9148

	
	Non-linear
	Kfr =3.517
nfr =1.844
	0.9793
	Kfr =6.297
nfr =4.366
	0.8813
	Kfr =85.862
nfr =13.691
	0.8821

	Redlich-Peterson
	Linear
	αR=0.307
β=0.562
	0.9695
	αR=0.167
β=0.754
	0.9855
	αR=0.015
β=0.920
	0.9943

	
	Non-linear
	KR=1.854
αR=0.038
β=1.338
	0.9863
	KR=3.095
αR=0.074
β=2.573
	0.9367
	KR=463.608
αR=0.326
β=11.366
	0.9884

	Temkin
	Linear
	A=0.426
B=8.546
	0.9861
	A=4.022
B=2.877
	0.9043
	A=53835.86
B=7.823
	0.9151

	
	Non-linear
	A=0.426
B=8.545
	0.9861
	A=4.021
B=2.876
	0.9043
	A=53836
B=7.823
	0.9150


qm- Maximum adsorption capacity of the adsorbent (mg/g), KL- Energy constant affiliated to heat of adsorption (L/mg), KF- Freundlich constant ((mg/g)(L/mg)(1/n)).
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[bookmark: _Toc173433240]Figure 21: Linear adsorption isotherm studies for Cr(VI), Cd(II) and Pb(II) cations on L1@SBA-15. Langmuir isotherm (inset, Pb(II) isotherm) (a), Freundlich isotherm (inset, Pb(II) isotherm) (b), Redlich-Peterson isotherm (inset, Pb(II) isotherm) (c) and Temkin isotherm (inset, Pb(II) isotherm) (d).
3.2.3.3 Effect of contact time on adsorption
To determine the optimum contact time for the removal of Cr(VI), Cd(II) and Pb(II) cations from aqueous solution using L1@SBA-15, contact time varied between 1-24 h. For every experimental run, 0.02 g of L1@SBA-15 was suspended in 15 mL of metal cation aqueous solutions with constant stirring at 430 rpm at room temperature. As is evident from Figure 20 (b), as the contact time increased so did the removal efficiency. This trend could be ascribed to increased interaction of the metal cations present in solution with the binding sites. Thus, as observed, 1h recorded the least removal efficiency of 16%, 86% and 14% for Cr(VI), Pb(II) and Cd(II) cations, respectively, while 24 h recorded the highest removal efficiency of 56%, 99% and 53% for Cr(VI), Pb(II) and Cd(II) cations, respectively, (Table 9). 
[bookmark: _Toc173433206]Table 9: % Removal efficiencies by contact time variation
	Contact time (hrs)
	% Removal efficiency of different metal cations

	
	Cr(VI)
	Pb(II)
	Cd(II)

	1
	15.5
	96
	13.9

	6
	43.5
	99
	36.5

	12
	48.6
	99
	43.2

	18
	51.1
	100
	47.9

	24
	56
	100
	53

	36
	56
	100
	53


Reaction conditions: initial metal concentration 20 ppm (Cr(VI), Cd(II)), 20 ppm (Pb(II)), adsorbent dose 20 mg, pH 3 (Cr(VI), Cd(II)) , pH 7 ( Pb(II)) using L1@SBA-15
It was also observed that after only 1 h, 96% of Pb(II) cations was extracted from solution exhibiting significantly fast removal kinetics of the metal cations-matrix interaction which can be explained by the increased affinity between the metal cations and the adsorbent depicting a robust adsorbent-metal interaction. This, furthermore, reflects an impressive accessibility of the active chelating sites on the sorbent and relatively a high binding affinity of the metal cations [99].
Various kinetic models were utilized in the study of the nature of adsorption kinetic process of Cr(VI), Cd(II) and Pb(II) cations from aqueous solution using L1@SBA-15. The pseudo-second-order kinetic model (PSO) given in Table 3, is normally utilized in the prediction of the kinetic behavior of adsorption taking into account that chemisorption is the rate-controlling step [106]. It was observed that the removal data was in proper agreement with the PSO model as compared to the other models utilized, where high correlation coefficient values (R²) of 0.9881, 0.9918 and 0.9922 for Cr(VI), Cd(II) and Pb(II) cations respectively were recorded (Table 10). This confirms that the rate determining step is chemisorption and that the removal of metal ions is controlled by a chemical processes.  Interestingly, Pb(II) cations showed the least difference between qe exp and qe cal as shown Table 10. This could be attributed to the fact that Pb(II) cations possess a much greater ionic radius and atomic weight, higher electronegativity and a smaller Z/R (charge/radius) ratio as compared to Cd(II) and Cr(VI) cations [107, 108]. Furthermore, this also explains the poor fitness of the removal data with respect to Pseudo-first-order model which assumes that physisorption is the rate determining step of a process, however, the high correlation coefficients recorded in Table 10, indicate otherwise validating that chemisorption is the rate determining step in the adsorption of the metal cations. 
The Lagergren pseudo-first-order, gave a large difference between the qe experimental and calculated values (qe-exp- qe-cal) which were 9.66-6.096 for Cr(VI), 9.255-6.615 Cd(II) and 74.7-75.927 (mg/g) for Pb(II) cations respectively, (Table 10). This was a clear indication that the pseudo-first-order kinetic model was a relatively poor fit for the experimental data as similar findings were also reported by [100]. Elovich kinetic model which is founded on a kinetic principle that assumes the number of active binding sites on the sorbent’s surface increases exponentially with adsorption implying that there is a multilayer adsorption [106], recorded R² values of 0.9865, 0.9877 and 0.9906 for Cr(VI), Cd(II) and Pb(II) cations respectively, (Table 10). The intraparticle diffusion model (IPD) which was also used to evaluate the influence of mass transfer resistance on the binding capacity of Cr(VI), Cd(II) and Pb(II) cations onto L1@SBA-15 recorded R² >0.94. Additionally, the C (intercept) obtained for IPD model were 1.752, 1.212, 28.286 for Cr(VI), Cd(II) and Pb(II) cations respectively, depicting that the linear regression obtained for each metal cation did not pass through the origin, which can be explained by the disparity in the rate of mass transfer at both the initial and final stages of metal cation adsorption [100]. In conclusion, the pseudo-second-order model recorded the highest R² values compared to the other models studied, therefore affirming that the nature of adsorption of metal cations onto L1@SBA-15 is through chemisorption.






