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SUMMARY 

 

Excessive industrialization apart from normal natural activities discharge large 

amount of heavy metals into the water streams which is the main cause of 

environmental pollution. This has received considerable attention of the scientists 

in the last few decades due to health consequences for human beings and other 

living organism even at very low level concentration. Due to nonbiodegradable 

and nonthermodegradable nature, high enrichment factor and slow removal rate, 

heavy metals accumulate in various tissues especially in aquatic organisms to 

toxic level and can cause severe health risks for human  beings like kidney failure, 

liver damage, cancer, nausea, high blood pressure, pulmonary fibrosis, skin 

dermatitis, renal edema, diarrhea and vomiting. In most cases, the concentration 

of these heavy metals in real sample is lower than the analytical detection system. 

Therefore, for the accurate determination of these metals in the real samples, 

preconcentration prior to its determination is needed. The aim of the present work 

was to develop advanced magnetic solid phase extraction methods for the 

preconcentration of trace heavy metals. Also the magnetic nanomaterial was used 

for solid phase extraction of trace heavy metals and applied the developed 

methods to certified reference materials for heavy metal analysis. 

The first chapter of this dissertation based on brief introduction to solid phase 

extraction, advantages of solid phase extraction, the adsorbents used in solid 

phase extraction, modified solid phase material, magnetic nanoparticle and 

magnetic modified nanomaterial, magnetic graphene nanocomposites, magnetic 
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carbon nanotube, magnetic nanoparticle impregnated biosorbent and advantages 

of magnetic nanoparticles and magnetic modified nanomaterials. The aim and 

objectives of the work is also included in first chapter.     

The second chapter covers a thorough review of relevant literature reported for 

the solid phase extraction of toxic heavy metals using magnetic nanomaterial. The 

literature included the use of magnetic nanoparticle like Fe3O4 and advanced 

magnetic nanomaterial like Fe3O4 coated polypyrrole (PPy) magnetic 

nanocomposite, Fe3O4/polyaniline nanoparticles (core shells), dithizone modified 

silica-coated magnetic nanoparticles (H2Dz-SCMNPs), magnetic graphene oxide 

nanocomposite and graphene oxide/chitosane/FeOOH (GO/Ch/FeOOH) etc for 

the solid phase extraction of heavy metals and its determination by using 

analytical detection system. 

The third chapter consists of experimental procedure used for the stepwise 

preparation of magnetic nanoparticle, silica coated magnetic nanoparticles, 

magnetic carbon nanotube and magnetic modified graphene oxide-DVB-VA. This 

chapter also includes characterization procedure and different instrument used for 

the characterization of the adsorbent. Various sample preparation procedures used 

for environmental samples, soil samples and food samples are also include in this 

chapter. Batch adsorption procedure and determination of heavy metals in the 

samples using analytical detection system like Uv-Vis Spectrometry and FAAS 

are also given in chapter third. 



Chapter – 1               

Introduction  

31 

 

The fourth chapter includes results and discussions of the experimental data. This 

includes characterization of the adsorbents using FT-IR, XRD, SAA, SEM and 

EDX analysis. It also include optimization of various factors effecting solid phase 

extraction like pH, adsorbent dose, contact and shaking time, sample volume, 

desorption condition, temperature, matrix effect and initial metal concentrations. 

Equilibrium adsorption data were fitted into two most common isotherm models 

i.e. Freundlich and Langmuir. The kinetics of the adsorption processes were 

described using four common kinetic models i.e. pseudo-first, pseudo-second, 

intraparticle diffusion and Elovich models. For validation, the methods were 

applied to various environmental samples like water samples, soil samples and 

food samples with satisfactory results.  The develop methods were also applied to 

certified reference material like fortified water (TMDA 64-2), wastewater (SPS-

WW2), Oriental Basma Tobacco Leaves (INCT-OBTL-5) and Tomato Leaves 

(1573a) for trace metal analysis. 

Part 1 of the chapter fourth consist of comparative study of the solid phase 

extraction of Cd (II) using magnetic nanoparticles (MNPs) and silica coated 

magnetic nanoparticle (SiMNPs). It was observed that maximum % recoveries of 

Cd(II) (99±4 % and 100±1 %) on MNPs and SiMNPs, respectively was achieved 

at pH 7 with 0.1 g of adsorbent dose. The proposed method was successfully 

applied to 40 mL of sample volume and the method is highly selective with no 

significant interferences from the matrix ions. kinetic data fit to pseudo second 

order kinetics while the thermodynamic data shows that the method feasible in 

nature. Desorption studies shows that 2 mL of HCl (2 mol L-1) in acetone was the 
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optimum desorption condition for quantitative % recoveries. The method was 

successfully applied to environmental water samples like Tap water, River water 

for % recoveries using standard addition procedure. 

Part 2 of the chapter fourth composed of Solid phase extraction of Pb(II) using 

magnetic nanoparticles (MNPs) and  magnetic nanoparticles impregnated banana 

Peels (MNPs-BP). pH 7 was the optimum pH at which maximum % recovery was 

achieved. The method was applicable up to 40 mL of sample. The develop 

method is highly selective with significant interferences from the matrix ion. 

Kinetic data shows that this adsorption study follow pseudo second order kinetics 

and the equilibrium data fit to Langmuir adsorption isotherm. The positive values 

of ΔHº, ΔSº and negative values of ΔGº show that the adsorption process is 

endothermic, feasible and spontaneous in nature. The method was successfully 

applied to real water samples with satisfactory recovery results. 

Part 3 of the chapter fourth comprises of application of response surface 

methodology to the magnetic nanoparticles impregnated orange peel for the 

removal of Ni(II). The adsorption experiments using five variables on MNP–OP 

adsorbent were conducted according to the experimental design. Analysis of 

variance was carried out for statistical confirmation of these results which indicate 

that the equation and the actual relationship presented by the equation between the 

response and significant variable are accurate. The significance of the coefficient 

term is calculated by F and p values, the larger F value and the smaller p value, 

shows that the results are more significant. Result indicates that the adsorption of 

Ni (II) on Fe3O4-OP depends on pH and maximum Ni (II) was achieved at pH 7. 
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Adsorption rate was higher in the beginning and then remain constant. The kinetic 

models shows that the data fit to the pseudo-second order kinetics. The 

experimental data fit to the Langmuir adsorption isotherm with monolayer 

adsorption capacity of (1110.12 mg g-1). The thermodynamic parameter shows 

that the adsorption process is endothermic and spontaneous in nature. The effect 

of coexisting metal ions were studied which showed that the presence of these 

metals has negligible effect on the removal efficiency Ni (II) from the aqueous 

solution. The new adsorbent (MNPs-OP) not only showed high adsorption 

capacity and rapid kinetics but also showed simple inexpensive adsorbent method 

of adsorbent preparation, which is and environment friendly. 

Part 4 of the chapter fourth include vortex assisted magnetic solid phase 

extraction of lead(II) and cobalt(II) on silica coated magnetic carbon nanotubes 

impregnated 1-(2-Pyridylazo)-2-naphthol (SiMCNTs-PAN). The adsorbent was 

characterized using FT-IR, SEM and XRD. Kinetic models show that the data fit 

to pseudo first order kinetics. The method is highly selective as there are no 

significant interferences from matrix cations and anions even at high 

concentration. Thermodynamic studies show that the method is highly feasible 

and spontaneous in nature. Low values of RSD of Pb (II) (3.3 %) and a Co (II) 

(2.5 %) show that’s the method is reproducible. The method was successfully 

applied to TMDA 64.2 environmental water, TMDA 62.2 environmental water 

and SPS-WW2 waste water certified water reference materials for trace metal 

determination. The method was also successfully applied to real water samples for 

heavy metal analysis. 
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Chapter 1 

INTRODUCTION 

1.1.  Solid phase extraction (SPE) 

In the recent past extraction technique has been used largely for the preconcentration 

of trace metal prior to its determinations. The extraction techniques used mainly for 

preconcentration of heavy metals are headspace liquid phase extraction (HSLPE), 

ultrasound-assisted emulsification extraction (UAEE),  in-situ  3 solvent formation 

extraction (ISFE), dispersive liquid–liquid extraction (DLLE) and solid phase 

extraction (SPE) [1-8]. Due to significant inadequacies like high running cost, long 

time of extraction and high amount of toxic reagents as a waste during liquid-liquid 

extraction, SPE is the preferred method for the extraction of heavy metals due to its 

environmental friendlines and use of minimum solvent and reagents.  SPE is a 

pretreatment method in which the analyte is separated from the sample solution by 
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using solid phase adsorbent. In combination with other  techniquec like filtration, 

homogenization, digestion and solubilization, the sample obtained is well-suited for 

its analytical measurement. SPE can be coupled with other analytical techniques or 

methods in order to achieve its application of that particular purpose [9-12]. The 

advantages of the solid phase include:  

(i) low running cost, (ii) high percent recovery for the analyte (iii) short extraction 

time (iv) environmental friendly (v) high preconcentration factor (vi) high selectivity 

and sensitivity and low cast of the adsorbent [13-15]. 
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1.2.  Solid phase adsorbent 

In the SPE, the adsorbent has key role and the selection of proper adsorbent is of 

immense importance. Researcher have used different solid phases for adsorption and 

preconcentration of trace elements which can be divided into four categories ie 

materials of high surface area like silica gel [16], amberlite [17 ],  and activated 

carbon [18], adsorbing material derived from biological material (biosorbents) like  

spent animal bones [19], crab shell [20], activated carbon prepared from rice husk 

[21], and seaweeds [22],  polymeric substances like ionic imprinted polymer [23] , 

molecularly imprinted polymer [24] and nanometer size materials such as graphene 

oxide [25], silica nanoparticle [26], carbon nano tubes [15] and nanodiamonds etc. 

were used by many scientist in the recent past. The nanometer size materials are 

preferable adsorbent over ordinary adsorbent because, it has smaller particle size and 

high surface area and can be used as an excellent adsorbing materials for the SPE of 

heavy metals. However due to low surface functional groups, lack of selectivity and 

aggregation in aqueous solution the applications of the CNTs, graphene and other 

advanced nanomaterial for SPE of heavy metals are not 100 % efficient [27, 28]. 

1.3.   Modified solid phase material 

The use of nanometer size material without any modification like CNTs and graphene 

has major drawback as it resist the flow of water especially in samples having 

suspended particles. Therefore, larger volume of the sample cannot be used and thus 

high preconcentration factor cannot be achieved [29]. In order to make the adsorbent 

more specific and to avoid agglomeration, different surface modified nanomaterial 

like chitosan-grafted multi-walled carbon nanotubes [13], diamine modified 
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mesoporous silica multi-walled carbon nanotube [30], molecularly imprinted coated 

multi-walled carbon nanotube [31], ethylenediamine modified multi walled carbon 

nanotube  [14], 2-aminobenzothiazole modified carbon nanotube [32], reduced 

graphene oxide metal-metal oxide composite [33], graphene oxide/ferric hydroxide 

composite [34] and polystyrene/graphene oxide composite [35] have been used for the 

SPE of heavy metals. However, due to the enormously small particle size and high 

dispersibility and high water holding capacity, ordinary centrifugation and filtration 

failed to separate nanomaterial from aqueous solution that limit its application in the 

field of  SPE. Therefore in the recent past magnetic nanoparticles and magnetic 

modified materials are mostly used in order to use external magnetic field for 

separation of nanomaterial from aqueous solution instead of centrifugation and 

filtration during solid phase experiments [36-38].  

1.4. Magnetic nanoparticles and magnetic modified nanomaterial 

Magnetic nanoparticle has large surface-to-volume ratio and thus having large 

adsorption capacity. Iron-oxide magnetic nanoparticles, Fe3O4 and Fe2O3 have been 

the focus of a wide-reaching research interest as they have unique size-dependent 

characteristics that strongly differ from the properties of the corresponding bulk 

material and enable them to be used for numerous applications [39]. Moreover 

magnetic nanoparticles can be separated by using external magnetic field without 

agglomeration to avoid the sample loss during filtration [40, 41].  The size of 

magnetic nanoparticles ranges from 1 nm to 100 nm in diameter, having large surface 

area and with wide range of applications including catalysis, chromatographic 

separation and drug delivery [38]. Magnetic nanoparticles can be successfully used 
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for the removal of heavy metal ions like Cr(III), As(V)  and Cd(II) from the aqueous 

solution [42-44]. To overcome the draw backs of nanometer size material like carbon 

nanotube, graphene and also other biosorbents (saw dust, orange peels, banana peels) 

modification particularly with magnetic material is prefered. In the last few years 

magnetic particles and magnetic nanocomposite is largely used as solid phase by 

researches in the field of SPE of heavy metals [45].   

1.5.  Magnetic graphene nanocomposite 

Geim et al have synthesized a new kind of carbon-based nanomaterial called graphene 

in 2004, owning unique thermal, electronic and mechanical properties [46]. In a 

single layer of graphene, each carbon possesses Sp2-hybradization with carbon lattice 

honeycomb in geometry [47]. Due to extremely large surface area and high adsorption 

capacity, graphene can be used as an excellent adsorbent for trace metals [45]. In 

order to make it more efficient, different hybrid material of graphene with magnetic 

nanoparticle were used for the SPE like Fe3O4 grafted graphene oxide [45], zero-

valent iron/iron oxide-oxyhydroxide/graphene [48], magnetic Fe3O4-graphene 

oxide/polystyrene [49], silica coated magnetic nanoparticle-graphene oxide 

Fe3O4/SiO2-GO nanocomposite [47] in the field of SPE of heavy metals.  

1.6. Magnetic carbon nanotubes  

Carbon nanotubes (CNTs) having graphite sheets with hexagonal arrangement of 

carbon atoms on its surface were discovered in 1991. Due to large surface area and 

strong surface interaction with heavy metals make it efficient materials for the SPE of 

heavy metals [50]. The extraction efficiency of the CNTs can be increased by surface 
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modification with magnetic iron oxide nanoparticles (Fe3O4). The magnetic modified 

carbon nanotube is more dispersed and can be easily separated by external magnetic 

field [29]. 

1.7. Magnetic nanoparticle impregnated biosorbent 

Biosorbent obtained from spent animal bones, crab shell, activated carbon prepared 

from rice husk, seaweeds, orange peels, banana peels and saw dust have been used as 

solid phase extracting material by many researchers [51]. Biosorbent consists of 

cellulose, hemi-cellulose, pectin substances, chlorophyll pigments and low molecular 

weight compounds like limonene are also present. Hydroxyl and carboxyl functional 

groups in the cellulose are the active sites for binding the heavy metals. However the 

extraction efficiency of these biosorbent can be improved by modifying its surface 

with magnetic nanoparticles. Magnetic impregnated biosorbent has greater surface 

area and magnetic property. Therefore the magnetic nanoparticle impregnated 

biosorbent can be used as an excellent solid phase extracting material for heavy 

metals [52].    

1.8. Advantages of magnetic nanoparticles and magnetic modified nanomaterials 

The use of magnetic nanoparticles and magnetic modified nanomaterial as solid phase 

extracting material has substantial advantages over other adsorbing material like:  

i.  small particle size and large surface area. 

ii.  large surface to volume ratio with high adsorption capacity can be 

obtained by using it as adsorbents.  

iii. greater dispersibility in aqueous solutions. 
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iv. ability can be separated by using external magnetic field.  

v. easy to operate with short extraction time.  

vi. good chemical and physical stability [53-55]. 

1.9. Aims and objectives of the present work  

The aims of the present work was synthesize and characterization of novel magnetic 

nanomaterial like, magnetic nanoparticles (Fe3O4/Fe2O3), magnetic impregnated 

biosorbent, magnetic nanocomposite of allylamine modified graphene oxide, 

magnetic nanodiamonds and silica coated magnetic carbon nano tube (core shell). The 

synthesized material was used as solid phase extractant for the preconcentration and 

determination of trace heavy metals with aim to propose new methods based on these 

extractant. The developed methods was applied to certified reference material like 

(TMDA 64-2), fortified water, (SPS-WW2) waste water, Oriental Basma Tobacco 

Leaves (INCT-OBTL-5) and Tomato Leaves (1573a) for trace metal analysis and real 

environmental water samples like sea water, river water and tap water for heavy meta l 

analysis.   
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Chapter 2 

LITERATURE REVIEW 

Panneeerselvam et al., [1] reported removal of Ni(II) from aqueous solution using 

magnetic nanoparticles prepared and impregnated onto tea waste (Fe3O4–TW) from 

agriculture biomass. Chemical precipitation method was used for the preparation of 

magnetic nanoparticles (Fe3O4). Adsorption parameters such as solution pH, contact time, 

concentration, adsorbent dosage and temperature were investigated. The adsorption 

kinetics shows that the adsorption of Ni(II) on Fe3O4–TW followed first order kinetics 

and the value of rate constant was calculated as 1.90 × 10−2 min−1 at 100 mg L−1 and 

303 K. Thermodynamic studies shows that this adsorption process is endothermic and 

spontaneous in nature. The equilibrium data can be best explained by using Langmuir and 

Freundlich isotherm models. The results showed that nanoparticle impregnated onto tea 

waste can be an excellent adsorbent for heavy metal removal from industrial effluent.  

