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Abstract 

The use of biosorption to complement conventional water treatment techniques has gained 

widespread appeal partly due to the abundance of waste materials that can be used as low 

cost biosorbents. However, some materials have not yet been exploited in this regard. This 

research was aimed at evaluating the biosorption potential of Mangifera indica (mango) seed 

shells that are readily available in several farming areas of the Limpopo and Mpumalanga 

Provinces of South Africa. 

In this work, powdered ethylenediaminetetraacetic acid (EDTA) functionalized biosorbent was 

prepared from alkali treated biomass of waste mango seed shells. The influence of alkali 

treatment and EDTA functionalization on the physicochemical properties of the biomass was 

characterized using Fourier transform infra-red spectroscopy, X-ray diffraction and 

thermogravimetric analysis. Results confirmed removal of hemicelluloses, conversion of 

crystalline to amorphous cellulose and the introduction of carboxyl, ester and tertiary amine 

groups from EDTA. Furthermore, the powdered biosorbent was immobilized using calcium 

alginate for adaptation to column sorption. 

The powdered biosorbents were tested for sorption of lead(II) ions using batch sorption 

experiment. Through EDTA functionalization, improvement in sorption capacity for lead(II) 

ions from 59.25 mg.g-1 to 306.33 mg.g-1 was realized. The Langmuir and Pseudo-nth order 

models most suitably simulated the equilibrium and kinetics of sorption by both functionalized 

and non-functionalized biomaterials. The calcium alginate immobilized biosorbent was 

evaluated for non-specific sorption of ionic species of copper, chromium, nickel and iron from 

electroplating wastewater through discontinuous column sorption experiments. Highest 

copper, chromium, nickel and iron removal was 12.3%, 14.8%, 4.4% and 13.8% from non-

acidified samples at an initial pH of 3.4, and 15.5%, 18.7%, 13.7% and 17.3% from samples 

acidified to an initial pH of 1.8. Repeated sorption-desorption cycles involving acidified 

wastewater resulted in successive improvement in metal uptake against declining recovery 

indicating irreversible binding on –COOH groups formed from –CH2OH groups through a 

redox reaction involving reduction of chromium(VI) to chromium(III).  

Keywords: Mangifera indica; biosorption; alkali treatment; carboxyl functionalization; calcium 

alginate 
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1.1  Background 

It is recognized globally that water has become scarce due, in part, to increased demand by 

a growing population as well as rising industrial and agricultural activities (United Nations 

Environment Programme 2012). Moreover, the situation is exacerbated by pollution of 

freshwater by industrial wastewater and agricultural run-off. Heavy metal pollutants, in 

comparison to some organic compounds, are non-degradable and thus tend to accumulate in 

living tissue and result in biomagnification (Peralta-Videa et al. 2009). Duruibe et al. (2007) 

documented that low to moderate concentrations of heavy metals have been shown to result 

in human disorders associated with lung and kidney function (cadmium), central and 

peripheral nervous system function (lead), cancer (arsenic) and congenital malformations 

(mercury). 

Conventional methods for treatment of heavy metal laden water such as reverse osmosis, 

evaporation and condensation, precipitation and filtration, electrochemical treatment, ion 

exchange and adsorption onto activated carbon are often linked to high operational inputs, 

maintenance and/or waste (sludge) disposal costs that prohibit their application, especially in 

developing countries. The lack of financial resources for investment in conventional water 

treatment technologies may well be the primary reason for frequent use of contaminated 

freshwater with minimal or no treatment in isolated villages and communities in South Africa 

(Department of Water Affairs and Forestry 1996). Biosorption, which refers to the adsorptive 

removal of solutes by biomass-based materials, is a water treatment alternative worthy of 

research focus in developing nations. 

Mango seed shells are typical lignocellulosic biomass that have lignin, cellulose and 

hemicelluloses as their major constituents (Henrique et al. 2013). These plant components 

possess hydroxyl, carbonyl and carboxyl functional groups capable of acting as metal ion 

binding sites. Therefore, mango seeds have the potential to provide an abundant resource for 

biosorbent preparation. Furthermore, the kernels obtained as a by-product following 

separation from the seeds can be used for extraction of fats and oils, which have been reported 

to possess medicinal properties (Kaur et al. 2010) and nutritive value (Jahurul et al. 2015). 

In their natural state however, lignocellulosic biosorbents often exhibit low sorption capacities. 

Moreover, due to leaching of water soluble organics (Yang et al. 2011), they tend to increase 

the chemical oxygen demand and total organic content of the water being. Therefore, 

lignocellulosic biosorbents often require some physical and/or chemical treatment to remove 

extractable organic components and to improve their sorption properties. 
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1.2  Problem statement and significance of study 

Marginalized areas of the South African society, which have not been spared of the challenges 

of scarce clean water, have been presented with the challenge of developing sustainable 

water treatment technologies using abundant low cost bioresources such as agricultural 

wastes. Mango seeds, while biodegradable, often create disposal problems owing mainly to 

their generation in large volumes and other environmental problems associated with attraction 

of flies and rodents, general unsightliness and generation of foul smelling by-products of 

biodegradation. 