[bookmark: _Toc173433207]Table 10: Kinetic models and other statistical parameters
	Kinetic model
	Parameters
	Metal ions solution

	
	
	Cr(VI)
(20ppm)
	Cd(II)
(20ppm)
	Pb(II)
(20ppm)

	Pseudo-first-order equation
	Kad (min− 1)
	0.067
	0.067
	0.213

	
	qe exp (mg/g)
	9.66
	9.255
	74.7

	
	qe cal (mg/g)
	6.096
	6.615
	75.927

	
	R2
	0.9028
	0.9658
	0.8239

	Pseudo-second-order equation
	K2 (g mg− 1 min− 1)
	0.062
	0.051
	0.012

	
	qe, exp (mg/g)
	9.66
	9.255
	74.7

	
	qe, cal (mg/g)
	8.646
	8.204
	75.075

	
	h (mg g− 1 min− 1)
	5.186
	3.896
	67.522

	
	R2
	0.9881
	0.9918
	0.9922

	Elovich equation
	α (mg/g min)
	5.931
	4.14
	184.824

	
	β (g/mg)
	0.502
	4.981
	0.079

	
	R2
	0.9865
	0.9877
	0.9976

	Intraparticle diffusion
	Kdiff (mg/g min1/2)
	1.459
	1.436
	9.904

	
	C
	1.752
	1.212
	28.286

	
	R2
	0.8769
	0.9467
	0.9345


3.2.3.4 Effect of adsorbent loading on adsorption
The influence of the adsorbent dosage in the removal efficiency of Pb(II) cations utilizing L1@SBA-15 was also studied (Figure 20(c)). The choice of solely using Pb(II) cations was guided by the fact that among the three metal cations under study, it recorded the highest extraction efficiencies, thus propagating the need to establish the influence of dosage variation in its extraction. Doses of 0.005, 0.01, 0.015, 0.02 and 0.025 g of sorbent were used for the removal of Pb(II) cations from 100 ppm aqueous solution. Generally, it was observed that the removal efficiency positively correlated with the adsorbent dosage; as the adsorbent dosage increased so did the removal efficiency. In essence, a higher adsorbent dose implies that there are more active functional groups and binding sites available for the uptake of a metal cation on the sorbent’s surface translating to high removal efficiencies [109, 110]. The maximum removal of Pb(II) cations was achieved at a dose of 0.025g recording an efficiency of 99% (Table 11).
[bookmark: _Toc173433208]Table 11: % Removal efficiencies by adsorbent dose variation
	Adsorbent dose (g)
	% Removal efficiency

	
	Pb(II) 

	0.005
	78.2

	0.01
	87.4

	0.015
	96.3

	0.02
	100

	0.025
	100


Reaction conditions: initial metal concentration 100 ppm, contact time 24 h, pH 7 using L1@SBA-15.
[bookmark: _Toc173656744]3.2.4 Adsorbent-metal interactions
Adsorbent L1@SBA-15 was utilized in the optimization process which recorded an optimum removal efficiency of 99% for Pb(II) ion at pH 9, initial metal concentration of 20 ppm and an adsorbent dosage of 25 mg. The optimum removal efficiencies significantly varied (p<0.05) for Cr(VI) and Cd(II) cations which recorded efficiencies of 64% and 62%, respectively, (Figure 22), were pH 3 and initial metal concentration of 20 ppm. These optimum conditions were then utilized in the subsequent removals of the studied metal cations using adsorbents L2@SBA-15 and L3@SBA-15. Adsorbent L2@SBA-15 recorded efficiencies for Cr(VI), Cd(II) and Pb(II) cations of 41%, 66%, and 93%, respectively, and 20%, 88% and 55%, respectively, for L3@SBA-15 (Figure 22). 
[image: ]
[bookmark: _Toc173433241]Figure 22: % Removal efficiency for different metal cations using L1@SBA-15 to L3@SBA-15.
These results can be attributed to the Hard Soft Acid Base (HSAB) theory; L1@SBA-15 and L2@SBA-15 possess N^N^O and N^N^N donor atoms, respectively, and thus, they are classified as borderline hard bases while L3@SBA-15 possess N^N^S donor atoms and is classified as a borderline soft base due to the presence of the soft sulphur atom. Adsorbents L1@SBA-15 and L2@SBA-15 yielded high removal efficiencies for the borderline hard acid, Pb(II) cation, of 99% and 93%, respectively, and average removal efficiencies for the hard Cr(VI) acid of 64% and 58%, respectively. Adsorbent L1@SBA-15 possesses a hard oxygen atom as compared to L2@SBA-15 that contains a relatively softer nitrogen atom, and the influence of these donor atoms was evident from the relatively higher removal efficiency of L2@SBA-15 for Cd(II) cations (66%) as compared to 62% of L1@SBA-15  for the same metal cation. Compound L3@SBA-15 recorded the highest removal efficiency of 88% for the soft Cd(II) cation as compared to L1@SBA-15 and L2@SBA-15 (Table 12).  A large surface areas of the adsorbents was expected to result in enhanced removal capacity of the adsorbents. However, L3@SBA-15 that had the smallest surface area of all the adsorbents registered the highest removal efficiency for Cd(II) cation as shown in Table 12.
[bookmark: _Toc173433209]Table 12: Physical properties and removal efficiencies of metal cations using different adsorbents.
	Sorbent
	Classification
	aSBET (m²/g)
	bPD (nm)
	Metal cation/Overall removal efficiency

	
	
	
	
	Cr(VI)
	Cd(II)
	Pb(II)

	L1@SBA-15
	Hard
	105
	8.7
	64
	62
	99

	L2@SBA-15
	Borderline soft
	128
	8.3
	41
	66
	93

	L3@SBA-15
	Borderline soft
	58
	13
	20
	88
	55


a BET surface area, b Pore diameter.
Furthermore, adsorbent L2@SBA-15 had the largest surface but did not yield higher removal efficiencies of the metal cations in comparison to L1@SBA-15. These results show that coordination of the chelating ligands enhanced the adsorbent-metal interaction of the adsorbent systems following the HSAB theory, thereby, influencing the removal of the metal cations in comparison to the surface properties of the adsorbents [111]. 
FT-IR analysis was done to provide insight into the coordination mechanism of the chelating ligands on the adsorbents with the metal cations in solution during removal (Appendices 8-10). Shifts in vibration frequencies of various functional groups and absence of particular peaks in the used adsorbents were observed in comparison to the FT-IR spectra of the fresh adsorbents, as shown in Table 13. 
[bookmark: _Toc173433210]Table 13: Vibration frequencies (cm-1) of various functional groups in L1@SBA-15 to L3@SBA-15
	Entry
	Adsorbent/Functional group (υcm-1)
	L1@SBA-15
	L2@SBA-15
	L3@SBA-15

	
	
	Fresh
	Used
	Fresh
	Used
	Fresh
	Used

	1
	C=N
	1630
	1624
	1649
	1643
	1633
	1629

	2
	N-H
	3289
	-
	3290
	-
	3294
	-

	3
	O-H
	3256
	-
	-
	-
	-
	-


- Not present
For example, for adsorbent L1@SBA-15, the vibrational frequency peaks of the phenolic (Phe-OH) and N-H functional groups were absent in the used adsorbent (Appendix 8). Additionally, the peak resonating to υ(C-O) functional group in L1@SBA-15 was not observed in the used adsorbent which was attributed to the formation of C-O-M analogue upon metal complexation [112]. Other functional groups present in the adsorbents followed similar trends which could be attributed to the deprotonation of the donor atoms during complexation with the metal cations present in solution consistent with literature reports [112, 113]. Thus, adsorbents L1@SBA-15-L3@SBA-15 were proposed to possess tridentate coordination sites which consisted of N^N^O, N^N^N and N^N^S donor atoms respectively, (Figure 23).