Karatapanis et al., [2] investigated magnetic solid phase microextraction method for the 

preconcentration of heavy metals like Cu(II), Ni(II), Cd(II), Pb(II), Co(II) and Mn(II) 

from environmental water samples using silica-modified magnetic nanoparticle coated 

with cationic surfactant; a cetylpyridinium bromide. Due to strong hydrophobic 

interaction between hydrophobic hemimicelles and complexed metal make this new 

microextraction method more efficient. Another advantage this method is that, the solid 

phase can be easily separated from the sample solution by using external magnetic field 

to avoid sample loss during filtration. Parameter like limit of detection (LOD) and 

relative standard deviation shows that the method is highly sensitive and reproducible. 

Recovery results were in the range of 93-113%. 
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Lin et al., [3] synthesized new amine-functionalized silica magnetite using N-[3-

(trimethoxysilyl)propyl]-ethylenediamine (TPED) as a surface modification agent. The 

synthesized magnetic amine adsorbent was used for the adsorption of copper ions and the 

maximum adsorption was achieved at pH 5.5 ± 0.1. The equilibrium data shows that the 

adsorption of Cu(II) on amine-functionalized silica magnetite using N-[3-

(trimethoxysilyl)propyl]-ethylenediamine (TPED) follow Langmuir adsorption isotherm 

with  maximum adsorption capacity of 10.41 mg g-1. Kinetic data best fitted to pseudo 

second-order model and the activation energy was found to be 26.92 kJ mol-1. The 

optimum condition for the desorption of Cu(II) from NH2/SiO2/Fe3O4 was achieved using 

0.1 mol L-1 HNO3 solution.   

Bhaumik et al., [4] reported a new magnetic solid phase extraction method based on 

Fe3O4 coated polypyrrole (PPy) magnetic nanocomposite for the removal of Cr(VI). The 

optimum pH was 2, at which, about 100 % adsorption of Cr(VI) in aqueous solution was 

achieved. XPS studies suggested that, ion exchange and reduction on the surface of the 

nanocomposite may be the possible mechanism for the adsorption of Cr(VI) on the 

surface of PPy/Fe3O4nanocomposite. Adsorption kinetics was best explained by pseudo-

second-order rate model, while equilibrium data fitted well to the Langmuir isotherm 

model. Thermodynamic study shows that the adsorption of Cr(VI) on Fe3O4 coated 

polypyrrole (PPy) magnetic nanocomposite is endothermic and spontaneous in nature. 

Desorption experiment showed that the adsorbent can be reused successfully for two 

successive adsorption–desorption cycles without significant loss in its original adsorption 

capacity. 
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Mashhadizadeh and Karami [5] reported a fast, sensitive and simple magnetic solid phase 

extraction method for the extraction, preconcentration  of trace metal like Ag, Cd, Cu and 

Zn from environmental samples by using magnetic nanoparticle coated by 3-

(trimethoxysilyl)-1- propantiol and modified with 2-amino-5-mercapto-1,3,4-thiadiazole 

prior to its determination by ICP-OES. FT-IR and SEM were used for determination of 

functional group and surface morphology, respectively. Factors affecting extraction 

efficiency like solution pH, eluent condition, sample volume, ultrasonication time and 

matrix effect were optimized. The proposed method also applied for the preconcentration 

and extraction of trace amount of Ag, Cd, Cu and Zn in real environmental water 

samples. 

Huang et al., [6] developed displacement solid phase extraction method for trace nobel 

elements like Ru, Rh, Pd, Pt, Ir and Au using mercapto functionalized magnetite 

microspheres on to the inner wall of the knotted reactor coupled with inductively coupled 

mass spectrometry (ICP-MS). The method is highly sensitive with low detection limit 

values of 2.1 ng L-1 for Ru, 1.9 ng L-1 for Rh, 2.5 ng L-1 for Pd, 1.8 ng L-1 for Ir, 1.9 ng L-

1 for Pt ng L-1 and 1.5 ng L-1 for Au with high enrichment factors in the range of 32-46 

for 2.5 mL sample volume. The developed method is fast with high throughput of 20 

samples per hour. The method is highly reproducible with low relative standard deviation 

values of (% RSD) 1.2 % to 2.1 % of 30 ng L-1 concentration. Quantitative % recoveries 

(> 90 %) confirmed that the proposed magnetic solid phase extraction method is highly 

sensitive, selective and efficient for trace nobel metal analysis.  

Singh et al., [7] synthesized new surface engineered magnetic nanoparticles by using 

facile soft-chemical approach. The magnetic nanoparticles were functionalized with 
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carboxyl (succinic acid), amine (ethylenediamine) and thiol (2,3-dimercaptosuccenic 

acid) and used for the solid phase extraction of selected heavy metals. TEM micrograph 

shows that there is no significant difference in the sizes of functionalized and non-

functionalized magnetic nanoparticles 6 nm and 10 nm, respectively, while amine 

functionalized magnetic nanoparticles have size of 40 nm. Surface functional group like 

COOH, NH2 and SH were responsible for the interactions with analyte followed chelate 

or complex formation, ion exchange or electrostatic interaction mechanisms. 

Experimental results show that magnetic nanoparticles are selective and reusable for trace 

metal extraction.    

Mehdinia et al., [8] developed rapid magnetic solid phase extraction method with in-situ 

derivitization for methyl mercury in water samples using Fe3O4/polyaniline nanoparticles 

(core shells) as adsorbent, prior to its quantification by gas chromatography/mass 

spectrometry (GC-MS). The developed magnetic solid phase extraction method involve 

three steps like dispersion of Fe3O4-PANI in the water samples, magnetic retrieval of the 

adsorbent and then, desorption of the extracted MeHg for GC-MS analysis using 

appropriate solvent (hexane). The method obey Beers law in the concentration range of 

0.5-300 ng mL-1 (R2>0.993) with limit of detection value of 0.1 ng mL-1 (n=3), while the 

reusability of the method was (4.1 %). The accuracy of the method was determined by 

analyzing different spiked sample of sea water with satisfactory recovery (>98 %) results.  

Cheng et al., [9] has investigated magnetic solid phase extraction method for the 

preconcentration of selected heavy metals like Cr(III), Cu(II), Zn(II) and Pb(II) using 

dithizone modified silica-coated magnetic nanoparticles (H2Dz-SCMNPs). Limit of 

detection values of Cr(III), Cu(II), Zn(II) and Pb(II) were found to be 35 ng L-1, 11 ng L-
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1, 8 ng L-1 and 62 ng L-1, respectively, under optimized experimental condition using 

ICP-OES with preconcentration factor of 100. The relative standard deviation values 

were in the range of 1.7-3.1 % for seven repeated determination of 10 µg L-1 

concentrations. The method was validated by applying to certified reference material 

(GSBZ50009-88 environmental water samples and GBW07601 human hair samples).  

The method was also applied to real water and human hair samples for spiked samples. 

The good agreement between determined and certified values and quantitative percent 

recoveries in the range of 85 % to 110 % shows the applicability to real samples. 

Ngomsik et al., [10] reported magnetic solid-liquid extraction of Eu(III), La(III), Ni(II) 

and Co(II) by using magemite nanoparticle (magemite, γ-Fe2O3) modified with citrate 

ions. The prepared adsorbent was characterized using TEM and SAA. High surface area 

170 m2 g-1 of the material shows that the modified magemite nanoparticles have high 

adsorption capacity. The equilibrium data fit to Langmuir adsorption isotherm and the 

kinetic data shows that equilibrium was established within 15 min. Maximum adsorption 

takes place at pH 3.5 and there is no significant change in % adsorption of the selected 

heavy metals above this pH. The proposed solid phase extraction method was then 

successfully applied to real water samples for heavy metal analysis.  

Gupta and Nayak [11] successfully impregnated agricultural waste orange peel powder 

(OPP) with magnetic nanoparticle (MNP) using co-precipitation method and successfully 

used it for Cd(II) removal from the aqueous solutions. The adsorbent MNP-OPP was 

characterized using FTIR, SEM, XRD, TEM and VSM and confirmed that the covalent 

binding of hydroxyl group of MNPs and carboxyl group of OPP and its other physico-

chemical properties enable the adsorbent for metal binding. The kinetic data can be well 
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explained by pseudo-second order kinetics and the adsorption equilibrium data fit in to 

Langmuir adsorption isotherm. The thermodynamic study shows that the adsorption 

process is feasible and endothermic in nature. The column experiment for desorption 

study shows that MNP-OPP can be reused without significant change in the adsorption 

efficiency of the adsorbent. The method was successfully applied for removal and 

recovery of Cd(II) from waste water of electroplating industry.   

Bagheri et al., [12] synthesized Schiff base/silica/magnetite nanocomposite 

(Fe3O4/SiO2/L) and employed it for the solid phase extraction of some heavy metals from 

environmental, biological and food samples. Extracted metals ions were then analyzed 

using Flame atomic absorption spectrometry. The synthesized product was characterized 

using FT-IR, XRD and TEM. The synthesized solid phase was observed and have high 

surface area and can be retrieved by external magnetic field was employed for the 

preconcentration of selected heavy metals like Pb(II), Cd(II) and Cu(II) in environmental, 

biological and food samples. All parameters that effect extraction of heavy metals were 

optimized. Detection at optimum condition was investigated for Pb(II), Cd(II) and Cu(II) 

and was 0.14 µg L-1, 0.19 µg L-1 and 0.12 µg L-1, respectively.  The proposed method has 

been successfully applied to environmental, biological and food samples with good 

quantitative results. 

Idris et al., [13] synthesized magnetic alginate beads by including ferrofluids based on 

magemite nanoparticles (γ-Fe2O3) and sodium alginate and used it for removal of Pb(II) 

from aqueous solutions. The specific saturation magnetization (σs) value of uncoated 

particles was found to be greater than the coated particles and zero coercivity of the 

magnetization curve indicated that the particles were superparamagnetic in nature. The 
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results indicate that equilibrium was established in 2 h with maximum percent removal 

(95.2%) of Pb(II) at pH 7. The equilibrium data shows that the adsorption of Pb(II) 

followed Langmuir adsorption isotherm with qmax of 50 mg/g. The isolated beads were 

used as a regenerated sorbent in repeated sorption–desorption cycles in order to 

determine the reusability potential of the adsorbent. Results revealed that the modified 

magnetic beads can be successfully used for the waste water treatment and can be 

regenerated at least five times before significant change in there adsorbing efficiency. 

Yao et al., [14] synthesized a new solid phase extractant based on tetraethylenepentamin-

Functional Fe3O4 magnetic polymer (TEPA-NMPs) for the preconcentration of ultra-

trace Cr(VI) in water samples prior to its determination by using flame atomic absorption 

spectrometry (FAAS). Various optimization studies like solution pH, shaking time, 

adsorption temperature, sample volume, desorption condition and matrix effect were 

investigated and optimized. Kinetic date fit to pseudo-first order kinetics, while the 

thermodynamic study shows that the adsorption of Cr(VI) on TEPA-NMPs is 

endothermic and entropy favored process. Under optimized experimental condition the 

values of detection limit (LOD), enrichment factor (EF) and relative standard deviations 

were 0.16 µg L-1, 125 and 1.9 % (n=7), respectively. The method was successfully 

validated by applying it to real water samples like river and tap water with satisfactory 

results.  

Jiang et al., [15] offered a new protocol for the separation and preconcentration of trace 

Pb(II) in water samples using silica-coated magnetic Fe3O4 nanoparticle (Zincon-Si-

MNPs) as sold phase. Parameters like solution pH, eluent, sample volume and 

interference affect that influence the extraction efficiency of the adsorbent were 
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investigated. The limit of detection (LOD) value of the proposed method for Pb(II) with 

200 enrichment factor was 10 ng L-1. This method has been successfully applied for the 

preconcentration of Pb(II) in real water samples with quantitative % recoveries ranging 

from 84 % to 104 %. 

Zhang et al., [16] investigated high-magnetization Fe3O4@SiO2@TiO2 nanoparticle 

based solid phase extraction for the preconcentration of Cd(II), Cr(III), Cu(II) and Mn(II) 

in environmental samples. pH of the solution was adjusted by using light induced 

hydroxide ion emitter, malachite green carbinol green (MGCB) for quantitative 

adsorption instead of conventional buffer solution. Based on high-magnetization 

Fe3O4@SiO2@TiO2 with MGCB, a convenient separation and preconcentration method 

for Cd(II), Cr(III), Cu(II) and Mn(II) in environmental water has been developed. Limit 

of detection for Cd(II), Cr(II), Mn(II) and Cu(II) were calculated 4.0, 2.6, 1.6 and 2.3 ng 

L-1, respectively and the relative standard deviation values were calculated as (RSDs, 

C=1 µg L-1, n=7) 3.6 %, 4.5 %, 4.0 % and 4.1 % . The method was applied to certified 

reference material and environmental water samples with satisfactory results.    

Wang et al., [17] reported the synthesis of aminated-CoFe2O4/SiO2 nanoparticles (core 

shell) and used it as solid phase adsorbent for the extraction of cadmium from 

environmental water samples prior to its quantification by hydride generation atomic 

fluorescence spectrometry. The limit of detection value (3σ) is 3.15 ng L−1 while the 

relative standard deviation value is 4.9 % for (n=11) repeated determination of 1.0 μg L−1 

Cd (II) concentration. For 50 mL of sample the enrichment factor is 50 and the adsorbent 

can be reused for at least 45 cycles of preconcentration and elution experiments. The 

method was successfully applied for the determination of cadmium in spiked samples in 
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environmental water samples. The method was validated by analyzing two certified 

reference materials. 

Safdarian et al., [18] investigated magnetic solid phase extraction for the 

preconcentration of Pd(II) by using agarose coated magnetic nanoparticles (ACMNPs) as 

adsorbent coupled to a new magnetic field agitation (MFA) device. The formation of the 

nanoparticles and their encapsulation in agarose micro-flakes was carried out in a single 

step which was reported for the first time in this work. For this purpose, preparation of 

the magnetic iron oxide nanoparticles was performed in an alkaline agarose solution. The 

synthesized nonmagnetic agarose particles were treated with iminodiacetic acid for 

functionalization under the influence of magnetic field agitation in the MFA device. 

Analytical parameters like limit of detection (LOD) and relative standard deviation 

(RSD) were determined as 47 ng L−1 and 5.2 %, respectively with 94.1 % recovery of Pd(II). 

The method was successfully validated by applying the method to natural water samples 

for determination of Pd(II). 

Tarigh et al., [19] reported magnetic solid phase extraction for the preconcentration and 

determination of Pb(II) and Mn(II) using magnetic multi-wall carbon nanotube 

(MMWCNT) as an adsorbent. The concentration of the analytes were determined using 

flame atomic absorption spectrometry FAAS. Analytical parameters like detection limits 

and enhancement factors of the proposed method for Pb and Mn were determined as (1.0 

µg L−1, 0.6 µg L−1) and (390 and 697), respectively. The proposed magnetic solid phase 

extraction method was successfully applied for determination of Pb(II) and Mn(II) 

contents in lipstick and rice samples. The accuracy was evaluated by analyzing a certified 

reference material Seronorm™ Urine LOT NO2525. 
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Li et al., [20] synthesized amino-functionalized magnetic nanoparticle (NH2−MNP) by a 

sol−gel approach and used it for the adsorption of Cu(II) ions from environmental water 

samples. Kinetic data shows that the pseudo-second-order model can be successfully 

employed, and pseudo-first-order model verified that Cu(II) adsorption on NH2−MNP 

was a diffusion-based process. Equilibrium data shows, that Langmuir model and 

Dubinin−Radushkevich model (R2>0.99) were more paralleled with the adsorption 

isotherm data of Cu(II) ions than Freundlich model. The prepared adsorbent can be 

reused after five adsorption and desorption cycles. Ion exchange–surface complexation 

mechanism was confirmed from adsorption activation energy and thermodynamic 

studies. The method was successfully validated by applying it to real environmental 

water samples with satisfactory results. 

Najafi et al., [21] reported solid phase extraction of Hg(II) using magnetic nanoparticles 

(Fe3O4) functionalized with novel ion imprinted polymer based on N-(pyridine-2-

ylmethyl)ethenamine (V-Pic). The adsorbent was characterized by using 

thermogravimetric and differential thermal analysis (TG/DTA), SEM, FT-IR and EDX. 

The proposed method was applied for rapid extraction, preconcentration and 

determination of Hg(II) by inductively coupled plasma-optical emission spectrometry 

(ICP-OES). Analytical parameter like limit of detection and relative standard deviation 

were determined as 0.03 ng mL-1 and 1.47 %, respectively. The method was validated by 

analyzing trace Hg(II) in standard reference materials. The method was also applied to 

spiked fish samples with quantitative percent recoveries. 