[bookmark: _Toc173433242]Figure 23: Nature of coordination (N^N^O, N^N^N, and N^N^S) of the immobilized Schiff base chelating ligands to the metal cations.
[bookmark: _Hlk154832240]

[bookmark: _Toc173656745]3.3 Conclusion
Adsorbents L1@SBA-15 to L3@SBA-15 were synthesized and characterized utilizing a wide array of techniques such as NMR, FTIR which confirmed the successful condensation of the ligands and BET/BHJ, PXRD, TGA/DSC, TEM-SEM which confirmed the successful immobilization of the chelating ligands onto SBA-15. The adsorbents were used in the removal of Cr(VI), Cd(II) and Pb(II) cations from aqueous solutions while varying several parameters such as pH, adsorbent dosage, contact time and initial metal concentration. The BET analysis revealed the large surface areas of the adsorbents which was instrumental in the removal capacity of the sorbents as high metal removal efficiencies were recorded. Compound L1@SBA-15 recorded the highest removal efficiency for Pb(II) cations of 99% at an optimum pH of 9 as compared to 64% and 62%, respectively, for Cr(VI) and Cd(II) cations at pH 3 where the removal efficiencies were significantly different (p<0.05),. L2@SBA-15 recorded removal efficiencies of 41%, 66% and 93% whereas L3@SBA-15 recorded 20%, 88% and 55% for Cr(VI), Cd(II) and Pb(II) cations, respectively, which were significantly different (p<0.05). Further, the removal capacity of L1@SBA-15 was influenced by pH, contact time, adsorbent dosage and initial metal concentration.
In addition, the HSAB theory was found to influence the removal of the metal cations more as compared to the adsorbents’ surface properties. To further evaluate the adsorption of Cr(VI), Cd(II) and Pb(II) cations onto L1@SBA-15, several adsorption kinetic models such PFO, PSO, Elovich and IPD were employed where the pseudo-second-order kinetic model was observed to perfectly describe the adsorption process in that it recorded the highest correlation coefficient values, R2>0.98. Moreover, Redlich-Peterson, Langmuir, Temkin, and Freundlich isotherms were also used to study the mechanistic nature of adsorption where The Langmuir isotherm was observed to best characterize the adsorption process in that it recorded the highest R2 values  for all metal cations. In conclusion, the functionalization of the Schiff base ligands onto mesoporous SBA-15 yielded viable extractants with the potential for remediating environmental components polluted with heavy metals.




[bookmark: _Toc173656746]CHAPTER FOUR
[bookmark: _Toc173656747]4.1 Experimental section
[bookmark: _Toc173656748]4.1.1 Materials and chemicals
[bookmark: _Toc157287178]The materials and chemicals utilized were similar to those described in section 3.2.1. In addition, magnetic susceptibility experiments were evaluated using a Quantum Design MPMS3 Evercool SQUID magnetometer. 
[bookmark: _Toc173656749]4.1.2 Preparation of Fe₃O₄ MNPs
The MNPs were prepared using a co-precipitation method [114]. About 1.50 g of ferrous chloride (Fe²⁺) was dissolved in 100 mL deionized water at 85℃ under nitrogen atmosphere. After dissolving, 3.00 g of ferric chloride (Fe³⁺) was added to the mixture and a red-brown color was observed. Overall, the mole ratio attained of Fe³⁺ to Fe²⁺ was 2:1. After one hour, about 15 mL of 25% ammonium hydroxide (NH₄OH) was rapidly mixed the reaction mixture and stirred vigorously (500 rpm), immediately forming a black precipitate which indicated the nucleation of Fe₃O₄. The mixture was stirred for 1 h (430 rpm) after which it was filtered, and the residue washed four times with deionized water and ethanol. The residue was subsequently vacuum-dried at 65℃ for 8 h.
[bookmark: _Toc173656750]4.1.3 Immobilization of Schiff base chelating ligands on MNPs
4.1.3.1 Immobilization of L1 on Fe3O4 MNPs
(E)-2-(3,3-dimethoxy-2-oxa-7,10-diaza-3-silaundec-10-en-11-yl)phenol (L1) (1.0 g, 5.3 mmol) was added to 0.50 g of Fe₃O₄ MNPs dispersed in dry toluene (20 mL). The solution was then sonicated for 45 min and refluxed for 24 h at 100℃ under nitrogen environment. Thereafter, the product was filtered and washed three times with dichloromethane and vacuum-dried at 65℃ for 8 h to yield a black powder (L1@Fe3O4). Yield 0.80 g (53%). IR υmax/cm⁻¹: υ(N-H)= 3394, υ(O-H)= 3290, υ(C=N)= 1666, υ(Si-O)=1020, υ(Fe-O)=522.
4.1.3.2 Immobilization of L2 on Fe3O4 MNPs
Compound L2@Fe3O4 using the same procedure described for L1@Fe3O4 using (E)-N-(2-((pyridine-2ylmethylene)amino)ethyl)-3-(trimethoxysilyl)propan-1-amine (L2) (1.0 g, 5.3 mmol) and Fe3O4 (0.5 g). Yield 0.65 g (43%), which was a black powder. IR υmax/cm⁻¹: υ(N-H)=3384, υ(C=N)= 1634, υ(Si-O)=1025, υ(Fe-O)=545.
4.1.3.3 Immobilization of L3 on Fe3O4 MNPs
Compound L3@Fe3O4 using the same procedure described for L1@Fe3O4 using (E)-N-(2-((thiophen-2-ylmethylene)amino)ethyl)-3-(trimethoxysilyl)propan-1-amine (L3) (0.75 g, 5.3 mmol) and Fe3O4 (0.5 g). Yield 0.47 g (38%), black powder. IR υmax/cm⁻¹: υ(N-H)=3382, υ(C=N)= 1625, υ(Si-O)=1018, υ(Fe-O)=558.
[bookmark: _Toc173656751]4.1.4 Adsorption experiments
Removal experiments were carried out with the same procedure described in section 3.1.5 where 0.01 g of L1@Fe3O4-L3@Fe3O4 was used and L1@Fe3O4 was used in the optimization studies. Adsorption isotherm studies were carried out at room temperature where 0.01 g of L1@Fe3O4 was added to 15 mL of solutions containing Cr(VI), Cd(II) and Pb(II) cations at various initial concentrations. The adsorption isotherms used in this study and their respective parameters are given in Table 2. Kinetic studies were conducted using 0.01 g of L1@Fe3O4 in 15 mL of different metal concentrations at different time intervals. In the present work, the kinetic models utilized to evaluate the nature of adsorption of the studied metal cations are given in Table 3.
[bookmark: _Toc173656752]4.1.5 Data analysis
Data analysis will be done using two-way Analysis of Variance (ANOVA) to determine any significant differences in the extraction efficiencies of Cr(VI), Cd(II) and Pb(II) by L1@Fe3O4, L2@Fe3O4 and L3@Fe3O4.
[bookmark: _Toc173656753]4.2 Results and discussion
[bookmark: _Toc173656754]4.2.1 Synthesis and characterization of immobilized MNPs
Compounds L1 to L3 were immobilized onto Fe₃O₄ MNPs to afford the functionalized materials L1@Fe3O4 to L3@Fe3O4 (Scheme 3). The immobilized materials were characterized using several techniques which include FT-IR, TEM-SEM, VSM and BET-BHJ.


Scheme 3: Immobilization of Fe3O4 MNPs to give, L1@Fe3O4 to L3@Fe3O4; dry toluene, reflux 24 h under nitrogen atmosphere (i-iii).
The FTIR spectra of L1@Fe3O4 to L3@Fe3O4 showed very strong adsorption bands which were between 1010-1105cm-1 and 740-790cm-1 for all the sorbents (Figure 24). These vibrational frequencies were conferred to the asymmetric bending and stretching vibrations of the O-Si functional group which were present in the Fe₃O₄ MNPs framework confirming the successful immobilization of the chelating compounds. Additionally, strong stretching vibrational frequencies ranging from 540-560cm-1 were observed for all the compounds which corresponds to the Fe-O vibration frequency of the magnetite phase, confirming the successful formation of Fe₃O₄ core in the synthesized and functionalized nanoparticles [115]. 
[image: ]
[bookmark: _Toc173433243]Figure 24: FT-IR spectra of compounds L1@Fe3O4, L2@Fe3O4 and L3@Fe3O4 adsorbent systems showing υ(C=N) resonating between 1620-1670 cm-1 confirming successful immobilization.
The bending vibrational frequency of the secondary amine groups, N-H, was responsible for the bands in the 3382-3394 cm-1 range consistent with previous reports [116, 117]. All the compounds exhibited sharp peaks ranging from 1620-1670 cm-1 which were a result of the azomethine stretching vibration frequency confirming the successful functionalization of the Schiff base ligands onto Fe₃O₄ MNPs matrix. A broad peak at 3290 cm-1 was observed for adsorbent L1@Fe3O4 which was a result of the phenolic O-H bending vibrational frequency, validating the successful grafting of salicylaldehyde onto the system [118]. Compound L2@Fe3O4 also showed a sharp characteristic peak at 1429cm-1 that confirmed the presence of the pyridine moiety within the sorbent system [90]. Adsorbent L3@Fe3O4 on the other hand, exhibited a unique sharp intense peak at 697cm-1, which was assigned to the stretching of C-S bond, thereby, validating the presence of the thiophene moiety in the compound [91]. In addition, the peaks observed between 2850-2930 cm-1 for the adsorbents were a result of the C-H asymmetric stretching vibration in agreement with previous reports [119-121].
Moreover, shifts in υ(Si-O) vibration frequencies were also observed upon the immobilization of the ligands onto the Fe₃O₄ MNPs. For example, the O-Si functional group which had been  observed to vibrate at a frequency of 1112 cm-1 in L1 shifted to a lower frequency of 1099 cm-1 in L1@Fe3O4 , upon immobilization. Similar trends were observed for the other adsorbents relative to their respective precursor ligands which confirmed the successful immobilization of the Schiff base ligands onto Fe₃O₄ MNPs, which is consistent with literature reports [92, 93].
4.2.1.1 Surface morphology
Normally, under TEM imaging analysis, Fe₃O₄ MNPs usually look like small agglomerated particles [115]. Indeed the MNPs synthesized in this study appearred as particles with narrow sized distributions with some agglomeration, Figure 25a, which is in alignment with literature [115]. The size and regularity of the Fe₃O₄ nanoparticles was further confirmed by SEM imaging as shown in Figure 25e.  
[image: ]
[bookmark: _Toc173433244]Figure 25: TEM micrographs: pure Fe3O4 MNPs (a), L1@Fe3O4 (b), L3@Fe3O4 (c), L3@Fe3O4 (d). SEM micrographs, pure Fe3O4 MNPs (e), L1@Fe3O4 (f), L2@Fe3O4 (g), L3@Fe3O4 (h).
The sorbent systems L1@Fe3O4 to L3@Fe3O4 also showed small agglomerated particles with a similar appearance and narrow distribution as the Fe₃O₄ MNPs, confirming the successful immobilization of AEAPTMS and the Schiff base ligands onto this particular solid support (Figure 25(b-d)). Furthermore, the sorbent materials L1@Fe₃O₄ to L3@Fe3O4 showed similar surface morphologies to the MNPs, Figure 25(f-h) respectively, thereby validating the successful functionalization of the chelating ligands on the surface of the solid support.
4.2.1.2 Magnetic properties
The magnetic properties of the sorbent systems were analyzed using a superconducting quantum interference device (SQUID) as illustrated in Figure 26. 
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[bookmark: _Toc173433245]Figure 26: Magnetic properties analysis of MNPs and sorbent L1@Fe3O4 to L3@Fe3O4.
The magnetization saturation of the purely synthesized Fe₃O₄ MNPs was found to have a magnetic moment of 75.97 emu/g. A drop in the magnetic moment of the immobilized materials was observed in comparison to the MNPs where L1@Fe3O4 to L3@Fe3O4 recorded values of 60, 50 and 43 emu/g, respectively, as tabulated in Table 14. The drop in the superparamagnetic nature of the compounds could be a result of the functionalization of the adsorbent, where the Schiff base ligands could have diluted the magnetic moment. This is in alignment with a report by Meng et al., who observed that the addition of silicate containing compounds on the surface of Fe₃O₄ MNPs led to a decrease in the magnetic moment of the nanoparticles from 75.2 emu/g to 39.7-42.1 emu/g [115]. In a similar study, it was observed that the immobilization of Fe₃O₄ MNPs core shell caused an alteration of the electronic structure and surface properties of the particles ultimately affecting the magnetic moment of the materials [114, 122]. Thus, the newly formed silicate material/amino interface shell led to the decrease in the coercivity and magnetic saturation. Despite the drop in saturation magnetization, the modified MNPs still displayed significant magnetization, making them ideal for magnetic separation. Furthermore, the absence of hysteresis in the results confirmed the superparamagnetic tendency of the sorbents which affirmed their capability to be used in magnetic separation.
4.2.1.3 Surface properties
Moreover, the specific surface area of the Fe₃O₄-immobilized sorbent systems were assessed by nitrogen adsorption-desorption technique with respect to BET, while the overall porosity of the adsorbents were evaluated using BHJ  and results given in Table 14. A H3 form of a hysteresis loop was obtained in the nitrogen physisorption experiments for L1@Fe3O4 to L3@Fe3O4 which indicates that the materials are mesoporous in nature [123], Appendix 6. The pore size analysis of the materials recorded pore diameters of <20 nm for L1@Fe3O4-L3@Fe3O4 (Appendix 7) as given in Table 14. 
[bookmark: _Toc173433211]Table 14: The physical and magnetic properties of Fe3O4 immobilized systems
	Adsorbent
	aSBET (m²/g)
	bPD (nm)
	cMs (emu/g)

	
	
	
	

	L1@Fe3O4
	21
	15
	60

	L2@Fe3O4
	21
	17
	50

	L3@Fe3O4
	7
	15
	43


a-BET surface area (SBET) measured by N₂ physisorption. b-Pore diameter (PD) calculated according to BHJ. c-Magnetic moment of non-immobilized Fe₃O₄ MNPs = 75.97 emu/g.
4.2.1.4 Thermal properties
The thermal properties of L1@Fe3O4 to L3@Fe3O4 were also evaluated using TGA-DSC and the decomposition patterns were acquired in the temperature range 0900 ℃ as shown in Figure 27a. 
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[bookmark: _Toc173433246]Figure 27: TGA and DSC plots, a and b respectively, showing the decomposition patterns of L1@Fe3O4 to L3@Fe3O4.
The adsorbents generally showed unique phases of decomposition. For example, between 0 and 200 ℃, it was observed that all adsorbents experienced weight loss which could be attributed to the loss of the moisture content in the compounds. Additionally, between 200 and 600 ℃, the weight loss exhibited by the adsorbents may be attributed to the degradation of the organic core within the compounds. Moreover, from the DSC profiles (Figure 27b) the reactions of the compounds at increased temperatures validated the exothermic nature of the reactions which could be attributed to the melting/decomposition of L1@Fe3O4 to L3@Fe3O4, consistent with literature reports on TGA analysis [124, 125].
[bookmark: _Toc173656755]4.2.2 Adsorption studies
4.2.2.1 Effect of pH on adsorption of metal cations
The initial pH of a solution is a particularly essential parameter in the removal of metal cations since it affects not only the surface characteristics of the adsorbent, but also the form of the metal cation prevalent in solution [91]. Thus, in this study, the effect of pH on the removal of Pb(II), Cr(VI), and Cd(II) metal cations using L1@Fe3O4 was studied by altering the pH of the solutions from ranges 1.0 to 9.0 as presented in Table 15. As observed in Table 15, the removal efficiencies varied significantly (p<0.05) with lower removal efficiencies of 38%, 19% and 25% for Cr(VI), Pb(II) and Cd(II) cations, respectively, were recorded at pH 1.