Giakisikli and Anthemidis [22] used automated magnetic solid phase extraction approach 

for preconcentration of trace Cd(II) in natural water samples using octadecylsilane 
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functionalized magemite magnetic nanoparticles in sequential injection system prior to its 

determination by electrothermal atomic absorption spectrometry. Two neodymium iron 

born (NdFeB) magnets across the micro-column in which octadecylsilane functionalized 

magemite magnetic nanoparticles were used as sorbent. Diethyldithiocarbamate (DDTC) 

was used as complexing agent form online complex with Cd(II), adsorption of Cd-DDTC 

and elution by using methyl isobutyl ketone (MIBK).  The column was remained stable 

for about 600 cycle without any significant loss in its extraction efficiency. The method 

was validated by applying it to certified reference materials. 

Zhu et al., [23] designed a new 1-8 nephthalimide-fuctionalized Fe3O4@SiO2 core/shell 

magnetic fluorescent nanoparticle based adsorption of trace Hg(II). Characterization of 

the adsorbent was carried out using FT-IR, TEM and XRD. Adsorption experiments were 

was conducted at different solution pH, Hg(II) concentration, temperature and time for 

finding best condition to obtain maximum adsorption of the analyte. Maximum 

adsorption capacity of 30 mg g-1 was obtained over a temperature range of (0 ºC, 25 ºC 

and 50 ºC) and pH (4-10). Under optimized experimental condition the detection limit 

was calculated as 3.4 nM. The adsorbent is highly specific and can be reused without 

substantial decrease in its adsorption capacity.  The method was used for adsorption of 

trace Hg(II) in environmental samples.  

Liu et al., [24] investigated solid phase extraction of Cu(II) using EDTA functionalized 

magnetic nanoparticles (MNPs-EDTA). The adsorbent was characterized using TGA, 

SEM, FT-IR and XRD. Different parameters influencing the adsorption of Cu(II) on 

MNPs-EDTA like pH, contact time, salinity, temperature and initial metal ion 

concentration were optimized. Kinetic data shows that the adsorption equilibrium is 
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established in 5 min and the adsorption of Cu(II) on MNPs-EDTA follow pseudo second 

order kinetics.  Equilibrium data was best fitted to Langmuir adsorption isotherm with 

maximum adsorption capacity of 46.27 mg g-1 at pH 7 and 298 K. Various 

thermodynamic parameters like ΔºH, ΔºG and ΔºS shows that the adsorption of Cu(II) on 

MNPs-EDTA is endothermic and spontaneous in nature. The prepared adsorbent has 

good stability and reusability. 

Ziaei et al.,  [25] reported new solid phase extraction method for the preconcentration of 

Hg(II) using novel mercapto-grafted graphene oxide-magnetic chitosan nanocomposite 

(mercapto/GO-MC) as biosorbent. Continuous flow cold vapor atomic absorption 

spectrometry technique was used for the Hg(II) analysis in the sample solution. The 

optimum values of various parameters at which maximum extraction of Hg(II) takes place 

were; pH 6.5, 10 min contact time, 3 mL HCl (0.1 mol L-1)/thiourea (2% w/v) as eluent and 

250 mL breakthrough volume. Analytical parameters like limit of detection 0.03 ng mL-1, 

preconcentration factor of 80 and  relative standard deviation of 4.7 % were investigated 

under optimized experimental condition. The method was successfully applied to real water 

samples with quantitative percent recoveries in the range of 95-100 %.  

Li et al., [26] used surface sulfhydryl-functionalized magnetic mesoporous silica 

nanoparticles for the solid phase extraction of trace alkyl mercury from aqueous solution. 

Non-sulfhydryl-functionalized Fe3O4@SiO2 and sulfhydryl-functionalized 

Fe3O4@SiO2 were carried out for the extraction of CH3Hg+ and CH3CH2Hg+. The results 

indicate that sulfhydryl-functionalized Fe3O4@SiO2 exhibited high adsorption affinity as 

compared to non-sulfhydryl-functionalized Fe3O4@SiO2. The chelating interaction 

CH3Hg+ and CH3CH2Hg+ with surface sulfhydryl group was not significantly influenced 
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by pH within the range of 3.5–9.0. Adsorption equilibrium was established in 2 min. 

More than 80 % recoveries were obtained by using acetonitrile and L-cysteine aqueous 

solution or HCl solution. It can be concluded that Fe3O4@SiO2–RSH magnetic 

nanoparticles can be an excellent, effective and reusable adsorbents for extraction of 

ultra-trace alkylmercury from environmental water samples. 

Guo et al., [27] synthesized graphene magnetic material (Fe3O4-GS) was prepared by 

introducing ferroferric oxide (Fe3O4) into graphene sheet and used it for the removal of 

Cr(VI), Pb(II), Hg(II), Cd(II) and Ni(II) ions from aqueous solution. Fe3O4-GS can be 

simply recovered from the sample solution with magnetic separation at low magnetic 

field. The adsorption capacities of the metals were determined as 17.29, 27.95, 23.03, 

27.83 and 22.07 mg g−1 for Cr(VI), Pb(II), Hg(II), Cd(II) and Ni(II), respectively. Kinetic 

data can be best explained by using pseudo-second-order equation and for the explanation 

of equilibrium data, Freundlich model was found to be more suitable. It was found that 

metal chelation ion exchange mechanisms are involved in metals sorption. The 

thermodynamic data supported that the adsorption process was endothermic and 

spontaneous in nature. 

Xiao et al., [28] prepared new carboxylated multi-wall carbon nanotube (c-MWCNT)-

Fe3O4 magnetic hybrids (c-MWCNTMCs) by mixing FeCl3·6H2O, sodium acetate, 

ethylene glycol and diethylene glycol with c-MWCNTs, under the influence of sonication 

and heat treatment at 200 °C for 10 h. The c-MWCNTMCs showed high dispersion 

stability and magnetic property and can be used as adsorbents for Cu(II) removal. The c-

MWCNTMCs could be easily retrieved from water by a magnet to avoid sample loss in 

filtration and showed a high adsorption capacity for Cu(II). The adsorbent can be 
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successfully renewed at pH (>2). The adsorption of Cu(II) on the c-MWCNTMCs was 

quick, follow  pseudo-second-order model and the reaction of chemical nature.  

Mashhadizadeh et al., [29] examined Fe3O4 nanoparticles coated with 3-(trimethoxysilyl)-

1-propanethiol and modified with ethylene glycol bis-mercaptoacetate based extraction, 

pre-concentration, and determination of trace amounts of Ag, Cd, Cu, Hg, and Pd from 

some food samples. Concentrations of the metal ions were determined by using ICP-OES 

and for mercury CV-AAS method was used. Various parameter affecting the extraction and 

desorption of target metal ions were optimized. For desorption of the target metal ion 

eluent (1 mL of 1 mol/L HCl and 5% thiourea) was used. The detection limits of 0.07, 0.06, 

0.09, 0.01, and 0.08 ng/mL for Ag, Cd, Cu, Hg, and Pb with enrichment factors of 240, 

294, 297, 291, and 236, respectively were found under optimized experimental condition. 

The develop method was used for the determination of target metal ions in food samples 

like rice, canned tuna fish, and tea leaves. 

Zong and Gou [30] developed new rapid and economical solid phase extraction method 

for the preconcentration of U(VI) by using magnetic multi walled carbon nanotube/iron 

oxide nano composite (Fe3O4/MCNTs) prior to its determination by flame atomic 

absorption spectrometry (FAAS). It was observed that pH 7 is the most suitable pH at 

which maximum adsorption of U(VI) takes place. Kinetic data can be well explained by 

using pseudo first order kinetics, while the equilibrium data follow Langmuir adsorption 

isotherm. The experimental data shows that the adsorption of U(VI) on the 

Fe3O4/MCNTs favored at higher environmental temperature. The proposed adsorbent was 

successfully applied to real environmental samples with satisfactory adsorption results. 
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Su et al., [31] synthesized novel Fe3O4@SiO2@polyaniline-graphene oxide composite 

(MPANI-GO) through noncovalent method and used it for the magnetic solid phase 

extraction (MSPE) of trace rare earth elements (REEs) followed by inductively coupled 

mass spectrometry (ICP-MS) determination. The synthesized MPANI-GO was 

characterized by using TEM and vibrating sample magnetometer. Factors effecting 

MSPE of REEs on MPANI-GO was investigated. Under optimized experimental 

condition limit of detection were in the range of 0.04-1.49 ng L-1 and the relative standard 

deviation (RSD, C= 20 ng L-1, n=7) was 1.7-6.5%. The accuracy of the proposed method 

was investigated by analyzing certified reference material GBW 07605 tea leaves. The 

method was also applied for trace REEs determination in tea leaves and environmental 

samples. 

Khan et al., [32] reported innovative ionic liquid based ultrasound assisted dual magnetic 

microextraction (IL-UA-DMME) technique for the preconcentration of Cd(II) from 

environmental and biological samples followed by flame atomic absorption spectrometric 

(FAAS) determination. The combination of magnetic solid phase extraction (MSPE) with 

dispersive liquid-liquid extraction (DLLE) microextraction has significant advantages 

like low amount of organic and other chemical sludge’s are discharge into the waste and 

also high extraction of the analyte metal is achieved. The method was validated by 

analyzing certified reference material like fortified lake water TMDA-54.4, SPS-WW2 

waste water and spinach leaves 1570a.  

Omidi et al., [33] studied trace separation/preconcentration of cadmium ions using 

pyridine-functionalized magnetic nonporous silica material (called Py-Fe3O4@MCM-41) 

as a new magnetic sorbent. Flame atomic absorption spectrometry (FAAS) was used for 
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determination of Cd(II). The Py-Fe3O4@MCM-41 was characterized by TG/DTA, TEM, 

FT-IR and XRD. Extraction parameter like pH of solution, amount of functionalized 

Fe3O4@MCM-41, extraction time, type and concentration of eluent, desorption time, and 

matrix effect were investigated. Detection limit and relative standard deviation was 

determined as 0.04 μg L–1 and 2.9%, respectively. The maximum adsorption capacity of 

Py-Fe3O4@MCM-41 for cadmium ions was 154 mg g−1. The proposed method has been 

successfully applied to the determination of Cd ions at trace levels in food and water 

samples with satisfactory recovery results.   

Banazadeh et al., [34] investigated new solid phase extraction method for Cd(II) from 

environmental samples using cysteine functionalized magnetic graphene oxide 

nanosheets. The functionalized graphene oxide nanosheets are efficient and selective 

sorbent for the extraction of trace Cd(II) from food samples. The adsorption capacities for 

Cd(II) were 24.39-30.30 mg g-1 at 298 K and 328 K, respectively. The adsorption 

equilibrium established within 5 min and the kinetics of the adsorption followed pseudo 

second order model. The equilibrium can be best interpreted by Langmuir adsorption 

isotherm and the thermodynamic data shows the adsorption process is endothermic, 

spontaneous and chemical in nature. 

Mahmoud et al., [35] reported simple and solvent-free method for synthesis of novel 

magnetic nano-sorbents functionalized with dioctyl phthalate (DOP) to produce a nano-

Fe3O4-DOP sorbent. The synthesized nano-Fe3O4-DOP was then treated with 

triethylenetetramine (TETA) in another solvent-free procedure for the establishment of a 

novel nano-Fe3O4-DOP-TETA. Both a nano-Fe3O4-DOP and nano-Fe3O4-DOP-TETA 

were characterized by FT-IR, TGA, SEM and HR-TEM (3.0–12.0 nm). The optimization 
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parameters of magnetic solid phase were investigated and optimized. The proposed 

magnetic solid phase extraction procedure was applied for the preconcentration of Ni(II), 

Cd(II) and Pb(II) in drinking tap water, industrial wastewater and sea water samples. 

Mahmoudi et al., [36]  synthesized magnetic nano-sorbent through direct surface 

impregnation of dioctyl phthalate (Dop) on magnetic nano-iron oxide (nano-Fe3O4) for 

the establishment of (nano-Fe3O4-Dop). Novel magnetic nano-sorbent (nano-Fe3O4-Dop-

HA) was prepared from nano-Fe3O4-Dop after it’s functionalization with nitrogen and 

oxygen donor atoms by surface immobilization of hydroxylamine. SEM, HR-TEM, TGA, 

FT-IR and surface area analysis were carried out for its characterization. According to 

HR-TEM analysis, the average particle size was found in the range of 5–16 nm. The 

unified selectivity was studied for removal of Cd(II), Hg(II) and Pb(II) from aqueous 

solutions using static and dynamic techniques. Nano-Fe3O4-Dop-HA was found to have 

high uptake values of 1433.3–1633.3 μmol g−1 at pH 1.0–7.0 for Hg(II) as compared to 

Cd(II) and Pb(II). The potential applications of nano-Fe3O4-Dop-HA for the extraction of 

Cd(II), Hg(II) and Pb(II) from industrial wastewater, sea water and drinking tap water 

samples were successfully investigated.  

Sun et al., [37] reported one step synthesis magnetic graphene oxide nanocomposite by 

one-step coprecipitation method and use it for the solid phase extraction of Co(II), Ni(II), 

Cu(II), Cd(II), and Pb(II) from biological samples. The adsorbent can be reused more 

than 20 times without significant change in its extraction efficiency. The limits of 

detection values of 0.016, 0.046, 0.395, 0.038, 0.157 μg L−1 for Co(II), Ni(II), Cu(II), 

Cd(II), and Pb(II), respectively, were found under optimized experimental condition. The 

low values of intra-day relative standard deviations (n=5), in the range of 1.8–5.5% at 
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10 μg L−1 shows that the method is repeatable. The proposed solid phase extraction 

method was successfully applied to biological sample with satisfactory recoveries of 81 

% to113 % without the interferences of complex matrix nature of the samples. 

 Sheshmani et al., [38] established new protocol for the removal of trace Pb(II) in water 

samples by using graphene oxide/chitosane/FeOOH (GO/Ch/FeOOH) as an adsorbent. 

Parameters like solution pH, eluent, sample volume and interference affect that influence 

the extraction efficiency of the adsorbent were optimized. The surface of the prepared 

adsorbent (GO/Ch/FeOOH) has amino and hydroxyl functional group which make it 

selective for the extraction of Pb(II) from the aqueous solution.  Both Langmuir and 

Freundlich isotherm were used to explain the equilibrium data but Langmuir isotherm 

model has high correlation coefficient (r2) value.  

Tadjarodi et al., [39] investigated magnetic solid phase extraction method for the 

preconcentration of Cd(II) and Pb(II) ions by using novel Fe3O4@SiO2 core-shell 

nanoparticles functionalized with phenyl isothiocyanate as an adsorbent. Box–Behnken 

design through response surface methodology was used to optimize various parameters, 

influencing preconcentration procedure. The analyte ions were quantified after 

preconcentration by FAAS. The limit of detection was found as 0.05 ng mL-1 for Cd(II) 

and 0.9 ng mL− 1 for Pb(II). The relative standard deviations were less than 6.4% and the 

adsorption capacity (in mg g− 1) of the new adsorbent was found as 179 and 156 for 

Cd(II) and Pb(II), respectively. The prepared nanocomposite was successfully applied for 

the rapid extraction of trace amount of heavy metal ions from food, soil and water 

samples.  
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Mirabi et al., [40] investigated new magnetic solid phase extraction method for the 

preconcentration of Cu(II) by using magnetic nanocomposites surface (MNCS), which 

has anionic surfactant sodium dodecyl sulfate (SDS) coating and functionalized with 

dithiooxamide sorbent. The pre-concentrated copper ions were determined by flame 

atomic absorption spectrometry (FAAS). The effect of the experimental parameters such 

as the pH of the sample, the type and concentration of the eluent, concentration of 

dithiooxamide, amount of sorbent and matrix effect were optimized. Linear calibration 

graph in the range of 2–600 ng ml−1 was obtained with detection limit of 0.2 ng ml−1 and 

relative standard deviation (RSD) for (n=6) was 1.8%. This method was applied for the 

determination of Cu ions in food and water samples satisfactory results. 
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Chapter – 3 

EXPERIMENTAL 

 

3.1. Preparation of adsorbents 

3.1.1. Preparation of magnetic nanoparticles (MNPs) 

Chemical precipitation method is one of the most reliable methods used for the 

preparation of magnetic nanoparticles and was followed. For this salts of Fe(II) (4.2 g 

FeSO4.7H2O) and salt of Fe(III) (6.3 g of FeCl3.6H2O) were mixed in 200 mL of distilled 

water with vigorous stirring at 80 °C under nitrogen atmosphere. Black precipitates of 

Fe3O4 were formed when 20 mL of 25 % ammonia solution was added. The precipitate 

was washed twice with distilled water and three times with ethanol and dried in oven at 

100°C. 

3.1.2. Preparation of silica coated magnetic nanoparticles (SiMNPs)  

The magnetic nanoparticle obtained through the process above was re-dispersed in 150 

mL of ethanol and 50 mL of distilled water. To obtain pH 9, NH3 solution was added with 

vigorous stirring. To this, 8 mL of tetraethyl orthosilicate (TEOS) was added and allowed 

the reaction for 24 h. The resultant SiMNPs were separated by using external magnetic 

field and dried in the oven at 100°C to obtain the powder. 