[bookmark: _Toc173433212]Table 15: % Removal efficiencies of metal cations by variation of pH
	pH
	% Removal efficiency of metal cation

	
	Cr(VI)
	Pb(II)
	Cd(II)

	1
	38
	19
	25

	3
	68
	47
	46

	5
	55
	83
	45

	7
	45
	98
	41

	9
	42
	99
	36


Reaction conditions: contact time 24 hrs, adsorbent dose 10 mg, initial metal concentration 20 ppm (Cr(VI), Cd(II), Pb(II)) using L1@Fe3O4.
Several studies have shown that at lower pH, protonation of the nitrogen-donor atoms is predominant, thus limiting metal-N interactions [107, 126]. Furthermore, at low pH levels, significant concentrations of H⁺ ions compete with metal cations for active sites on adsorbent surfaces [127]. The optimum pH for Cd(II) and Cr(VI) cations was obtained as 3, giving the maximum removal efficiency of 46% and 68% respectively, (Table 15). Lower removal of Cd(II) and Cr(VI) cations at high pH could be attributed to the possible precipitation of Cd(II)/Cr(VI) (OH)₂ anions at high pH [128]. In contrast, the optimum pH of 9 was recorded for Pb(II) cations displaying removal efficiencies of 99% (Figure 28a)). Furthermore, Pb(II) cation has been shown to be in abundance between pH 1-9 and viable for removal, in good agreement with the trend observed, and consistent with previous findings of Zhu et al., [129].
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[bookmark: _Toc173433247]Figure 28: % Removal efficiencies of L1@Fe3O4 showing the effect of (a)-pH, (b)- initial metal concentration, (c)-contact time, (d)- adsorbent dosage
4.2.2.2 Effect of initial metal concentration on adsorption
To evaluate the effect of initial concentration on the adsorption process, aqueous solutions of concentrations ranging from 20 ppm to 60 ppm for Cd(II), Cr(VI) and Pb(II) cations were utilized. At lower concentrations of 20 ppm, removal efficiencies of 68%, 46% and 100% for Cr(VI), Cd(II) and Pb(II) cations, respectively, as shown in Table 16. 



[bookmark: _Toc173433213]Table 16: % Removal efficiencies by variation of initial metal concentration
	Initial metal concentration (ppm)
	% Removal efficiency of different metal cations

	
	Cr(VI)
	Cd(II)
	Pb(II)

	20
	68
	46
	100

	30
	57
	42
	99

	40
	47
	39
	99

	50
	38
	34
	98

	60
	34
	29
	96


Reaction conditions: contact time 24 hrs, adsorbent dose 10 mg, pH 3 (Cr(VI), Cd(II)) , pH 7 ( Pb(II)) using L1@Fe3O4.
It’s also noteworthy to point out that adsorbent L1@Fe3O4 maintained very high removal efficiencies for Pb(II) cations even at higher concentrations of 60 ppm, displaying removal efficiencies of 96%. Generally, as is evident from Figure 28(b), the removal efficiency of the adsorbent declined with the increase in concentration of the metal cations. Thus, high metal concentrations would imply lower adsorbent concentrations that translates to an overall decrease in removal efficiency of the adsorbent as metal concentration is increased which is in agreement with previous findings [130, 131]. To evaluate the nature of adsorption of the different metal cations at different initial metal concentrations, several isotherms which include, Freundlich, Temkin, Redlich-Peterson and Langmuir isotherm were utilized in the assessment and clarification of the favorableness of heavy metal cation adsorption on L1@Fe₃O₄. A separation factor RL of 0<RL<1 was obtained (Table 17), which is an indication that the sorption of the cations was favorable [102]. 
[bookmark: _Toc173433214]Table 17: Separation factor (RL) values for the adsorption of metal cations based on Langmuir isotherm using L1@Fe3O4
	Initial conc. (mg L−1)
	Cr(VI)
	Cd(II)
	Pb(II)

	20
	0.162
	0.516
	0.0094

	30
	0.114
	0.415
	0.0063

	40
	0.088
	0.347
	0.0057

	50
	0.072
	0.299
	0.0035

	60
	0.061
	0.262
	0.0019


It was observed that Langmuir isotherm recorded the highest correlation coefficients (>0.98), (Table 18) which indicated that the adsorption process may be represented by the formation of a monolayer of metal cations on the surface of the adsorbent. Freundlich isotherm model was also used to evaluate the nature of the extraction of Cd(II), Cr(VI) and Pb(II) cations on L1@Fe3O4 where it recorded high correlation coefficients and 1/n values for each metal cation (Table 18). This illustrated an avid interaction between the metal cations and the surface of L1@Fe3O4 as similar findings were reported by [100]. Redlich-Peterson isotherm, which is an extension of Freundlich and Langmuir kinetic models, was employed and high correlation coefficients and β≈1 values, (Table 18), were recorded indicating that the system best fits the Langmuir adsorption isotherm [100]. This was also confirmed by the high correlation coefficients recorded for Langmuir isotherm, (Table 18). Temkin isotherm model recorded R²>0.90, which was an indication that there was indeed a robust positive interaction between the adsorbing species and the adsorbent (Table 18 and Figure 29).
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[bookmark: _Toc173433248]Figure 29: Linear adsorption isotherm studies for Cr(VI), Cd(II) and Pb(II) cations on L1@Fe3O4. Langmuir isotherm (inset, Pb(II) isotherm) (a), Freundlich isotherm (inset, Pb(II) isotherm) (b), Redlich-Peterson isotherm (inset, Pb(II) isotherm) (c) and Temkin isotherm (inset, Pb(II) isotherm) (d).






[bookmark: _Toc173433215]Table 18: Isotherm models and other statistical parameters of adsorption using L1@Fe3O4
	Isotherm Model
	Cr(VI) ion
	Cd(II) ion
	Pb(II) ion

	
	Parameter
	R2
	Parameter
	R2
	Parameter
	R2

	Langmuir
	Linear
	qm=32.840
KL=0.2581
	0.9903
	qm=41.771
KL=0.0469
	0.9881
	qm=450.450
KL=0.3153
	0.9911

	
	Non-linear
	qm=32.762
KL=0.2619
	0.9824
	qm=36.619
KL=0.0561
	0.9775
	qm=472.245
KL=0.2426
	0.9785

	Freundlich
	Linear
	KF=14.420
n=4.860
	0.940
	KF=4.672
n=2.0820
	0.9482
	KF=156.070
n=4.233
	0.9042

	
	Non-linear
	Kfr =14.869
nfr =5.106
	0.9371
	Kfr =5.372
nfr =2.285
	0.9389
	Kfr =184.109
nfr =5.181
	0.9038

	Redlich-Peterson
	Linear
	αR=0.069
β=0.794
	0.9957
	αR=0.214
β=0.520
	0.9775
	αR=0.0064
β=0.764
	0.9899

	
	Non-linear
	KR=8.583
αR=0.087
β=3.021
	0.9823
	KR=2.166
αR=0.040
β=1.398
	0.9775
	KR=114.6
αR=0.0018
β=1.384
	0.9785

	Temkin
	Linear
	A=9.407
B=5.142
	0.9559
	A=0.426
B=9.478
	0.9722
	A=7.745
B=68.404
	0.9594

	
	Non-linear
	A=9.407
B=5.141
	0.9552
	A=0.425
B=9.478
	0.9720
	A=7.744
B=68.403
	0.9593




4.2.2.3 Effect of contact time on adsorption
To assess the influence of contact time on the metal cation removal, 15 mL of aqueous solutions of 20 ppm Cr(VI), Cd(II), and Pb(II) cations using 0.01 g of adsorbent L1@Fe3O4 was evaluated by varying contact time from 1 h to 24 h. As is evident from Figure 28(c), an increase in contact time generally translated to an increase in removal efficiencies of the metal cations. The lowest removal efficiencies were recorded at 1 h of 27%, 16% and 86% for Cr(VI), Cd(II) and Pb(II), respectively. The optimum removal efficiencies recorded were at 18 h of 68%, 98% and 46% for Cr(VI), Pb(II) and Cd(II) cations, respectively, as shown in Table 19. It is also worth noting that after 1 h, the adsorbent displayed an removal efficiency of 86% for Pb(II) cations, pointing to the high sorption capacity and fast kinetics towards Pb(II) cation which could be attributed to high adsorbent-metal interaction, consistent with other previous studies [132, 133].
[bookmark: _Toc173433216]Table 19: % Removal efficiencies of metal cations by contact time variation
	Contact time (hrs)
	% Removal efficiency of metal cations

	
	Cr(VI)
	Pb(II)
	Cd(II)

	1
	27
	97
	16

	6
	53
	98
	36

	12
	64
	98
	42

	18
	67
	99
	46

	24
	68
	100
	46

	36
	68
	100
	46


Reaction conditions: initial metal concentration 20 ppm (Cr(VI), Cd(II), (Pb(II)), adsorbent dose 10 mg, pH 3 (Cr(VI), Cd(II)) , pH 7 ( Pb(II)) using L1@Fe3O4.
Kinetic models given in Table 3, were used to assess the nature of adsorption of Cr(VI), Cd(II) and Pb(II) cations on L1@Fe3O4 at different contact times. The pseudo-second-order kinetic model which is founded on the assumption that valence forces are involved in the substitution of electrons between the adsorbate and adsorbent was used to evaluate the nature of adsorption of the studied metal cations on L1@Fe3O4. The experimental data (Table 20) are in good agreement with the PSO model characterized by the high R² values (>0.99) for all the metal cations as compared to the other kinetic models utilized in the study. This affirms that the rate determining step is chemisorption and removal of metal cations is controlled by chemical processes [134]. Interestingly, Pb(II) cations showed a higher adsorption rate compared to the other metal cations (Table 20). This is because Pb(II) cation has a greater ionic radius, larger atomic weight, greater electronegativity and smaller Z/R (charge/radius) ratio as compared to Cd(II) and Cr(VI) cations [107, 108]. Furthermore, the good correlations between the calculated and experimental qe values indicated a perfect fit of this model for the use of L1@Fe3O4 in the removal of the studied metal cations. The extraction data was also evaluated using Lagergren pseudo-first-order which recorded R²>0.93 and it was also noted that there was a large difference between the equilibrium adsorption capacity (qe) values of the experimental and calculated data while utilizing this model, implying that it’s an improper fit to explain the nature of adsorption of the metal cations on L1@Fe3O4. Elovich model which was also utilized recorded R²>0.99 which was attributed to the enhanced adsorbent-metal interaction during extraction (Table 20). Since the kinetic results fitted well to the chemisorption kinetic model, the intraparticle diffusion model was further utilized to evaluate the influence of mass transfer resistance on the binding of metal cations to L1@Fe3O4. A linear plot of the various concentrations did not pass through the origin which could be because of the difference in the mass transfer rate at both the initial and final stages of metal cation adsorption which was an indication that there is a degree of boundary layer control [100]. 







[bookmark: _Toc173433217]Table 20: Kinetic models and other statistical parameters of adsorption using L1@Fe3O4
	Kinetic model
	Parameters
	Metal ions solution

	
	
	Cr(VI)
(20ppm)
	Cd(II)
(20ppm)
	Pb(II)
(20ppm)