3.1.3. Preparation of magnetic nanoparticle impregnated banana peels (MNPs-BP) 

Banana peels (BP) were collected from juice shops, washed with distilled water and dried 

it in sun light. The dried banana peels were grinded in grinder and passed through the 

sieve to obtain uniform particle size of 355 µm. The powder banana peels were washed 
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several time with distilled water and ethanol in order to completely remove the dust 

particles. 

For impregnation of banana peel, 5 g of BP was added to the solution of MNPs at 80ºC  

for 2 h under vigorous stirring. The resultant MNPs–BP was filtered, washed twice with 

distilled water and dried in oven at 100ºC.   

3.1.4. Synthesis of magnetic carbon nanotube (MCNTs) 

CNT (1g) was added to the solution of MNPs (Fe3O4) at 60ºC, at basic pH of 9.4 in 

ethanol solution and allowed the reaction for about 5h under the influence of 

ultrasonication and under argon atmosphere so as the reaction is complete. The resultant 

MCNTs were washed three time with distilled and redispersed in ethanol. 

3.1.5. Synthesis of silica coated magnetic carbon nanotube (SiMCNTs) 

Tetraethyl orthosilicate (TEOS) (10 mL) was added to the MCNTs solution at basic pH 

of 9.4 at 80ºC and allowed the reaction for about 24 h under the influence of 

ultrasonication. After 24 h, the SiMCNTs were separated using external magnetic field 

and washed three times with ultra-pure water and dry in oven at 100ºC. 

3.1.6. Synthesis of 1-(2-Pyridylazo)-2-naphthol (PAN) impregnated SiMCNTs 

(SiMCNTs-PAN) 

For synthesis of SiMCNTs-PAN, SiMCNTs was taken and 50 mL of 0.5 % PAN solution 

added to it and incubated for 6 h with continuous shaking. The resultant product 

SMCNTs-PAN was washed with ethanol and ultra-pure water, followed by drying in 

oven at 100ºC. 
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3.1.7. Synthesis of graphene oxide (GO) 

Graphite powder (3 g) was slowly added to 70 mL of H2SO4 in a flask, cooled to 0oC in 

ice bath. Under the influence of vigorous stirring, KMnO4 (9 g) was added to this 

reaction mixture and the reaction temperature was kept around 20oC for 30 min. The 

reaction mixture was then stirred at 40oC for 30 min. Deionized water (150 mL) was 

added to the mixture and the reaction temperature was raised to 95oC. After refluxing the 

reaction mixture at 95oC for 15 min, 500 mL deionized water and 15 mL of 30% H2O2 

were added to it, and reaction was refluxed again for 10 min. After that the reaction 

mixture was cooled down to room temperature. Brown-yellow colored product was 

filtered, and washed with 10% HCl to remove unreacted reagents, following by drying in 

oven at 50oC for 24 h. 

 

3.1.8. Synthesis of allylamine modified graphene oxide 

Graphene oxide (250 mg) in a round bottom flask was dispersed in 5 mL of acetonitrile 

(ACN), and cooled down to 0oC in ice bath. Thionyl chloride (2 mL) was added to the 

reaction mixture dropwise under nitrogen atmosphere. Reaction temperature was 70oC, 

and refluxed for 24 h. After 24 h, the reaction mixture was filtered and washed with water 

and ethanol. The resulted product formed was dried in oven at 60oC for 12 h. The product 

was then dispersed in acetonitrile. Allylamine (3 mL) was added to this solution and 

reaction mixture was stirred at room temperature for 24 h. The product was then filtered 

and washed with water and ethanol and dried in oven at 60oC for 24 h. 

3.1.9. Synthesis of magnetic modified graphene oxide-DVB-VA 

A mixture of Azobisisobutyronitrile (AIBN) 0.1mol vinyl acetate (VA), 0.1 mol 

divinylbenzene (DVB) and 65 mg allylamine modified graphene oxide (Mod. GO) were 
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stirred in a 100 mL round bottom flask. Nitrogen gas was passed through the reaction 

mixture and heated at 65oC. After the reaction was completed, the product was washed 

with water and dried in oven at 60oC.  

Modified GO-DVB-VA (600 mg), 80 mg of FeSO4, 157 mg of FeCl3 and 50 mL of water 

was mixed in 250 mL round bottom flask and stirred in sonicator for 20 min. Then, the 

reaction mixture was heated at 70oC under nitrogen atmosphere for 30 min. The mixture 

was cooled down to room temperature and 0.5 M NaOH was added dropwise to the 

reaction mixture until pH=11 obtained. After that, the reaction mixture was refluxed for 5 

h. The prepared product was washed with water, ethanol and dried in oven at 100ºC for 

24 h.  

3.2. Characterization of the adsorbents 

The adsorbents were characterized step by step during its preparation using FT-IR, SEM, 

EDX, XRD and SAA. 

3.2.1. Characterization using FT-IR 

IR Prestigue-21 SHIMADZU, UK and Perkin-Elmer Spectrum 400 FT-IR spectrometer 

(Waltham, MA, USA) in the range of 4000 cm-1 to 400 cm-1 were used in order to record 

the FT-IR spectra of the adsorbents. 

3.2.2. SEM and EDX analysis  

Surface morphology and physical nature of the adsorbent can be examined by studying 

SEM micrograph. For this purpose small amount of adsorbent particles were taken on 

stubs with adhesive carbon taps (1.15 cm × 0.9 cm) and SEM images of the adsorbent 
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were taken using 30 KV SEM and EDX (JSM5910, JEOL, Tokyo, Japan). For elemental 

analysis the EDX mapping of the adsorbents were obtained using  EDX-INCA 200, UK 

Oxford Instrument. 

3.2.3. XRD analysis 

 JDX-3532 JEOL (Tokyo, Japan) diffractometer with monochromatic Cu-Kα radiation 

(λ=1.5418Å) at 40 KV and 30 mA in the 2θ range of 10-80⁰ with 1.03⁰ per minute were 

used to obtain X-ray diffraction (XRD) designs of the adsorbents. 

3.2.4. Surface area, pore volume and pore size analysis 

Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) method were used for 

surface area, pore volume and pore size determination using Surface Area Analyzer 

“NOVA2200e Quantachrome, USA” with nitrogen adsorption/desorption at 77.4 K. The 

sample analyses were carried out in a vacuum at 120ºC in order to remove all adsorbed 

moisture from the adsorbent surface. 

3.3. Sample preparation 

3.3.1. Preparation of water samples 

Certified water samples like TMDA 64.2 fortified water, TMDA 62.2 environmental 

water and SPS WW2 wastewater were directly subjected to the proposed solid phase 

extraction methods without further purification. Environmental water samples like sea 

water, river water, dam water and wastewater were filtered through a cellulose membrane 

filter having 0.45 µm pore size (Millipore Corporation, Bedford, MA, USA) to remove 

the solid suspended particles. After this the real environmental samples were subjected to 

the proposed solid phase extraction methods 
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3.3.2. Preparation of food samples 

Certified reference material (Tomato Leaves, 1573a) and Oriental Basma Tobacco 

Leaves (INCT-OBTL-5) and Food samples (Chili, Black pepper, Hemp) collected 

from the local market were used. A wet ashing procedure was adopted for digestion of 

food sample and certified reference material. In this procedure, known amount of the 

food and certified reference materials were weighed into beakers and digested with 10 

mL concentrated HNO3 for 10 min at room temperature and then to 95 °C on hot plate 

till residue was obtained. After cooling, the residues was again digested with mixtures 

of 24 mL HNO3-H2O2 (2:1 v/v) until dryness. The residues obtained was dissolved 

with 15 mL of distilled water and filtered with Whatman filter paper to obtain clear 

solution.  

3.3.3. Preparation of soil samples 

Aqua-regia was used for wet digestion of real soil sample and certified reference 

material, in which 24 mL of aqua-regia were added to each beaker having 1g of soil 

sample (replicate) and 1g of certified reference material GBW07424 (GSS-10) 

(replicate). All the samples were kept at room temperature for 30 min, and then on hot 

plate at 95°C till dry residue was obtained. The residue was again digested with 24 

mL of aqua-regia at room temperature for 30 min and then heated on hot plate at 95ºC 

until dry residue obtained. Final residues were dissolved in 15 mL of distilled water 

and filtered. The clear solutions of the samples were subjected to the proposed solid 

phase extraction method. 
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3.4. Determination of heavy metals in the samples 

A Perkin-Elmer flame atomic absorption spectrometer (FAAS) Model 3110 (Norwalk, 

CT, USA) and Perkin Elmer model AA200, USA with air–acetylene flame having 10 cm 

long-slot burner head was used for absorbance measurements. The measurements were 

performed with the continuous aspiration mode of FAAS. For standard calibration 

curves, working standards of Cd(II) and Pb(II)  in the range of 5-25 µg g-1, 2-14 µg mL-1, 

respectively were prepared from stock solution of 100 µg g-1 purchased from (Merck, 

Darmstadt Germany). The standard calibration curve of Cd(II) and Pb(II) are given in 

Fig. 3.1 and 3.2, respectively. 

 

Fig. 3.1: Standard calibration curve for determination of Cd(II) using FAAS. 
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Fig. 3.2: Standard calibration curve for determination of Pb(II) using FAAS. 

The following equations were employed for the calculation of adsorption capacity and % 

recovery.                                                                                                                        

Adsorption capacity (qe) = (𝐶° − 𝐶𝑒)𝑉 𝑚⁄                                                (1) 

Recovery, % = (Wo/Wf) × 100                                                                 (2) 

Where qe is the adsorption capacity (mg g-1), 𝐶° and 𝐶𝑒  express the initial and 

equilibrium concentrations of metal ions, respectively; V is the volume of metal ions 

solution (mL) and m is the amount of sorbent (g). Where Wo and Wf are the amount of 

analyte (µg) in sample and reference solution, respectively.  
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Part 1: Magnetic solid phase extraction of Cd(II) using magnetic nanoparticles 

(MNPs) and silica coated magnetic nanoparticles (SiMNPs)  

4.1. Result and Discussion 

4.1.1. Characterization of Adsorbent 

The adsorbents SiMNPs and MNPs were characterized using FTIR, SEM, EDX and 

SAA. Comparing FT-IR spectra of MNPs (a) and SiMNPs (b) in the (Figure. 4.1) the 

presence of a strong absorption band at 1069.65 cm-1 (b) that correspond to Si-OH and 

Si-O-Si that confirms that the surface of SiMNPs covered by Si-OH functional group, 

while such kind of peak is missing in case of MNPs.   

 

Figure 4.1:  FT-IR spectra of MNPs (a) and SiMNPs (b). 

a 

b b 

a 
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The physical nature and surface morphology of SiMNPs and MNPs can be viewed from 

SEM micrograph given in the Figure 4.2 a and 4.2 b More spherical and dispersed nature 

of SiMNPs (Fig.4.2) as compared to MNPs (Fig.4.2b) shows that silica core shell avoid 

SiMNPs from agglomeration in aqueous solution. Thus the problem of self-aggregation 

of MNPs in aqueous solution can be overcome by coating Si-OH functional group on the 

surface of MNPs. 

 

SiMNPs 
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MNPs 

Figure. 4.2: SEM micrographs of SiMNPs(a) and MNPs(b). 

The Electron dispersive X-ray (EDX) mapping of SiMNPs and MNPs are shown in the 

Figure 4.3a and 4.3b, respectively. High concentration of Si and Fe in case of SiMNPs, 

while high concentration of Fe is present in MNPs confirms successful coating of Si on 

MNPs which avoid the MNPs from agglomeration and acid decomposition during 

elution. 

 

SiMNPs 
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MNPs 

Figure. 4.3: EDX mapping of SiMNPs(a) and MNPs(b). 

Surface area, pore size and pore volume of adsorbent were calculated by BET and BJH 

methods. According to BET result, the cumulative surface area of the MNPs and SiMNPs 

were determined as 80.18 mg2/g and 81.35 mg2/g respectively, while the BJH cumulative 

surface area of MNPs and SiMNPs were calculated as 104.8 m2/g and 105.43 mg2/g, 

respectively. The average pore volume and pore size of MNPs are 0.21 ccg-1 and 44.23 Aº 

respectively, while for SiMNPs the values are 0.27 ccg-1 and 46.41 Aº, respectively. The 

results are given in the Table 4.1. 

Table 4.1: Surface area, pore volume and pore size by BET and BJH methods.  

Sample Method Surface area (mg2 g-1) Pore volume (cm-3 g-1) Pore size (A˚) 

SiMNPs 

BET 81.35 

0.27 46.41 

BJH 105.43 

MNPs 

BET 80.18 

0.21 44.23 

BJH 104.8 
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4.1.2. Magnetic solid phase extraction procedure 

Magnetic solid phase extraction experiments were carried out in 50 mL of centrifuge 

tubes, containing 2 µg/mL Cd(II) at pH 7. The sample solutions were then added to 

another tube containing MNPs (0.1 g) and SiMNPs (0.1 g) and the solutions were 

allowed for 4 min under the influence of vortex (10×40 rpm). When the adsorption was 

complete, MNPs and SiMNPs were separated using external magnetic field and the liquid 

phase was separated using pipette. For quantitative recoveries of analyte, HCl (2 mL, 1.0 

mol L-1) in acetone was added to the adsorbent. The solutions were again subjected to 

vortex for 4 min and MNPs and SiMNPs were separated using external magnetic field. 

The eluent was analyzed by FAAS. 

4.1.3. Optimization of the parameter of magnetic solid phase extraction 

Optimization studies were performed using model solution containing known amount of 

analyte. The parameters like solution pH, sorbent dose, sample volume, desorption 

condition and matrix effect were investigated. 

4.1.3.1 Effect of pH  

The effect of pH on % recovery of Cd(II) on MNPs and SiMNPs were investigated in the 

range of 2 to 9 (Figure 4.4 and Table 4.2). The results indicate that % recoveries of Cd(II) 

increases with increase in pH and reach to its maximum value of (99±4 % and 100±1 %) 

at pH 7on MNPs and SiMNPs, respectively. It can be explained that at lower pH, 

concentration of H+ is high which compete with Cd(II) for the vacant sites on the 

adsorbent leading to the decrease of % recovery of Cd(II). It can also be explained that at 

lower pH the surface of adsorbent become positively charged and it is difficult to adsorb 



Chapter – 4                                            Results and 

Discussions  

89 

 

positively charged Cd(II) on positively charged adsorbent.  The surface of adsorbent is 

neutral in the range of pH 6 to 8 and is suitable for quantitative % recovery of Cd(II). At 

higher pH insoluble metal hydroxide formation takes place which causes decrease in the 

% recoveries.  

Table 4.2: Effect of pH on % recovery of Cd(II) using MNPs and SiMNPs.  

pH 

           % Recovery 

SiMNPs MNPs 

2 82 ±3 55 ±5 

3 92±4 69 ±5 

4 94 ±5 78 ±6 

5 95 ±6 85 ±2 

6 97 ±5 94 ±1 

7 100 ±4 98 ±1 

8 97 ± 3 99 ±4 

9 86 ±6 89 ±5 
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Figure 4.4: Effect of pH on % recovery of Cd(II) using MNPs and SiMNPs (Volume 

of sample: 10 mL, amount of adsorbent: 0.1 g, final volume: 10 mL, 

N=3). 

4.1.3.2. Effect of adsorbent dose 

The effect of adsorbent dose on % recovery is an important parameter as it determines the 

maximum adsorption capacity of the adsorbent for constant adsorbate concentration. 

Therefore the solid phase extractions studies were carried out at different adsorbent doses 

ranging from 0.02 g to 0.14 g (Figure 4.5). It can be concluded from the Figure 4.7 that % 

recovery of Cd(II) increases with increases in amount of MNPs and SiMNPs and reach to 

its maximum values of 97±3 % and 100±6 %, respectively with 0.14 g of adsorbent. It 

can be explained that with increase in amount of adsorbent the number of vacant sites 

also increases that increase % recovery of Cd(II).  
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Table 4.3: Effect of adsorbent dose on % recovery of Cd(II) using MNPs and             

SiMNPs.  

Adsorbent dose, g 

% Recovery 

SiMNPs MNPs 

0.02 49±2 47±3 

0.04 58±2 58±5 

0.06 75±4 61±3 

0.08 86±5 71±5 

0.1 96±1 97±6 

0.12 99±4 97±4 

0.14 100±6 97±3 

 

 

Figure. 4.5: Effect of adsorbent dose on % recovery of Cd (II) using MNPs and 

SiMNPs ( pH: 7, Volume of sample: 10 mL, final volume: 10 mL, 

(N=3). 
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4.1.3.3. Effect of sample volume 

Investigation of highest preconcentration factor has significant importance as it determines 

the efficiency of the proposed magnetic solid phase extraction method. Therefore, for 

determination of highest preconcentration factor the magnetic solid phase extraction studies 

were conducted at different sample volume ranging from 5 mL to 50 mL as shown in the 

Figure 4.6 and Table 4.4. Recovery results indicate that the proposed method can be 

successfully applied up to 40 mL of sample volume. Above 40 mL there is significant 

decrease in the percent recoveries of Cd(II). Therefore, preconcentration factor of 20 was 

achieved using 40 mL of sample and 2 mL of elution volume. 