	Pseudo-first-order equation
	K1 (min− 1)
	0.0118
	0.0231
	0.0951

	
	qe exp (mg/g)
	23.565
	20.685
	147.705

	
	qe cal (mg/g)
	19.539
	13.396
	144.233

	
	R2
	0.9321
	0.9870
	0.9969

	Pseudo-second-order equation
	K2 (g mg− 1 min− 1)
	0.0377
	0.0351
	0.0349

	
	qe, exp (mg/g)
	23.565
	20.685
	147.705

	
	qe, cal (mg/g)
	21.222
	14.533
	148.148

	
	h (mg g− 1 min− 1)
	18.853
	10.560
	763.358

	
	R2
	0.9950
	0.9940
	0.9997

	Elovich equation
	α (mg/g min)
	28.333
	12.886
	1.25E10

	
	β (g/mg)
	0.240
	0.317
	0.1666

	
	R2
	0.9946
	0.9937
	0.9995

	Intraparticle diffusion
	Kdiff (mg/g min1/2)
	4.149
	2.880
	63.752

	
	C
	2.875
	1.571
	25.285

	
	R2
	0.9126
	0.9282
	0.8294



4.2.2.4 Effect of adsorbent dosage on adsorption 
The influence of adsorbent dose on the removal efficiencies was investigated using Pb(II) cations by varying the concentrations of L1@Fe3O4 from 0.005 g to 0.02 g. The choice of solely using Pb(II) cations was guided by the fact that among the three metal cations under study, it recorded the highest extraction efficiencies, thus propagating the need to establish the influence of dosage variation in its extraction. It was observed that the lowest adsorbent dose, 0.005 g, recorded the least efficiency of 96% while the highest adsorbent dose, 0.02 g, recorded the highest removal efficiency of 100%, as shown in Figure 28(d). It is obvious that the removal effectiveness of the adsorbent rose with an increase in the adsorbent dose quantity, which may be attributed to an increase in the material's active sites (available active binding sites ≥ total number of ions in solution), consistent with previous findings in related studies [132, 135, 136]. 
[bookmark: _Toc173656756]4.2.3 Adsorbent-metal interaction
Adsorbent L1@Fe3O4 was used to optimize the removal parameters such as pH, time, dosage and metal cation concentration (Figure 30). It was observed that adsorbent L1@Fe3O4 recorded the highest removal efficiencies for Pb(II) cations of 99% at optimized conditions of pH 9, initial metal concentration of 20 ppm, contact time 24 h and adsorbent dosage of 20 mg. Similarly, adsorbent L1@Fe3O4 recorded optimum removal efficiencies for Cr(VI) and Cd(II) cations, 68% and 46%, respectively, at pH 3, initial metal concentration of 20 ppm, contact time 24 h and adsorbent dosage of 10 mg. These optimum removal conditions were then employed in the subsequent removal of Cr(VI), Cd(II), and Pb(II) cations using adsorbents L2@Fe3O4 and L3@Fe3O4. 
[image: ]
[bookmark: _Toc173433249]Figure 30: % Removal efficiency for different metal cations using L1@Fe3O4 to L3@Fe3O4
As shown in Figure 30, compound L2@Fe3O4 exhibited relatively high removal efficiency for Pb(II) cations of 78%, compared to the removal capacities of 22% and 56% for Cr(VI) and Cd(II) cations, respectively. On the other hand, adsorbent L3@Fe3O4 displayed removal efficiencies of 89%, 59% and 19% for Cd(II), Pb(II) and Cr(VI) cations, respectively. The removal efficiencies of the different adsorbents varied significantly (p<0.05). The varied removal efficiencies of the three adsorbents could be explained by the Hard Soft Acid Base Theory [137]. The metals used in this study vary in terms of their acidity; Pb(II) cation is a borderline hard acid, Cr(VI) cation is a hard acid while Cd(II) cation is a soft acid. The donor atoms N^N^O in L1@Fe3O4 qualifies it as a borderline hard base, N^N^N in L2@Fe3O4 qualifies it to be classified as a borderline soft base while the N^N^S donor atoms in L3@Fe3O4 classifies it as a soft base. This explains why L1@Fe3O4 and L2@Fe₃O₄ recorded high removal efficiencies for Pb(II) cations (borderline hard acid), while the N^N^S donor L3@Fe3O4 recorded the highest removal efficiency for the soft acid Cd(II) cations, consistent with the expected adsorbent-metal interactions. Moreover, since Pb(II) cations are classified as a borderline hard acid, adsorbent L1@Fe3O4 is expected to have an increased interaction with Pb(II) cations as compared to adsorbent L2@Fe3O4, as observed in the removal efficiencies recorded in Table 21. This argument is supported by the relatively lower removal efficiencies obtained for the hard Cr(VI) cation by L3@Fe3O4 with a soft donor atom, and L2@Fe3O4 with a borderline soft donor atom, relative to L1@Fe3O4, with a hard donor atom.
The study also sought to establish if the surface properties of the adsorbents such as particle size and surface area influenced the removal abilities of the heavy metal cations (Table 21). Adsorbents with larger surface areas are normally expected to achieve higher removal efficiencies of metal cations [138]. However, no clear dependence of removal efficiencies on the adsorbent surface area was observed. For example, adsorbents L1@Fe3O4 and L2@Fe3O4 with higher surface areas of 21 m²/g recorded higher removal efficiencies of 99% and 78% for Pb(II) cations, respectively, as compared to 59% displayed by L3@Fe3O4, with a surface area of 7 m²/g (Table 21). However, in spite of the smaller surface area of 7 m²/g, adsorbent L3@Fe3O4 displayed the highest removal efficiency of 89% while adsorbent L1@Fe3O4 showed higher removal efficiency towards Cr(VI) of 68% compared to 22% recorded for adsorbent L2@Fe3O4, despite both adsorbents having similar surface areas of 21 m2/g (Table 21). From these trends, it is evident that the Hard Soft Acid Base Theory (HSAB), i.e. nature of metal atom and donor atoms in the adsorbents, largely controlled the observed removal efficiencies with the surface/physical properties of the adsorbents playing minimal roles.
[bookmark: _Toc173433218]Table 21: Physical properties and removal efficiencies of metal cations using different adsorbents.
	Adsorbent
	Classification
	aSBET (m²/g)
	bPD (nm)
	Metal cation/Overall removal efficiency

	
	
	
	
	Cr(VI)
	Cd(II)
	Pb(II)

	L1@Fe3O4
	Hard base
	21
	15
	68
	46
	99

	L2@Fe3O4
	Borderline soft base
	21
	17
	22
	56
	78

	L3@Fe3O4
	Borderline soft base
	7
	15
	19
	89
	59


a BET surface area, b Pore diameter.
In order to gain more insights on the observed varied removal efficiencies of the adsorbents towards Cr(VI), Cd(II) and Pb(II) metal cations, FT-IR analyses of the used adsorbents was performed in order to establish the possible nature of coordination of the chelating agents to the respective metal cations (Appendices 11-13). As an illustration, the υ(C=N) vibration frequencies of the fresh and used adsorbent L1@Fe3O were observed at 1666 cm-1 and 1624 cm-1, respectively (Table 22). In addition, for adsorbent L1@Fe3O4, the observed N-H (3394 cm-1) and phenolic O-H (3290 cm-1) signature peaks were not observed in the used adsorbent (Appendix 11). Similar trends were observed for adsorbents L2@Fe3O4 and L3@Fe3O4 (Table 22, Appendix 12 and 13). These data point to the possible deprotonation of the N-H and O-H protons during removal of the metal cations to form dianionic ligands and the formation of tridentately bound N^N^O, N^N^N and N^N^S metal chelates as depicted in Figure 31. Similar findings have been reported in literature in the formation of transition metal complexes [139, 140]. 
[bookmark: _Toc173433219]Table 22: Vibration frequencies (cm-1) of various functional groups in L1@Fe3O4 to L3@Fe3O4
	Adsorbent/Functional group
	L1@Fe3O4
	L2@Fe3O4
	L3@Fe3O4