Table 4.4:   Effect of sample volume on % recovery of Cd(II) using MNPs and 

SiMNPs. 

Sample volume, mL 
% Recovery 

SiMNPs MNPs 

5 97±4 94±3 

10 95±5 97±2 

15 97±6 96±3 

20 99±2 100±1 

25 97±1 98±5 

30 96±6 97±3 

35 97±7 95±2 

40 98±3 97±4 

45 90±2 88±5 

50 83±1 80±6 
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Figure 4.6: Effect of volume of sample on % recovery of Cd (II) using MNPs and 

SiMNPs (pH: 7, Volume of eluent: 10 mL, amount of adsorbent: 0.1 g, 

(N=3). 

4.1.3.4. Desorption condition 

For quantitative percent recovery the proper type and concentration of eluting agent is of 

immense important. For this purpose mineral acids like HCl and HNO3 were used at 

different concentration like 0.25 mol L-1, 0.5 mol L-1 and 1.00 mol L-1 both in water and 

acetone (Table 4.5).  Recovery results obtained shows that HCl in acetone (1 mol L-1) is 

the best choice for complete desorption of Cd (II) from the surface of MNPs and SiMNPs 

to obtain quantitative recoveries. 
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Table 4. 5: Effect of type and concentration of eluent on % recovery of Cd(II) 

using MNPs and SiMNPs as adsorbents (N=3). 

 

Type and concentration of eluent 

% Recovery 

MNPs SiMNPs 

0.25 mol L-1 HCl in water 45±6 34±4 

0.5 mol L-1  HCl in Water 67±7 52±4 

1 mol L-1  HCl in Water 86±5 65±3 

0.25 mol L-1  HNO3 in water 37±4 32±4 

0.5 mol L-1  HNO3 in Water 54±4 47±7 

1 mol L-1  HNO3 in Water 83±3 59±6 

0.25 mol L-1  HCl in Acetone 59±2 57±6 

0.5 mol L-1  HCl in Acetone 89±6 80±5 

1 mol L-1  HCl in Acetone 97±4 94±5 

After selecting proper type and concentration, volume of eluting agent was optimized. 

Different volume (1-10 mL) of HCl (1 mol L-1) in acetone was used for Cd(II) elution 

and the % recovery results are given in the Figure 4.7. It can be evaluated from Figure 4.7 

that 2 mL of HCl (2 mol L-1) HCl in acetone was enough volume for quantitative % 

recoveries.     
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Figure 4.7: Effect of volume of eluent on % recovery of Cd (II) using MNPs and 

SiMNPs (pH: 7, Volume of sample: 10 mL, amount of adsorbent: 0.1 g, 

(N=3). 

4.1.3.5. Matrix effect 

The effects of different interfering ions which are coexisting with analyte metal in 

matrices of complex sample were studied and % recovery results are given in the Table 

4.6. Recovery results shows that the divalent metal ions such as Zn(II), Cu(II), Fe(II), 

Ni(II), Mn(II) and trivalent ion Al(III) can be tolerated up to 10 µg. While Ca(II) and 

Mg(II) can be tolerated up to 100 µg. Due to the presence of trace level concentration in 

water samples these metals ions have relatively negligible effect on % recovery of Cd(II) 

using MNPs and SiMNPs as adsorbents. Therefore it can be conclude that the proposed 

magnetic solid phase extraction method is relatively selective.  
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Table 4.6: Effect of coexisting ions on % recoveries of Cd (II) using SiMNPs and 

MNPs, pH: 7, amount of adsorbent: 0.1 g, volume of sample solution: 

10 mL (N=3).  

Interfering ions Added as Concentration, µg mL-1 

Recovery, % 

MNPs SiMNPs 

Na+ NaCl 1000 96±2 95±4 

K+ KCl 1000 98±1 97±6 

Ca++ Ca(NO3)2.4H2O 100 99±4 97±1 

Mg++ Mg(NO3)2.6H2O 100 96±4 94±8 

Al+++ Al(NO3)3.7H20 10 96±3 95±10 

Zn++ Zn(NO3)2.6H2O 10 97±1 96±4 

Fe++ Fe(NO3)2.6H2O 10 95±6 95±4 

Cu++ Cu(NO3)2.6H2O 10 95±2 97±1 

Ni++ Ni(NO3)2.6H2O 10 94±9 96±1 

Mn++ Mn(NO3)2.6H2O 10 99±4 95±1 

SO4
-- Na2SO4 500 94±2 98±4 

CO3
-- Na2CO3 500 93±0 95±4 

F- NaF 1000 100±5 96±1 
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4.1.4. Kinetic study 

To evaluate the kinetic studies, pseudo-first order, pseudo-second order, intraparticle 

diffusion model and elovich kinetic model were employed to obtain useful information 

about adsorption efficiency of the adsorbate. For the pseudo-first order kinetics the 

equation is given as under: 

log (qe-qt) = log qe - 
𝑘1

2.303
 t  (3) 

Were qt and qe are the adsorption capacities at time t (min) and at equilibrium, 

respectively; k1 is the rate constant for pseudo-first-order kinetics of the adsorption 

process. The values of qe and k1 were calculated from the pseudo-first-order model and 

are given in the Table 4.7.The calculated adsorption capacities from pseudo-first order 

kinetics did not agree with experimental adsorption capacity. Therefore the adsorption of 

Cd(II) on SiMNPs and MNPs cannot follow pseudo-first order kinetics. 

For the pseudo – second order kinetics the following equation was used: 

𝑡

𝑞𝑡
 = 

𝑡

𝑞𝑒
 + 

1

𝑘
2

𝑞
𝑒2

  (4) 

Where qe and qt are the adsorption capacity at equilibrium and at time t, respectively; k2 is 

the rate constant for pseudo - second order kinetics. The values of K2 and qe were 

calculated from pseudo – second order model (Fig. 4.8a) and are given in the Table 4.7. 

The calculated adsorption capacities from pseudo-second order kinetics are in close 

agreement with experimental adsorption capacities therefore the adsorption of Cd(II) on 

SiMNPs and MNPs follows pseudo-second order kinetics.   
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Figure 4.8a. Pseudo-second order kinetic model for the adsorption of Cd(II) on 

SiMNPs and MNPs. 

For the calculation of intraparticle diffusion in the adsorption process of Cd (II) on MNPs 

and SiMNPs, the following equation was used to describe the intra particle diffusion 

model: 

qt = kint t1/2 + c   (5) 

Were qt is the sorption capacity at time t, Kint is the intraparticle diffusion rate constant, t 

is the time (min). The values of Kint, C and R2 were calculated from intraparticle diffusion 

model and are given in the Table 4.7. 
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Figure 4.8b: Intraparticle diffusion model for the adsorption of Cd(II) using 

SiMNPs and MNPs. 

 

The kinetics of chemisorption on heterogeneous surface was also calculated and 

explained by using elovich kinetic model which can be described by the following 

equation: 

qt =
1

ᵦ
ln(𝛼ᵦ) +  

1

ᵦ
𝑙𝑛𝑡    (6) 

Where qt is the sorption capacity (mg g-1) at time t, α and β represent the elovich 

coefficient. Where α is the initial rate of adsorption (mg g-1 min-1), β (desorption constant) 

related to the extent of surface coverage. The values of α, β and R2 for adsorption of Cd 

(II) on MNP and SiMNPs were calculated from elovich kinetic model and are given in 

Table 4.7. The high α values shows that initial rate of adsorption of Cd (II) on MNPs and 

SiMNPs is high. 
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Table 4.7. Kinetic parameters for the adsorption of Cd(II) on MNPs and SiMNPs 

using different kinetic model. 

Kinetic model 

Parameters SiMNPs MNPs 

qe (exp) (mg/g) 22.39 21.812 

 Pseudo-First order model 

k1 (min)
-1 0.062 0.0481 

qe  (mg/g)  8.48 0.8077 

R2 0.027 0.734 

Pseudo-second order model 

k2 (min)
-1 0.247 0.13 

qe  (mg/g) 22.17 21.92 

R2 0.9999 1 

Inraparticlr diffusion model 

kint (min)
-1 0.0129 0.147 

C 22.389 20.749 

R2 0.0478 0.779 

Elovich kinetic model 

α (mgg
-1

 min
-1

)  6.91×1085 5.6×1021 

β (gmg)
-1 8.69 2.522 

R2 0.746 0.8615 

 

4.1.5. Isotherm studies 

Four adsorption isotherms Langmuir, Freundlich, Dubinin-Redushkviech (D-R), and 

Temkin were applied to the adsorption data of Cd(II) on SiMNPs and MNPs to express 

adsorption equilibrium.  
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 Monolayer adsorption on homogenous surfaces can be best explained by using Langmuir 

adsorption isotherm. Linear form of the Langmuir adsorption isotherm is given as under: 

𝐶𝑒

𝑞𝑒
=

1

𝑘𝐿
+

𝑎𝐿

𝑘𝐿
𝐶𝑒                                                                                                              (6) 

Where qe is the adsorption capacity in (mg g-1), Ce is the equilibrium concentration of the 

metal ion in (mg L-1), aL and kL are Langmuir constant related to the adsorption energy 

and adsorbate –adsorbent binding force, respectively. The values of these parameters 

were calculated from Langmuir model (Fig. 4.9a), correlation co-efficient (r2) and the 

theoretical monolayer adsorption capacity (Qº) for the adsorption of Cd (II) on SiMNPs 

and MNPs was calculated and shown in the Table 4.8. 

 

Figure 4.9: Langmuir adsorption isotherm for the adsorption of Cd(II) using 

SiMNPs and MNPs. 
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Freundlich adsorption isotherm is used to explain metal adsorption on heterogeneous 

surfaces. The linear and non-linear form of Freundlich adsorption isotherm can be 

expressed by using the following two equations:  

  𝑞𝑒= kF Ce
1/n                                                                                              (7) 

log qe = log kF + 
1

𝑛
 log Ce    (8) 

Where kF is the relative adsorption capacity and 1/n indicates the intensity of adsorption 

process. The value of n, 1/n, kF and correlation coefficient (r2) for the adsorption of Cd 

(II) and MNPs and SiMNPs were calculated from Freundlich model (Fig. 4.9b) and 

shown in the Table 4.8.  

 

Figure 4.10: Freundlich isotherm model for the adsorption of Cd(II) using SiMNPs 

and MNPs. 
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The correlation coefficient value of Langmuir isotherm model is higher than Freundlich 

isotherm model, the adsorption process follow monolayer adsorption with adsorption 

capacity of 625.33 mg g-1.  

The non-linear and linear forms of Temkin model are given below: 

𝑞
𝑒 = 

𝑅𝑇

𝑏𝑇

  ln (𝐴𝑇Ce)                                                                                                 (9) 

qe = BT lnAT + BT lnCe                                                                                        (10) 

Where BT = 
𝑅𝑇

𝑏𝑡
, T is the absolute temperature in Kelvin (K) and R is the universal gas 

constant (8.314 Jmol-1 k-1). The constant bT is related to the heat of adsorption, AT is 

another constant called equilibrium binding constant (Lmin-1) related to the binding energy. 

The value of AT and bT for the adsorption of Cd (II) on SiMNPs and MNPs were calculated 

and are given in the Table 4.8. 

D-R adsorption isotherm can be used to distinguish between chemical and physical 

adsorption process. The linear form of the equation is given as following: 

ln qe = ln qm –Kє2       (11) 

Where qe and qm are the equilibrium and the maximum adsorption capacities of Cd(II) on 

MNPs and SiMNPs respectively, K is a constant related to the adsorption energy (E), є is 

the Polanyi potential which is described by the following equation: 

E = 
1

√2𝑘
                  (12) 

Є = RT ln (1+
1

𝐶𝑒
)                                                                                                 (13) 

Where Ce is the equilibrium concentration in mg L-1, and T is the absolute temperature in 

Kelvin (K). The values of K and qm, for the adsorption of Cd(II) on SiMNPs and MNPs 

were calculated and shown in the Table 4.8. E is a parameter that shows whether the 
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adsorption is chemical or physical in nature. The value of E calculated from the model for 

the adsorption of Cd(II) on SiMNPs and MNPs are 7.142 KJ mol-1 and 0.877 KJ mol-1, 

respectively (Table 4.8), which indicate physical adsorption phenomenon on SiMNPs and 

MNPs.  

Table 4.8: Comparision of the parameter of different isotherm models. 

Isotherm Parameters SiMNPs MNPs 

Freundlich 

KF (mgg
-1

) 481.95 354.8 

n 3.31 5.68 

1/n 0.30 0.18 

R2 0.83 0.998 

Langmuir 

aL (Lmg
-1

) 5.33 1.06 

kL (Lg
-1

) 3333.33 625 

Qº (mgg
-1

) 625.33 588.51 

R2 0.990 0.991 

Temkin 

AT 186.20 1348.9 

BT 91.02 53.43 

bT 27.20 46.28 

R2 0.69 0.81 

D-R 

qm (mgg
-1

) 398.10 398.1 

k 1×10-8 1×10-8 

E (Kjmol
-1

) 7.14 0.88 

R2 0.65 0.87 
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4.1.6. Thermodynamic studies 

For thermodynamic study the adsorption of Cd(II) on SiMNPs and MNPs were studied at 

different temperature. Various thermodynamic parameters like enthalpy (ΔHº), Gibbs free 

energy (ΔGº) and entropy (ΔSº) were calculated using the following equations. 

KD=
𝑞𝑒

𝐶𝑒
                                                                                                                               (14) 

∆G◦ = -RT ln Kc                                                                                                                                                                     (15) 

∆H◦=R
𝑇2𝑇1

𝑇2−𝑇1   

𝑙𝑛 
𝐾2

𝐾1
                                                                                                             (16) 

∆S◦=
∆𝐻˳−∆𝐺˳

𝑇
                                                                                                                      (17) 

Where Kc is the equilibrium constant, qe and Ce are the equilibrium concentration of the 

metal ion on the adsorbent (mg g-1) and the concentration of the metal ion in the solution 

(mg L-1) respectively. It can be seen from Table 4.9, that the value of KD increase with 

increase in temperature and also the value of ΔHº is positive which shows that the 

adsorption of Cd (II) on SiMNPs and MNPs is endothermic in nature. The positive values 

of ΔSº shows that these adsorption process is spontaneous in nature. 
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Figure 4.11: Plot of ln lnKc versus 1/T for estimation of thermodynamic 

parameters for Cd(II) adsorption on SiMNPs and MNPs. 

Table 4.9: Thermodynamic parameter for the adsorption of Cd (II) on MNPs and 

                SiMNPs. 

 
SiMNPs MNPs 

Temperature, K 

ΔG°  

KJ mol
-1 

ΔH°  

KJ mol
-1 

ΔS° 

 KJ mol
-1 

ΔG°  

KJ mol
-1 

ΔH° 

 KJ mol
-1 

ΔS° 

KJ mol
-1 

303 -16.0 

28.24 0.15 

-12.7 

62.48 0.35 

313 -17.2 -18.4 

323 -18.8 -20.9 

333 -19.5 -22.0 

343 -22.3 -24.6 

353 -23.0 -26.4 
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4.1.7. Application to the real sample 

The proposed solid phase extraction method was applied for preconcentration of Cd(II) 

in tap water and river water samples. The % recovery results (Table 4.10) shows that the 

proposed solid phase extraction method can be successfully applied to real water 

samples. 

Table 4.10. Standard addition method for % recovery of Cd (II) using the proposed 

solid phase extraction method from real samples (pH: 7, amount of adsorbent: 0.1 

g, volume of sample: 15 mL, final volume: 2 mL (N=3). 

    

MNPs 

 

SiMNPs 

Sample 

Added  

(µg mL-1) 

Found  

(µg mL-1) 

% 

Recovery 

Found  

(µg mL-1) 

% 

Recovery 

Tap water 

0 BDL --- BDL --- 

10 9.4±0.8 94 9.6±0.7 96 

20 18.9±1.2 95 18.3±1.2 92 

River Kurram, 

Bannu 

0 0.5±0.04 --- 0.6±0.04 --- 

10 10.0±1.4 95 11.0±2.8 104 

20 20.8±0.9 102 

 

20.0±1.9 97 

River Tochi, 

NWA 

0 0.8±0.02 --- 

 

0.68±0.02 --- 

10 10.7±0.5 99 

 

9.9±0.5 92 

20 20.4±1.4 98 

 

20.7±1.4 100 
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Part 2: Solid phase extraction of Pb(II) using magnetic nanoparticles (MNPs) and  

magnetic nanoparticles impregnated banana Peels (MNPs-BP) 

4.2. Result and discussion 

4.2.1. Characterization 

Surface morphology, can be best examined by studying SEM micrograph of the 

adsorbent. SEM micrograph of banana peels (BP), banana peels impregnated with 

magnetic nanoparticle (MNPs-BP) and magnetic nanoparticle (MNPs) are shown in  

Figures 4.12a, 4.12b and 4.12c, respectively. Porous surface morphology of (BP) with 

average pore size of 18 µm can be seen from Figure 4.12a. SEM micrographs of MNPs-

BP shows that the surface of MNPs-BP is covered with MNPs and all the MNPs 

aggregated on the surface of BP (Figure 4.12b). Surface morphology of MNPs having 

particle size below 100 nm was observed from the Figure 4.12c. 
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BP. 

 

MNPs-BP. 

 

MNPs. 

Figure 4.12: SEM micrographs of BP(a), MNPs-BP(b) and MNPs (c). 
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Elemental analysis of MNPs, MNPs-BP and BP can be done by analyzing the EDX 

mapping shown in Figures 4.13a, 4.13b and 4.13c, respectively. High concentration of Fe 

in MNPs (Fig. 4.13a) and MNPs-BP (Fig. 4.13b) confirm the impregnation of MNPs on 

the surface of BP. Fe concentration is almost negligible in case BP (Fig. 4.13c).  

 

MNPs. 

 

MNPs-BP. 
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BP. 

Figure 4.13: EDX spectrum of BP, MNPs(a) and MNPs-BP(b), BP(c) 

BET and BJH Surface area, pore volume and pore size of MNPs, MNPs-BP and BP were 

determined by using N2 adsorption/desorption methods and the results are given in the 

Table 4.11. Increase in BET surface area of BP occur from 28.92 to 49.71 mg2 g−1 after 

modification with MNPs. Increase was also observed in the case of pore volume and pore 

size from 0.11 to 0.14 ccg−1 and 139.43 to 142.23 A ˚, respectively. 

 

Table 4.11. Surface area, pore volume and pore size by BET and BJH methods. 

Sample Method 

Surface area  

(mg2 g-1) 

Pore size  

(cm-3 g-1) Pore volume, (A˚) 

MNPs 

BET 80.14 

0.21 44.32 

BJH 104.9 

MNPs-BP 

BET 49.71 

0.14 142.23 

BJH 58.67 

BP 

BET 28.92 

0.11 139.43 

BJH 41.53 
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4.2.2. Magnetic solid phase extraction procedure 

Magnetic solid phase extraction studies were carried out by taking MNPs and MNPs-BP 

(0.1g) and surfactant cetyl triammonium bromide (CTAB) (0.06 g) in 50 mL of 

centrifuge. To this, Britton and Robinson buffer solution (pH: 7, 5 mL) were added to the 

centrifuge tube to completely soak the adsorbents. Sample solution (5 mL) having 100 µg 

of Pb(II) were added to the flask and allowed the adsorption reaction for 5 min under the 

influence of ultrasonication. MNPs and MNPs-BP were separated by using Nd magnetic 

and the liquid phase was transferred to another tube carefully. To the solid phase, HCl (1 

mL, 2 mol L-1) solution in acetone was added to elute the adsorbed Pb (II) from the 

surface of MNPs and MNPs-BP (Fig. 4.14).  

 

Figure 4.14: Schematic reprasentation of the solid phase extraction method.  
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4.2.3. Optimization of the parameter related with magnetic solid phase extraction 

procedure 

All the optimization studies were performed using model solution containing known 

amount of analyte. The parameters like solution pH, sorbent dose, sample volume, 

desorption conditions and matrix effects were optimized. 

4.2.3.1. Effect of pH  

Due to high tendency of hydrogen (H+) and hydroxyl (OH-) ion towards the surface of 

adsorbent, the pH of the solution greatly influence the % recovery of Pb(II). Change in 

pH also changes the adsorptive capacity of the adsorbent through the dissociation of the 

surface functional group of the adsorbent. Therefore, the effect of pH on % recovery of 

Pb(II) was studied over the pH range of 3-9 using MNP and MNP-BP (Figure 4.15). The 

% recovery of Pb(II) increases as the pH of the solution increases from 3 to 7. After that a 

significant decrease occur in % recovery of Pb(II). It can be explained that, as the pH of 

the solution increases the electrostatic attraction between Pb(II), and negatively charged 

surface of the adsorbent increases and thus increase the % recovery. It can also be 

explained that at low pH the H+ ion concentration is high and occupies most of the vacant 

sites of the adsorbent and thus decrease the % recovery of Pb(II). Above pH 7 metal 

hydroxide formation takes place that decrease the % recovery of Pb(II).  
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Figure 4.15: Effect of pH on % recovery Pb(II) using MNPs and MNPs-BP (Volume 

of sample: 10 mL, amount of adsorbent: 0.1 g, final volume: 10 mL N=3).  

4.2.3.2. Effect of adsorbent dose 

The effect of adsorbent dose is an important parameter because it determines the 

adsorption capacity of the adsorbent for constant initial adsorbate concentration. 

Therefore, the magnetic solid phase extraction studies were carried out at different 

adsorbent doses ranging from 20 to 140 mg (Figure 4.16). It can be concluded that the % 

recovery of Pb(II) increases rapidly with increase in the amount of MNPs and MNPs-BP, 

and after the critical dose of 100 mg the % recovery of Pb(II) reached to a constant value.  

Therefore, 100 mg was the optimized adsorbent dose used in further preconcentration 

studies. 
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Figure 4.16: Effect of adsorbent dose on % recovery Pb(II) using MNPs and MNPs-

BP ( pH of solution: 7, volume of sample: 10 mL, final volume: 10 mL, 

N=3).  

4.2.3.3. Effect of sample volume 

For the highest preconcentration factor, the proposed solid phase extraction studies were 

carried out at different sample volume ranging from 5 to 50 mL (Figure 4.17). The % 

recoveries of Pb(II) show that the proposed magnetic solid phase extraction can be 

successfully applied up to 40 mL. Therefore, preconcentration factors of 20 can be 

achieved by using 40 mL of sample volume and 2 mL of elution volume.   
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Figure 4.17: Effect of sample volume on % recovery of Pb(II) using MNPs and 

MNPs-BP ( pH of solution: 7, adsorbent dose: 0.1 g, final volume: 10 

mL, N=3).  

4.2.3.4. Desorption studies 

For quantitative % recovery of Pb(II) HCl and HNO3 were used as eluents in the 

concentration range of 1 to 3 mol L-1 using water as solvents and the % recovery results  

are given in the Table 4.12. Recovery results shows that 2 mol L-1 of HCl is the best 

choice to obtained quantitative % recovery.  
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Table 4.12.  Effect of type and concentration of eluent on percent recovery of Pb 

  (II) using MNPs and MNPs-BP as adsorbents, pH: 7, amount of 

  adsorbents: 0.1 g, volume of sample solution: 10 mL (N=3).  

Type and concentration of Eluent 

% Recovery 

MNPs MNPs-BP 

1 mol L-1 HCl 56±5 67±3 

2 mol L-1 HCl 98±1 96±2 

3 mol L-1 HCl 68±0 64±3 

1 mol L-1  HNO3 76±2 93±1 

2 mol L-1  HNO3 85±1 94±3 

3 mol L-1  HNO3 82±1 81±3 

 

 After selecting type and concentration of eluent, optimization of volume of eluting 

agent is important. Therefore, the desorption studies were carried out at different volume 

ranging from 1 to 8 mL of HCl (1.0 mol L-1). The % recovery results are given in the 

Figure 4.18 and shows that 2 mL of HCl (2 mol L-1) HCl is enough to obtain quantitative 

percent recoveries.   
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Figure 4.18: Effect of volume of 2 mol L-1 HCl on % recovery Pb(II) using MNPs 

and MNPs-BP ( pH of solution: 7, volume of sample: 10 mL, final 

volume: 10 mL N=3).  

4.2.3.5. Matrix effect 

The selectivity and specificity of the method can be investigated by studying the effect of 

different ions, which are coexisting with analyte ions especially in the samples of 

complex matrix nature. For this purpose the solid phase extraction studies of Pb(II) on 

MNPs and MNPs-BP were carried out in the presence of different interfering ions. % 

recovery results are given in the Table 4.13. The results show that divalent transition 

metal are competitive with Pb(II) SPE. The studied metal ions like Cd(II), Zn(II), Fe(II), 

Cu(II), Ni(II) and Mn(II) are tolerable up to 2.5 µg g-1 to 5 µg g-1 while Al(III) up to 10 

µg g-1  shows that the solid phase extraction of Pb(II) on MNPs and MNPs-BP is 

selective at lower concentration of interfering ions. 
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Table 4.13: Effect of coexisting ions on % recoveries of Pb (II) using MNPs and 

MNPs-BP as adsorbents, pH: 7, amount of adsorbents: 0.1 g, volume 

of sample solution: 10 mL (N=3).  

Interfering ions Added as 

Concentration, 

µg g-1 

Recovery, % 

MNPs MNPs-BP 

Na+ NaCl 5000 97±7 98±8 

K+ KCl 5000 95±5 96±3 

Ca++ Ca(NO3)2.4H2O 100 94±5 99±1 

Mg++ Mg(NO3)2.6H2O 100 98±2 94±8 

Al+++ Al(NO3)3.7H20 10 97±7 95±8 

Cd++ Cd(NO3)2.6H2O 5 97±3 98±7 

Zn++ Zn(NO3)2.6H2O 5 95±1 99±4 

Fe++ Fe(NO3)2.6H2O 5 99±6 97±8 

Cu++ Cu(NO3)2.6H2O 2.5 95±2 96±9 

Ni++ Ni(NO3)2.6H2O 2.5 99±5 98±3 

Mn++ Mn(NO3)2.6H2O 2.5 99±4 99±1 

SO4
-- Na2SO4 500 97±2 98±5 

CO3
-- Na2CO3 500 96±8 96±4 

F- NaF 100 94±2 97±8 
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4.2.4. Kinetic study 

For adsorption kinetics two kinetic models like pseudo first order kinetics and pseudo 

second order kinetics were employed.  

For pseudo-first-order kinetics of the adsorption process, the values of qe and k1 were 

calculated from the slop and intercept of the plot of log (qe-qt) versus t, respectively 

(Table 4.14). The experimental qe values, qe exp did not coincide with calculated values, qe 

cal, obtained from the linear plots. It shows that the adsorption of Pb(II) on MNPs and 

MNP-BP do not follow pseudo first order kinetics. 

Values of qe and k2 for pseudo-second-order kinetics were determined from the intercept 

and slop and are presented in Table 4.14. The linear plot shows a good agreement 

between experimental and calculated qe values (Fig.4.19). Beside this the corresponding 

correlation coefficient values are also high that shows that the adsorption of Pb(II) on 

MNPs and MNPs-BP follow pseudo-second order kinetics. It means that pseudo-second 

order kinetics parameter obtained could be used to determine the rate constant, 

equilibrium sorption capacity, percentage removal of Pb(II) and initial rate of adsorption. 

Since this adsorption process follow pseudo-second order kinetics, thus the solid phase 

extraction of Pb(II) on MNPs and MNP-BP was controlled by chemisorption. 
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Fig.4.19:  Pseudo-second order kinetics for the adsorption of Pb(II) on MNPs and   

         MNPs-BP. 

Table 4.14.  Kinetic parameter for the adsorption of Pb (II) using MNPs and MNPs-BP 

  as adsorbents. 

Adsorbent 

 

Experimental 

Kinetic models 

Pseudo first order Pseudo second order 

qe  mgg
-1 K1 min

-1 qe mgg
-1 R2 K2 min

-1 qe  mgg
-1 R2 

MNPs 1000 0.034 1.237 0.18 0.001 1000 0.997 

MNPs-BP 988 0.049 96.36 0.465 0.0004 1000 0.995 

 

4.2.5. Isotherm studies 

Two adsorption isotherms Langmuir and Freundlich were employed in order to explain 

the interaction mechanism between the adsorbent surface and adsorbate leading to the 

affinity of adsorbent towards adsorbate.  
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The values for Langmuir adsorption isotherm KL, aL correlation co-efficient (R2) and the 

theoretical monolayer adsorption capacity (Qº) for the adsorption of Pb(II) on MNPs and 

MNPs-BP was calculated and shown in the Table 4.15 using same procedure as 

mentioned earlier. Similarly for Freundlich adsorption isotherm the values of n, 1/n, kF 

and correlation coefficient (R2) for the adsorption of Pb (II) on MNPs and MNPs-BP 

were calculated and given in the Table 4.15. Both Freundlich and Langmuir model are 

shown in the Fig.4.20a and 4.20b, respectively. 

 

Figure 4.20a: Freundlich isotherm model for the adsorption of Pb(II) using MNPs-

BP and MNPs. 
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Figure 4.20b: Pseudo-second order kinetics for the adsorption of Pb(II) using 

MNPs-BP and MNPs. 

Table 4.15:  Comparison of parameters of Freundlich and Langmuir adsorption  

  isotherm models. 

Adsorbent 

Isotherm Model 

Freunlich Langmuir 

KF (mg g
-1

) n 1/n R2 KL (L g
-1

) aL (L mg
-1

) Qº (mg g
-1

) R2 

MNPs 1.87 3.7 0.3 0.967 5000 1 5000 0.988 

MNPs-BP 2.835 2.2 0.4 0.867 833 0.25 3333 0.985 

 

As can be seen from the Table 4.15, KF values of MNPs-BP (2.835 mg g−1) is greater 

than MNPs. Poor values of correlation coefficients (R2) indicate inapplicability of 

Freundlich isotherm. The Langmuir isotherm model gave better fit then Freundlich as 

indicated by values of correlation coefficients. 
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4.2.6. Thermodynamic studies 

Various thermodynamic parameters like enthalpy (ΔHº), Gibbs free energy (ΔGº) and 

entropy (ΔSº) were calculated in order to explain the spontaneity and feasibility of the 

adsorption of Pb(II) on MNPs and MNPs-BP and are given in the Table 4.16.  

Positive values of ΔH° and ΔS° in the Table 4.16 shows that the adsorption of Pb(II) on 

MNPs and MNPs-BP is endothermic and spontaneous in nature. 

Table 4.16: Thermodynamic parameter for the adsorption of Pb (II) using MNPs 

and MNPs-BP as adsorbents. 

Temperature, K 

MNPs MNPs-BP 

ΔG°  

KJ mol
-1 

ΔH°  

KJ mol
-1 

ΔS° 

KJ mol
-1 

ΔG° 

KJ mol
-1

 

ΔH°  

KJ mol
-1

 

ΔS° 

KJ mol
-1 

303 -13.95 

24.55 0.127 

-13.27 

17.32 0.103 

313 -15.61 -15.09 

323 -16.80 -15.71 

333 -18.35 -16.37 

343 -19.08 -17.50 

353 -20.46 -18.91 

 

4.2.7. Validation of the proposed magnetic solid phase extraction method 

For validation, the proposed solid phase extraction method was applied to three real water 

sample like tap water (Analytical chemistry lab), river water (River Tochi, NWA) and 

dam water (Baran dam, Bannu) and the % recovery results are given in the Table 4.17. It 

can be concluded that all the % recovery results of Pb(II) are quantitative and the 
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proposed solid phase extraction method can be successfully applied for extraction of 

Pb(II) from real water samples. 

Table 4.17: Standard addition method for % recovery of Pb (II) using the 

proposed solid phase extraction method (pH: 7, amount of 

adsorbent: 0.1 g, volume of sample: 15 mL, final volume: 2 mL 

(N=3). 

  
MNPs 

 

MNPs-BP 

Sample 

Added 

(µg mL-1) 

Found 

(µg mL-1) 

% 

Recovery 

Found 

(µg mL-1) 

% 

Recovery 

Tap water 

0.0 BDL --- 

 

BDL --- 

3.33 3.20 ± 0.2 96 

 

3.1 ± 0.3 94 

10.0 9.2 ± 1.2 92 

 

9.7 ± 0.9 97 

Dam water 

0.0 0.5 ± 0.04 --- 

 

0.6 ± 0.04 --- 

3.33 3.7 ± 0.5 97 

 

3.7 ± 0.8 98 

10 10.3 ± 0.4 98 

 

10.0 ± 0.6 94 

River Tochi, 

NWA 

0 0.8 ± 0.02 --- 

 

0.7 ± 0.02 --- 

3.33 3.9 ± 0.5 98 

 

9.9 ± 0.5 92 

10 10.4 ± 0.7 96 

 

20.7 ± 0.8 100 
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Part 3: Application of response surface methodology to the magnetic nanoparticles 

impregnated orange peel for the removal of Ni(II) 

4.3. Result and discussion 

4.3.1. Characterization of the adsorbent 

FT-IR spectra were recorded (Figure 4.21) in order to identify the functional groups on 

the surface of orange peel (OP) and magnetic nanoparticles orange peels (MNPs-OP). 

The comparison of FT-IR spectrum of OP and MNPs-OP shows the appearance, 

disappearance and shifting of some peaks. Band shifting from 3327 cm-1, 2923 cm-1 and 

1640 cm-1 on OP to 3325 cm-1, 2921 cm-1and 1623 cm-1 on MNPs-OP correspond to the 

bonded –OH, -CH stretching and –C=O stretching in carboxyl group which indicates that 

the MNPs are successfully bonded to OP. The disappearance of peak at 1730  cm-1 on 

MNP-OP (present in OP due to stretching vibration of carboxyl group -COOH) shows the 

binding of Fe with the –OH of the carboxyl group. The strong band at 1014 cm-1 in both 

OP and MNP-OP is due to –OCH3 groups which confirms the presence of lignin in OP. 