	
	Fresh
	Used
	Fresh
	Used
	Fresh
	Used

	C=N
	1666
	1624
	1634
	1643
	1625
	1632

	N-H
	3394
	-
	3384
	-
	3382
	-

	O-H
	3290
	-
	-
	-
	-
	-


- Not present


[bookmark: _Toc173433250]Figure 31: Nature of the varied coordination (N^N^O, N^N^N, and N^N^S) of the chelating agents to the metal cations resulting in different removal efficiencies. The formation of bis(chelates) to give the more preferred octahedral complexes is most likely.
[bookmark: _Toc173656757]4.3 Conclusion
The Schiff base chelating ligands, L1 to L3 were synthesized and characterized using NMR and FT-IR spectroscopy which confirmed successful condensation. Adsorbents L1@Fe3O4 to L3@Fe3O4 were synthesized and characterized by several techniques such as BET/BHJ and TEM/SEM which classified them as mesoporous materials and VSM which confirmed that the adsorbents possess a magnetic moment. Additionally, TGA/DTA was also used to assess the thermal stability of the adsorbents, and it was observed that they are significantly stable even at elevated temperatures (200-600 ℃). 
The adsorbents were then used to investigate the removal of Cr(VI), Cd(II) and Pb(II) cations from aqueous solutions under varied conditions of pH, initial metal concentration, adsorbent dosage and contact time. It was observed that pH greatly influenced the removal capability of L1@Fe3O4, as the optimum pH recorded for both Cr(VI) and Cd(II) cations was pH 3 with removal efficiencies of 68, 46%, respectively, while for Pb(II) was pH 9 (99%) varied significantly (p<0.05). It was also noted that the removal efficiency increased with increase in contact time where L1@Fe3O4 recorded removal efficiencies of 68, 46 and 98% at 24 h for Cr(VI), Cd(II) and Pb(II) respectively. Compound L2@Fe3O4 and L3@Fe3O4 recorded removal efficiencies of 22, 56, 76% and 19, 90, 59% for Cr(VI), Cd(II) and Pb(II) cations (p<0.05), respectively. The removal of the metal cations was observed to mainly be influenced by the HSAB theory. 
Equilibrium and kinetic studies of the adsorption of Cr(VI), Cd(II) and Pb(II) cations by L1@Fe3O4 revealed excellent fits in the order Langmuir>Redlich-Peterson>Temkin>Freundlich. Furthermore, the kinetics of adsorption was evaluated using PFO, PSO, IPD and Elovich kinetic models with PSO model providing the highest correlation coefficients (R²>0.99) and the smallest margin observed between the experimental and calculated qe values. In conclusion, the Schiff base ligands immobilized Fe₃O₄ MNPs materials proved their potential as adsorbents for the removal of heavy metal cations from aqueous solutions.












[bookmark: _Toc173656758]CHAPTER FIVE
[bookmark: _Toc173656759]CONCLUSIONS AND RECOMMENDATIONS
[bookmark: _Toc173656760]5.1 Conclusions
1. The Schiff base ligands (E)-2-(3,3-dimethoxy-2-oxa-7,10-diaza-3-silaundec-10-en-11-yl)phenol (L1), (E)-N-(2-((pyridine-2ylmethylene)amino)ethyl)-3-(trimethoxysilyl)propan-1-amine (L2), (E)-N-(2-((thiophen-2-ylmethylene)amino)ethyl)-3-(trimethoxysilyl)propan-1-amine (L3) were successfully synthesized and fully characterized.
2. The chelating ligands (E)-2-(3,3-dimethoxy-2-oxa-7,10-diaza-3-silaundec-10-en-11-yl)phenol (L1), (E)-N-(2-((pyridine-2ylmethylene)amino)ethyl)-3-(trimethoxysilyl)propan-1-amine (L2), (E)-N-(2-((thiophen-2-ylmethylene)amino)ethyl)-3-(trimethoxysilyl)propan-1-amine (L3) were successfully immobilized onto SBA-15 and Fe₃O₄ MNPs support to yield adsorbents L1@SBA-15-L3@SBA-15 and L1@Fe₃O₄-L3@Fe₃O₄ respectively, which were also fully characterized.
3. Adsorbents L1@SBA-15-L3@SBA-15 and L1@Fe₃O₄-L3@Fe₃O₄ were used to remove Cr(VI), Cd(II) and Pb(II) ions from aqueous solutions. Compounds L1@SBA-15 and L1@Fe₃O₄ were used in optimization studies where various parameters such as pH, initial metal concentration, contact time and adsorbent dosage were varied. Compounds L1@SBA-15 and L1@Fe₃O₄ recorded the highest removal efficiencies for Pb(II) and L3@SBA-15 and L3@Fe₃O₄ recorded the highest removal efficiency for Cd(II) ions which was attributed to the nature of metal-ligand interactions and the HSAB theory. 
4. The nature of adsorption was evaluated using various kinetic and isotherm models. The pseudo-second-order kinetic model and the Langmuir adsorption isotherm were found to best explain the nature of adsorption of the metal cations studied using the adsorbents L1@SBA-15 and L1@Fe₃O₄ recording high correlation coefficient values (R²>0.98) as compared to other models studied.
[bookmark: _Toc173656761]5.2 Recommendations  
The Schiff base chelating ligands immobilized onto SBA-15 and Fe₃O₄ magnetic nanoparticles can be synthesized as potential adsorbents for heavy metal removal from aqueous solutions. These chelating adsorbents can be used as potential sequestering agents for heavy metal cations in wastewater.
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APPENDICES
[bookmark: _Toc173433253]Appendix 1: ¹³C-NMR for L1 showing the C=N carbon at 161 ppm
[image: A graph of a graph showing a number of numbers

Description automatically generated with medium confidence]




[bookmark: _Toc173433254]Appendix 2: ¹³C-NMR for L2 showing the C=N carbon at 153 ppm
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[bookmark: _Toc173433255]Appendix 3: ¹³C-NMR for L3 showing the C=N carbon at 155 ppm
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[bookmark: _Toc173433256]Appendix 4: Pore distribution (according to BHJ) for L1@SBA-15 to L3@SBA-15, a-c respectively.
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[bookmark: _Toc173433257]Appendix 5: N₂ adsorption-desorption isotherms for L1@SBA-15-L3@SBA-15, a-c respectively.
[image: A graph of a number of red dots]

[bookmark: _Toc173433258]Appendix 6: N₂ adsorption-desorption isotherms for L1@ Fe₃O₄ to L3@Fe₃O₄, a-c respectively.
[image: A graph of a graph of ads]
[bookmark: _Toc173433259]Appendix 7: Pore-size distribution (according to BJH) for L1@Fe₃O₄ to L3@ Fe₃O₄, a-c respectively.
[image: A graph of a number of different types of data]

[bookmark: _Toc173433260]Appendix 8: Stacked FT-IR spectra of fresh and used L1@SBA-15 adsorbent showing the absence of the υ(N-H), υ(O-H) and υ(C-O) peaks in the used adsorbent which is a result of their deprotonation upon metal chelate formation.
[image: ]

[bookmark: _Toc173433261]Appendix 9: Stacked FT-IR spectra of fresh and used L2@SBA-15 adsorbent showing the shift in vibration frequency of υ(C=N) and the absence of υ(N-H) peak in the used adsorbent which is a result of deprotonation upon metal chelate formation.
[image: A graph of a graph of a plant]
[bookmark: _Toc173433262]Appendix 10: Stacked FT-IR spectra of fresh and used L3@SBA-15 adsorbent showing the shift in vibration frequency of υ(C=N) and the absence of υ(N-H) and υ(C-S) peaks in the used adsorbent which is a result of deprotonation upon metal chelate formation.
[image: A graph of a graph showing a red line]


[bookmark: _Toc173433263]Appendix 11: Stacked FTIR spectra of fresh and used L1@Fe₃O₄ adsorbent showing the υ(C=N) at 1666 and 1624 cm⁻¹, respectively, and disappearance of O-H and N-H peaks at 3290 and 3394 cm⁻¹, respectively, in the used adsorbent due to deprotonation upon complexation.
[image: ]
[bookmark: _Toc173433264]Appendix 12: Stacked FT-IR spectra of fresh and used L2@Fe₃O₄ adsorbent showing the υ(C=N) at 1634 and 1643 cm⁻¹, respectively, and disappearance of N-H peak at 3384 cm⁻¹ in the used adsorbent due to deprotonation upon complexation.
[image: ]

[bookmark: _Toc173433265]Appendix 13: Stacked FTIR spectra of the fresh and used L3@Fe₃O₄ adsorbent showing υ(C=N) at 1625 and 1632 cm⁻¹, respectively, and disappearance of N-H peak at 3382 cm⁻¹ in the used adsorbent due to deprotonation upon complexation.
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