 

Figure 4.21: FT-IR spectra of OP and MNP-OP. 
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SEM micrograph of orange peel (OP) and orange peel impregnated with magnetic 

nanoparticle (MNPs-OP) shows the morphological characteristic of the adsorbent. 

(Figure 4.22a) Porous surface morphology for OP with average pore size of 20 µm was 

observed. The SEM images for the MNPs-OP (Fig. 4.22b) shows that OP is covered with 

MNPs and all the MNP aggregated on the surface of OP.  

 

OP. 

 

MNPs-OP 

Figure 4.22: SEM micrograph of OP(a) and MNPs-OP(b). 

Surface area, pore size and pore volume of MNPs-OP were calculated by BET and BJH 

method. The surface area was found to be 40.98 m2 g-1 with 1.43 cc/g pore volume and 

129.02 A° pore size. 
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4.3.2. Experimental design and optimization 

The response surface methodology (RSM) is a set of statistical methods used for 

designing experiments, evaluation of the effects of different variables and looking for 

optimum conditions of variables to achieve the target response. RSM has greater 

application in experimental situation where large number of variables are effecting the 

process. 

The factorial design 25 level was performed with five factors affecting the experimental 

design based on the adsorption of Ni(II) response on MNPs – OP. A total of 32 runs were 

performed in replicate to optimize the level of selected variables like pH, time, adsorbent 

dose, temperature, and initial metal ion concentration. The experimental design 25 is 

given in the Table 4.18. 

Table 4.18: Factorial 25 experimental design. 

Std Run 
Factor A 

(pH) 

Factor B 

(Time) 

Factor C (Ni 

(II) Conc) 

Factor 

D (S. 

Dose) 

Factor E 

(Temp) 

Response 

Adsorption 

(%) 

6 2 7 20 30 0.02 303 85.658 

30 3 7 20 30 0.22 363 88.792 

17 4 2 20 5 0.02 363 84.811 

2 5 7 20 5 0.02 303 86.685 

27 6 2 60 5 0.22 363 87.574 

21 7 2 20 30 0.02 363 81.854 

8 8 7 60 30 0.02 303 84.12 

7 9 2 60 30 0.02 303 64.288 

4 10 7 60 5 0.02 303 84.879 
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31 11 2 60 30 0.22 363 82.744 

23 12 2 60 30 0.02 363 82.603 

26 13 7 20 5 0.22 363 91.563 

22 14 7 20 30 0.02 363 85.00 

29 15 2 20 30 0.22 363 85.243 

3 16 2 60 5 0.02 303 82.435 

11 17 2 60 5 0.22 303 86.432 

13 18 2 20 30 0.22 303 82.342 

1 19 2 20 5 0.02 303 82.342 

28 20 7 60 5 0.22 363 92.312 

19 21 2 60 5 0.02 363 85.339 

16 22 7 60 30 0.22 303 87.00 

18 23 7 20 5 0.02 363 88.123 

9 24 2 20 5 0.22 303 82.342 

15 25 2 60 30 0.22 303 83.123 

25 26 2 20 5 0.22 363 87.865 

14 27 7 20 30 0.22 303 86.432 

24 28 7 60 30 0.02 363 86.324 

5 29 2 20 30 0.02 303 79.411 

10 30 7 20 5 0.22 303 88.923 

20 31 7 60 5 0.02 363 90.00 

12 32 7 60 5 0.22 303 90.00 
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4.3.2.1. Statistical analysis 

The adsorption experiments using five variables on MNPs–OP adsorbent were conducted 

according to the experimental design and the result are given in the Table 4.19. 

Table 4.19: Effect list of main factors and their interactions. 

Error / 

included Term intercept Effect Sum sqr % Contribution 

Model A-pH 5.28275 223.26 29.9259 

Error B-Time -0.547 2.39367 0.32085 

Model C-Initial metal -3.57688 102.352 13.7194 

Model D-sorbent dose 3.64225 106.128 14.2255 

Model E-Temperature 3.32475 88.4317 11.8535 

Error AB 0.912 6.65395 0.891902 

Error AC 1.11463 9.93911 1.33225 

Error AD -0.6805 3.70464 0.496573 

Error AE -1.090 9.5048 1.27403 

Error BC -1.33662 14.2925 1.91578 

Error BD 1.190 11.3288 1.51852 

Error BE 0.93525 6.99754 0.937956 

Error CD 0.842625 5.68014 0.76137 

Error CE 0.381125 1.16205 0.155762 

Error DE -0.95475 7.29238 0.977477 

Error ABC 1.22737 12.0516 1.61541 

Error ABD -0.78925 4.98332 0.667969 



Chapter – 4                                            Results and 

Discussions  

131 

 

Error ABE -0.1455 0.169362 0.0227014 

Error ACD -1.15863 10.7393 1.4395 

Error ACE -1.02413 8.39066 1.12469 

Error ADE 1.16325 10.8252 1.45102 

Error BCD 0.573375 2.63007 0.352537 

Error BCE 1.00912 8.14667 1.09199 

Error BDE -1.92125 29.5296 3.95818 

Error CDE -0.915375 6.70329 0.898515 

Error ABCD -0.611375 2.99024 0.400814 

Error ABCE -1.05812 8.95703 1.20061 

Error ABDE 1.07475 9.2407 1.23863 

Error ACDE 1.52563 18.6203 2.49588 

Error BCDE -0.817875 5.35136 0.7173 

Error ABCDE 0.974125 7.59136 1.01755 

   Lenth's ME 3.38297     

   Lenth's SME 6.43213     

 

Analysis of variance was carried out for statistical confirmation of these results which 

indicate that the equation and the actual relationship presented by the equation between 

the response and significant variable are accurate. The significance of the coefficient term 

is calculated by F and p values, the larger F value and the smaller p value, shows that the 

results are more significant. The model is considered to be statistically significant with p 

value less than 0.01 as shown in the Table 4.20. 
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Table 4.20: Analysis of variance. 

Source 
Sum of  

Squares df 

Mean  

squares F-value P-value 

 

Model 520.17 4 130.04 15.55 < 0.0001 significant 

  A-pH 223.26 1 223.26 26.69 < 0.0001  

 C-Initial  

metal ion 
102.35 1 102.35 12.23 0.0016 

 

 D-sorbent dose 106.13 1 106.13 12.69 0.0014  

E-Temperature 88.43 1 88.43 10.57 0.0031  

Residual 225.87 27 8.37      

  Cor Total 746.04 31        

 

The ANOVA results for the adsorption of Ni(II) ion on MNPs-OP indicated the F-value 

for the model is 15.55 and the p<0.0001, suggesting that the model is significant. The 

results obtained shows that factor A (pH) is more significant (223.26) as compared to the 

other factors like C (initial metal ion concentration), D (sorbent dose) and E 

(temperature) having values 102.35, 106.13 and 88.43 respectively. The ANOVA results 

for the adsorption of Ni(II) on MNPs-OP indicated that F-value for the model is 15.55 

and p<0.0001, suggesting that the model is significant. 

The cube model graph of the 25 factorial design for Ni(II) % adsorption on MNPs-OP is 

shown in Figure 4.23. As can be seen from the cube model that pH of solution, initial 

metal ion concentration and adsorbent dose are the important variables which influence 

the %adsorption of Ni(II). The cube model shows that maximum % adsorption of 

91.439% was obtained at pH 7 with 0.22 g of adsorbent dose. 
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Figure 4.23: Cube model graph of the 25 factorial designs. 

4.3.3. Kinetic studies 

For pseudo- first order kinetics a plot of log (qe – qt) against time t was constructed and is 

shown in Figure 4.24a. The values of qe and k1 were calculated from the slope and 

intercept and are given in the Table 4.21. It can be seen that the value of adsorption 

capacity calculated from the model is not in agreement with experimental sorption 

capacity. 
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Figure 4.24a: Pseudo-first-order kinetics of Ni(II) uptake using MNPs-OP 

 

For the pseudo – second order kinetics a plot of 
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  against t was constructed and shown 

in Figure 4.24b. The values of K2 and qe were calculated from the slope and intercept of 

the model and are given in the Table 4.21. As compared to pseudo-first order kinetics, the 

calculated adsorption capacity’s value is closer to the experimental adsorption capacity’s 
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pseudo-second order kinetic equation. 
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Figure 4.24b: Pseudo-second-order kinetics of Ni(II) uptake using MNPs-OP. 

 

For the evaluation of intraparticle diffusion in the adsorption process of Ni(II) on MNPs-

OP, a plot of the qt to t1/2 is shown in Figure 4.24c. If the line passes through the origin 

then the adsorption process must follow intraparticle diffusion model, but the Figure 4.28 

shows that the adsorption process follows some other kinetic models. 

 

Figure 4.24c: Intraparticle diffusion model of Ni (II) uptake using MNPs-OP. 
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The kinetics of chemisorption on heterogeneous surface is also calculated and explained 

by using Elovich kinetic model. A plot of lnt vs qt was ploted and the values of α and β 

were calculated from the slop and intercept of the plot (Figure 4.24d) and are given in the 

Table 4.21. 

 

Figure 4.24d: Elovich kinetic model of Ni(II) uptake using MNPs-OP. 

A comparison of the parameters calculated from pseudo first order, pseudo second order, 
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Table 4.21: Kinetic parameters of Ni(II) sorption on MNPs-OP.  

Kinetic model 

Parameters Value 

   q exp  (mg g-1) 147.428 

Pseudo-First Order Model 

K1 (min-1) 0.060 

qe (mg g-1) 21.55 

R2 0.797 

Pseudo-Second Order Model 

K2 (mg g-1) 0.00614 

qe (mg g-1) 149.25 

R2 0.999 

Intraparticle Diffusion Model 

KInt (min-1) 1.030 

C 137.37 

R2 0.837 

Elovich Kinetic Model 

α (mg g-1 min-1)  4.2×1014 

β (g mg-1) 0.273 

R2 0.883 

 

4.3.4. Isotherms studies 

Four adsorption isotherms were applied to analyze the adsorption equilibrium between 

Ni(II) and MNPs-OP. These isotherms are Langmuir, Freundlich, Dubinin-Redushkviech 

(D-R), and Temkin. The parameter of these isotherms expresses the surface 

characteristics and the affinity of adsorbent towards adsorbate. The concentration of the 

Ni(II) on the surface of the MNPs-OP and dissolved Ni(II) in the liquid at equilibrium 
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was expressed by using these isotherms. The comparison of the correlation coefficient 

values of the isotherms expressed the isotherm that best applicable to the adsorption 

process. 

 in case of Langmuir adsorption isotherm the plot of Ce/qe to the Ce is a straight line as 

shows in Figure 4.25a. The high value of correlation co-efficient (r2= 0.999) revealed that 

the equilibrium data followed the Langmuir isotherm with (Q°) 1110.12  mg g-1.   

 

 

Figure 4.25a: Langmuir adsorption isotherm. 

 

For checking the heterogeneity of the adsorption surface Freundlich isotherm was 

investigated as mentioned earlier. The plot between log qe and log Ce gives straight line 

as shown in Figure 4.25b. The value of 1/n and kF were calculated from the slop and 

intercept. The value of correlation coefficient was also high indicating that the adsorption 

also follows Freundlich adsorption isotherms. The value of n lies in between 1 and 10 

indicate that the adsorption process is favorable.  
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Figure 4.25b: Freundlich adsorption isotherm.  

For the application of temkin adsorption model a plot of qe against lnCe was drown as 

shown in the Figure 4.25c. The value of AT and bT were calculated from the slope and 

intercept given in the Table 4.22. The value of Temkin adsorption potential (BT ln AT) is 

410.89 kJ mol-1 which is greater than 8 KJ mol-1 indicating strong bond between Ni(II) 

and MNPs-OP. 

 

 

 

 

 

 

 

 

Figure 4.25c: Temkin adsorption isotherm. 
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For investigation of nature of adsorption process D-R adsorption isotherm was applied. 

For this a plot of ln qe against є2 was drown and shown in the Figure 4.25d. The values of 

K and qm were calculated from the intercept and slope respectively. Similarly the value of 

E was calculated using equation 11 and the results are given in the Table 4.22. It can be 

seen that the value of E calculated from the model is 2.27 KJ mol-1 which is less then8 KJ 

mol-1. Therefore, the adsorption process is physical in nature. 

 

Figure 4.25d: Dubinin–Radushkevich (D–R) adsorption isotherm. 

 

The Freundlich, Langmuir, Temkin and D-R for Ni(II) adsorption on MNPs-OP are 

summarized in Table 4.22. The result show that the Langmuir isotherm fitted to the 

adsorption data based on correlation coefficient value and adsorption capacity (Q◦).The 

value of E in the Table 4.22 is less than 8 KJmol-1 so the adsorption process is physical in 

nature. 
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Table 4.22: Comparison of various isotherm constants for the sorption of Ni(II) on  

                                        MNPs-OP. 

Isotherm model Constants Value 

Freundlich 

KF (mg g-1) 356.615 

N 2.12 

1/n 0.471 

R2 0.975 

Langmuir 

aL(mg g-1) 0.5 

kL (L g-1) 555.55 

Q◦ (mg g-1) 1110.12 

R2 0.995 

Temkin 

AT 5.792 

BT 233.08 

bT 24.43 

R2 0.9865 

D-R 

qm (mg g-1) 741.31 

E Kj mol-1 2.27 

R2 0.863 

4.3.5. Thermodynamic studies 

The different process in the adsorption could be explained by thermodynamic study. The 

thermodynamic parameters like enthalpy (ΔHº), Gibbs free energy (ΔGº) and entropy 

(ΔSº) for the adsorption of Ni(II) on MNPs-OP was studied at different temperature. 

These parameters, were calculated in the same manner as mentioned before and the 
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results are given in the Table 4.23. The positive values of (ΔSº) and (∆H°) in the Table 

4.23 also shows that the process is endothermic. It was also observed that value of (∆G°) 

decreased with increase in temperature. This shows that the uptake of metal ion increased 

with increase of temperature. 

Table 4.23: Thermodynamic parameters for the adsorption of Ni(II) on MNPs-OP. 

Temperature, 
ln KD 

∆G◦, ∆H◦, ∆S◦, 

K KJ mol-1 KJ mol-1 KJ mol-1 

303 3.716 -9.391 

24.191 0.112 

318 4.294 -11.389 

333 4.842 -13.45 

348 5.145 -14.933 

363 5.251 -15.9 

 

4.3.6. Effect of coexisting cations 

Waste water contains different cations and it is important to study the competitive 

adsorption of these coexisting cations. Therefore, the effect of different coexisting cations 

K, Na, Ca(II), Mg(II), Cr(III), Cu(II) were studied on the adsorption of Ni(II) on MNPs-

OP and the results are given in the Figure 4.28. As can be seen from the result that there 

is no effect of coexisting cations on the adsorption capacity of Ni(II) up to 2000 µg 

concentration but the adsorption capacity of Ca(II), Mg(II), and Cu(II) decreases with 

increase of concentration from 1000 to 2000 µg. The competitive adsorptions generally 

varies with change in metal ion and depend on ion charges, molar mass, hydration energy 

of metal ion and ionic radii of hydrated metal ions. The results Figure 4.26 show that the 

adsorption capacity of Ni(II) did not affect due to the presence of coexisting cations.  
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Figure 4.26: Effect of coexisting cations on adsorption capacity of Ni(II) by using 

MNPs-OP. 

 

4.3.7. Application to the real sample 

The  proposed adsorption mthod was aplied for the removal of Ni(II) from real water 

sample collected from various location in Pakistan. For this purpose,  10 mL of the water 

samples was taken, spiked with known amount of Ni(II) and the removal efficiency of 

Ni(II) was evaluated. The removal efficiency of Ni(II) in all type of water samples 

studied varies from 98 % to 100 % which shows that the method can be successfully 

applied to real water samples (Table 4.24). 
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Table 4.24: Application of the proposed method to real water samples. 

 

 

 

   

 

 

 

 

 

     

 

Sample Ni(II) added, µg Ni(II) adsorption, % 

Tap water,  

100 99 

300 99 

500 98 

Board bazar canal 

100 98 

300 98 

500 97 

River Kurram, Bannu 

100 98 

300 98 

500 98 
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Part 4: Vortex assisted magnetic solid phase extraction of lead(II) and cobalt(II) on 

silica coated magnetic carbon nanotubes impregnated 1-(2-Pyridylazo)-2-

naphthol (SiMCNTs-PAN) 

4.4. Result and discussion 

4.4.1. Characterization of SiMCNTs-PAN 

Core shells (SiMCNTs) were characterized by using FT-IR, XRD and SEM. In the FT-IR 

spectra (Figure 4.27) of SiMCNTs the absorption band at 3788.72 cm-1 is due to –OH 

stretching vibration, which is due to the PAN on the surface of the core shell. The peak at 

2987.05 cm-1 corresponds to the C–H stretch vibration which was originally originated 

from the surface of MWCNTs. The weak band at 2114.84 cm-1 is assigned to C-C 

stretching vibration. Those at 1400–1650 cm-1 are due to C=N and C=C stretching 

vibration which is due to the PAN on the surface of the core shell. The strong absorption 

band at 1064.98 cm-1 shows the presence of Si-O-H and Si-O-Si functional group that 

confirm that the surface of SiMCNTs is covered by Si-O-H or Si-O-Si. The peak 561.4 

cm-1 can be assign to either Si-O or Fe-O stretching vibration. 

 

Figure 4.27: FT-IR spectra of SiMCTNTs-PAN. 
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The XRD pattern in Figure 4.28 indicates that the crystal structure of SiMCNTs core 

shells. High resolution peaks at 2θ of 36.0º, 43.3º and 63.5º confirms high crystallinity of 

Fe3O4 that impregnate at the surface of multi walled carbon nanotube (MWCNTs). The 

absence of SiO2 peak in the Fig. 4.28 is due to its amorphous nature that is coated on the 

surface of MCNTs 

. 

Figure 4.28: XRD patterns of SiMCNTs-PAN. 

 The SEM micrograph SiMCNTs (Figure 4.29) shows the rough surface of the SiMCNTs 

core shells, which confirm the impregnation of magnetic nanoparticle and silica coating 
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Figure 4.29: SEM micrograph of SiMCNTs-PAN. 

 

4.4.2. Optimization 

Adsorption variables like, pH, adsorbent dose, vortex time, sample volume, matrix effect, 

type and volume of eluent were optimized for quantitative percent recovery of Pb (II) and 

Co (II) using SiMCNTs-PAN. The percent recoveries values were calculated by using the 

following equation: 

Recovery, % = (wo/wf) × 100                        (42) 

Where wo (µg) is amount of analyte in final solution and wf (µg) is amount of analyte in 

reference solution, respectively.  

4.4.2.1. Effect of pH 

pH of the solution is one of the most important parameter that greatly affect the 

adsorption efficiency of the adsorbent. In order to optimize the most suitable pH, 

adsorption study was carried out at different pH ranging from 2 to 9 as shown in the 

Figure 4.30. It was observed that as the pH of the solution increases the percent 
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recoveries of Pb (II) and Co (II) also increases, till it reached to its maximum values of 

Pb (II) (104±4) and Co (II) (98±1) at pH 6.5. As mentioned earlier that at lower pH 

mobility of hydronium ion (H+) concentration in the solution also increases which is in 

competition with analyte ion for the surface of the adsorbent and thus decreases the 

percent recoveries of the analyte ions. Another reason is that at lower pH the surface of 

the adsorbent is positively charged due to which electrostatic repulsion occur between 

positively charged surface of the adsorbent and the analyte ions which lead to the 

decrease in the percent recoveries of the adsorbent. At higher pH metal hydroxide 

formation also takes place that decrease the concentration of Pb (II) and Co (II) in the 

sample solution.  

 

Figure 4.30: Effect of pH on % recovery of Pb (II) and Co (II) using SiMCNTs-PAN 

(sample volume: 10 mL, adsorbent dose: 0.1 g, final volume: 2 mL, 

N=3) 
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4.4.2.2. Amount of adsorbent 

For finding maximum adsorption capacity of the adsorbent, it was determined by 

employing different adsorbent doses varied ranging from 20 mg to 150 mg at constant 

adsorbate concentration (Figure 4.31). As can be seen from the Figure 4.32 that as the 

amount of adsorbent increases the percent recovery also increases and the quantitative 

percent recovery of Pb (II) (99±4) and Co(II) (101±2) were obtained using 100 mg of 

adsorbent dose.  

 

 

Figure 4.31: Effect of adsorbent dose on percent recovery of Pb (II) and Co (II) 

using SiMCNTs-PAN (pH: 6.6, sample volume: 10 mL, final volume: 2 

mL, N=3).  
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factor of the proposed method. For this purpose solid phase extraction was carried out at 

different sample volume ranging from 5 mL to 50 mL and the results are shown in the 

Figure 4.32. It can be concluded from the Figure 4.32 that quantitative percent recovery 

can be achieved by using sample volume in the range of 5-30 mL. Therefore, highest 

preconcentration factor of 15 can be achieved by using sample volume of 30 mL with 

final elution volume of 2 mL. 

 

Figure 4.32: Effect of sample volume on % recovery of Pb (II) and Co (II) using 

SiMCNTs-PAN ( pH: 6.5, sorbent dose: 0.1 g, final volume: 2 mL, N=3) 

4.4.2.4. Desorption studies 

Desorption of Pb (II) and Co (II) from the surface of SiMCNT-PAN can be achieved by 

using dilute solution of mineral acids like HCl and HNO3. Therefore, for quantitative 

recovery of Pb (II) and Co (II) ions, the desorption studies were conducted by using 1-3 

M of HCl and HNO3 solutions both in distilled water and acetone (Table 4.25). It was 

observed that quantitative recoveries of Pb (II) and Co (II) can be achieved by using 2 M 

HNO3 in acetone. 
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Table 4.25. Effect of type and concentration of eluent on percent recovery of Pb 

(II) and Co (II) on SiMCNTs-PAN (N=3). 

 

Type and concentration of eluent 

Recovery, % 

Pb (II) Co (II) 

 HCl (1 mol L-1) 47±1 67±2 

HCl (2 mol L-1) 76±1 81±2 

HCl (3 mol L-1) 68±0 64±3 

HNO3 (1 mol L-1) 76±2 93±1 

HNO3 (2 mol L-1) 85±1 94±3 

HNO3 (3 mol L-1) 82±1 81±3 

1 M HNO3 in acetone 92±1 83±9 

2 M HNO3 in acetone 102±4 96±1 

3 M HNO3 in acetone 79±1 87±1 

1 M HCl in acetone 71±1 78±1 

2 M HCl in acetone 76±0 79±5 

3 M HCl in acetone 71±4 81±1 

 

In order to achieve the smallest possible volume, the adsorption study was carried at different 

volume ranging from 1 mL to 10 mL using 2 M of HNO3 in acetone (Figure 4.33). It can be 

seen that 2 mL of 2 M HNO3 in acetone is enough to obtain the quantitative recovery Pb (II) 

and Co (II) using SiMCNTs-PAN. 
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Figure 4.33: Effect of volume of 2 mol L-1 on % recovery of Pb (II) and Co (II) using 

SiMCNTs-PAN. 
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study shows that the solid phase extraction of Pb (II) and Co (II) on SiMCNTs-PAN is 

highly selective. 

Table 4.26. Effect of coexisting ions on % recoveries of Pb (II) and Co (II) using 

SiMCNTs-PAN, pH: 7, amount of SiMCNTs-PAN: 0.1 g, volume of sample 

solution: 10 mL (N=3).   

Interfering ions Added as Concentration, µg g-1 

% Recovery 

Pb (II) Co (II) 

Na+ NaCl 5000 95±2 93±4 

K+ KCl 5000 97±1 97±6 

Ca++ Ca(NO3)2.4H2O 1000 97±4 99±1 

Mg++ Mg(NO3)2.6H2O 1000 96±4 94±8 

Al+++ Al(NO3)3.7H20 100 96±3 95±10 

Cd++ Cd(NO3)2. 6H2O 100 103±1 94±1 

Zn++ Zn(NO3)2. 6H2O 100 93±1 96±4 

Fe++ Fe(NO3)2. 6H2O 100 98±6 97±4 

Cu++ Cu(NO3)2. 6H2O 10 95±2 97±1 

Ni++ Ni(NO3)2. 6H2O 10 99±9 99±1 

Mn++ Mn(NO3)2. 6H2O 10 99±4 95±1 

SO4
-- Na2SO4 500 95±2 98±4 

CO3
-- Na2CO3 500 96±0 96±4 

F- NaF 1000 99±5 95±1 
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4.4.2.6. Kinetic studies 

SiMCNTs-PAN (100 mg) was added to sample solution (10 mL) containing Pb (II) (20 

µg) and Co (II) (10 µg). The mixture was agitated at 400×100 rpm for 4 min. For the 

mechanisnm of adsorption kinetics, the pseudo-first-order, pseudo-second-order kinetics 

and intraparticle diffusion model were used in order to explain the kinetic behaviour of 

adsorption of Pb (II) and Co (II) on SiMCNTs-PAN. 

The values of k1 and qe for Pb (II) and Co (II) were calculated from pseudo-second-order 

model and are specified in the Table 4.4.3. Due to smaller values of correlation 

coefficient (R2) of 0.307 and 0.636 for Pb (II) and Co (II), respectively shows that these 

adsorption studies do not follow pseudo-first-order kinetics. Moreover, smaller calculated 

values of adsorption capacities than the experimental adsorption capacities confirmed that 

pseudo-first-order kinetics is not applicable to the adsorption process.    

In order to evaluate, that the rate limiting step is chemisorption the adsorption data were 

analyzed by using pseudo-second-order kinetics.   

The values of qe, k2 and R2 were calculated from the linear plot of pseudo-second-order 

model expressed by Figure 4.34a. These values are given in the Table 4.27. Higher values 

of correlation coefficient and close agreement between calculated adsorption capacity and 

experimental adsorption confirmed that the adsorption of Pb (II) and Co (II) on 

SiMCNTs-PAN followed pseudo-second-order kinetics. 
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Figure 4.34a: Pseudo-second-order kinetics for the adsorption of Pb(II) and Co(II) 

using SiMCNTs-PAN. 

For intraparticle diffusion model the intraparticle diffusion rate constant and there values 
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Figure 4.34b: Intraparticle diffusion model for the adsorption of Pb(II) and Co(II) 

using SiMNCNTs-PAN. 
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Table 4.27:  Kinetic parameter of the adsorption of Pb(II) and Co(II) on the surface of  SiMCNTs-

  PAN core shell. 

Metal 

ion 

 

Experimental 

Kinetic models 

Pseudo first  

order 

Pseudo second  

order 

Intra particle  

diffusion  

 qeµgg
-1 K1 min

-1 qe µgg
-1 R2 K2 min

-1 qe µgg
-1 R2 Kint min

-1 C R2 

Co (II) 0.198 0.301 0.06 0.636 4.62 0.198 0.984 0.104 0.105 0.795 

Pb (II) 

 

0.2 0.204 0.03 0.307 5 0.2 0.997 0.045 0.156 0.768 
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(273 K-373 K and the values of enthalpy (ΔHº), Gibbs free energy (ΔGº) and entropy 

(ΔSº) were calculated in the same manner as mention before and are given in the Table 

4.28.  

The positive values of (ΔSº) and (∆H°) in (Table 4.28) also indicate that the adsorption 

process is endothermic. The decrease in ΔGº values with increase in temperature confirms 

that metal uptake increase with increase in temperature.   

 

Table 4.28: Thermodynamic parameter for the adsorption of Pb(II) and Co(II) on 

SiMCNTs-PAN. 

Temperature, K 

Pb (II) Co (II) 

ΔºG  

KJ mol
-1 

ΔºH  

KJ mol
-1 

ΔºS 

 KJ mol
-

1 

ΔºG 

KJ mol
-1

 

ΔºH  

KJ mol
-1

 

ΔºS  

KJ mol
-1 

293 -13.087 

43.565 0.191 

-13.616 

28.317 0.133 

303 -13.924 -14.310 

313 -16.573 -15.860 

323 -18.878 -16.633 

333 -19.463 -18.102 

343 -22.808 -19.177 

 

4.4.2.8. Validation of the proposed method 

For the validation of proposed method, solid phase microextraction experiments were 

carried out for the determination of Pb(II) and Co(II) in certified reference material like 
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TMDA-64.2 fortified water and SPS-WW2 wastewater as shown (Table 4.29). Recovery 

results show that the method is accurate and valid for the determination of Pb(II) and 

Co(II) at trace level. 

 

Table 4.29: Validation of the proposed solid phase microextraction of Pb and Co 

at trace level using certified water reference material (pH: 6, Amount 

of adsorbent: 0.1 g, Volume of sample: 15 mL, Final volume: 2mL). 

 

Metal 

Pb(II) Co(II) 

Certified  

value  

(µgL-1) 

Found 

 value  

(µgL-1) 

% 

Recovery 

Certified  

value  

(µgL-1) 

Found  

value   

(µgL-1) 

% 

Recovery 

SPS-ww2 500 510±13 102 300 281±11 94 

TMDA 64.4 286 284± 10 99 253 247±6 97 

TMDA 62.2 98.4 96.25±5 98 95.0 90.25±8 95 

 

For applicability to real samples the method was applied to three environmental water 

samples (dam water, sea water, waste water) and the recovery results are given in the 

Table 4.30. The quantitative percent recovery in the range of (96 %-102%) shows, that 

the method can be successfully applied to the determination of Pb (II) and Co (II) in the 

complex environmental samples. The application of the method to the certified reference 

material and environmental shows that the method is accurate and valid for the 

determination of Pb (II) and Co (II) in different type of water samples. 
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Table 4.30: Real samples recovery results for Pb (II) and Co (II) using the proposed solid 

phase micro extraction method (pH: 6, amount of SiMCNTs-PAN: 0.1 g, volume 

of sample: 15 mL, Final volume: 2 mL (N=3).   

 

Sample 

Pb (II) Co (II) 

µg added µg found % Recovery µg added µg found % Recovery 

Dam water 

0.0 BDL … 0 

  0.8 0.82 ± 0.02 103 0.4 0.4± 0.008 100 

1.2 1.15 ± 0.04 96 0.6 0.6± 0.04 100 

Sea water 

0.0 0.36 ± 0.08 … 0 0.45± 0.02 

 1.2 1.52 ± 0.05 96 0.6 1.06± 0.01 102 

1.4 1.8  ± 0.04 104 0.7 1.16± 0.005 101 

Waste water 

0.0 0.24 ± 0.03 … 0 

  1.0 1.22 ± 0.02 100 0.7 0.66± 0.03 94 

1.6 1.82 ± 0.03 98 0.8 0.76± 0.02 96 
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Conclusions 

A variety of methods have been proposed for the preconcentration and determination of heavy 

metals. The first method is based on magnetic solid phase extraction for the preconcentration and 

determination of Cd(II) using MNPs and SiMNPs as adsorbents. Factors effecting extraction 

efficiency like solution pH, sorbent dose, desorption condition, sample volume and matrix effect 

were investigated and optimized. The develop method was highly sensitive with low values of 

limit of detections 0.31 µg L-1 and 0.30 µg L-1 for MNPs and SiMNPs, respectively, relatively 

selective with  negligible interfering effect from the matrix ion, highly reproducible with smaller 

values of percent relative standard deviations of 4.6 and 5.2 for MNPs and SiMNPs respectively. 

Kinetic data fit to pseudo second order kinetics while thermodynamic data shows that the method 

is feasible in nature. The method was successfully applied to environmental water samples like 

Tap water and River waters with satisfactory results.    

The second method is based on magnetic solid phase extraction method using on MNPs and 

MNPs-BP for the preconcentration and determination of Pb(II) in real environmental water 

sample. Analytical parameter like limit of detection and relative standard deviation shows that 

the method is highly sensitive and reproducible. Kinetic data shows that this adsorption studies 

follow pseudo second order kinetics while the equilibrium data can be best explained by 

Langmuir adsorption isotherm. Thermodynamic data shows that the method is endothermic and 

spontaneous in nature. The standard addition method was applied to real water samples to check 

the validity of the solid phase extraction method. 

 The third method of solid phase extraction is based on utilization of orange peel impregnated 

with magnetic nanoparticles (MNPs-OP) for Ni(II) from water samples. Result indicates that the 
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adsorption of Ni(II) on Fe3O4-OP depends on pH and maximum adsorption of Ni(II) was 

achieved at pH 7. Adsorption rate was higher in the beginning and then become constant. The 

kinetic models shows that the data fit to the pseudo-second order kinetics. The experimental data 

fit to the Langmuir adsorption isotherm with monolayer adsorption capacity of (1110.12 mg g-1). 

The thermodynamic parameter shows that the adsorption process is endothermic and 

spontaneous in nature. The effect of coexisting metal ions were studied which showed that the 

presence of these metals has insignificant effect on the removal efficiency Ni(II) from the 

aqueous solution. The new adsorbent (MNPs-OP) not only showed high adsorption capacity and 

rapid kinetics but was found simple, inexpensive and environment friendly. 

In the fourth method magnetic solid phase extraction of Pb(II) and Co(II) were carried out using 

silica coated magnetic carbon nanotube impregnated with 1-(2-Pyridylazo)-2-naphthol 

(SiMCNTs-PAN) as an adsorbent. Kinetic model shows that the data fit to pseudo first order 

kinetics. The method is highly selective as there are no significant interferences from matrix 

cations and anions even at high concentration except Cu(II), Ni(II) and Mn(II). Thermodynamic 

studies show that the method is endothermic and spontaneous in nature. The method was 

successfully applied to TMDA 64.2 environmental water, TMDA 62.2 environmental water and 

SPS-WW2 waste water certified water reference materials for trace metal determination. The 

method was also successfully applied to real water samples for heavy metal analysis. 

 