Since 1986, total mango (Mangifera indica) production in South Africa, situated principally in 

Limpopo and Mpumalanga Provinces, has realized a general increase in production from 

approximately 25000 tons in the 1987/88 season to 90000 tons in the 2004/05 cropping 

season. In 2008, production was 80000 tons, of which 73% of the mangoes were harvested 

for juicing as well as dried and pickled fruit production (Fivaz 2008). These production levels 

translated to generation of over 15000 tons of mango seed waste. Therefore, in the rural areas 

of mango producing regions in South Africa there exists a potential for sustainable use of such 

waste. The use of mango seed shells, as proposed in this research, will not only provide a 

means of sustainable waste management, but will also provide environmentally benign and 

complementary cost reducing alternatives to conventional water treatment techniques. 

1.3  Research purpose, hypothesis and objectives 

Based on the question of whether or not the shells of waste mango pips can be used for 

removal of metal ions from water, the aim of the research was to chemically modify powders 

obtained from the mango seed shells with the purpose of assessing their applicability in 

adsorptive water treatment technologies. Subsequently, the research hypothesis was that 

carboxyl functionalized mango seed shell sorbents will have higher sorption capacity than non-

functionalized sorbents in the removal of metal ions from aqueous solutions. In order to 

provide answers to the research question and to test the hypothesis, the objectives of the 

research were: 

 to prepare carboxyl functionalized biosorbent from Mangifera indica seed shells by 

chemical modification; 

 to characterize the effects of chemical modification by comparison of 

physicochemical properties of both treated and untreated mango materials;  

 to compare the performance of the modified mango seed shell biomass in the 

removal of Pb(II) ions from aqueous solutions; 
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 to immobilize the carboxyl functionalized seed shell biomass and examine the 

resultant granular biosorbent’s performance in the removal of chromium, nickel and 

copper ions from electroplating wastewater. 

1.4  Knowledge gap summary and statement of novelty 

In the South African context, mango seed shells are readily available at low cost from farming 

and processing industries located chiefly in Limpopo and Mpumalanga. Though attention has 

been given to use of their kernels in the food and pharmaceutical industries (Arogba 1999; 

Solis-Fuentes & Duran-de-Bazua 2004; Abdalla et al. 2007; Kaur et al. 2010; Jahurul et al. 

2015), the remainder of mango pips is considered waste. The use of mango seed shells as 

sorbents has, to a fair extent, been focused on the removal of dyes (Bhatnagar et al. 2009; 

Davila-Jimenez et al. 2009; Franca et al. 2010; Alencar et al. 2012; Malekbala et al. 2012). 

Mohammad et al. (1997) demonstrated that mango seeds can be used for the removal of 

Cu(II) from aqueous solutions and remarked that the seed shells performed better than the 

kernels. Olu-Owolabi et al. (2012) found untreated mango stones to be a promising material 

for the development of low cost sorption technology for use in the removal of Cd2+ and Pb2+ 

from wastewater effluents. Ajaelu and Dawodu (2013) also noted the sequestration of Cd2+ 

using a whole mango seed sorbent. Using the alphonso variety, the work of Parekh et al. 

(2002) displayed mango seeds as an effective sorbent for copper, lead and cadmium ions in 

aqueous solution. Nadeem et al. (2015) revealed that autoclaving, boiling in water, and heating 

over a burner flame caused enhanced uptake of Cu2+ and Zn2+ by mango seed biomass. 

Recently, Nadeem et al. (2016) proceeded to immobilize the native mango seed biomass in 

calcium alginate and applied the granules in the treatment of Pb(II) ion bearing water. 

A common feature of the aforementioned research is the use of the mango biomass in its 

natural or physically modified state thus leaving room for generation of data related to the use 

of chemically modified variants. To date, no literature is available on ligand grafted mango 

biosorbents for removal of metal ions from aqueous solutions. This work has presented, for 

the first time, modification of mango seed biomass by esterification with EDTA dianhydride 

thus synthesizing a novel biosorbent with significantly higher sorption capacity. Additionally, a 

calcium alginate immobilize form of the EDTA grafted biosorbent has been evaluated for 

removal of metal ions from electroplating wastewater. 
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2.1  Basic theory and concepts of sorption 

Adsorption is the mass transfer process in which solutes, referred to as adsorbates, are 

transferred from the aqueous phase to, and accumulate on, the surface of a solid, designated 

as the adsorbent, upon which adsorbates are bound through chemical and/or physical 

interactions. Figure 2.1 illustrates the basic principles of adsorption. Initial contact of the 

adsorbent and adsorbate is dominated by occurrence the binding reaction. Thereafter, some 

of the bound sorbate may be simultaneously released through desorption. Eventually, 

equilibrium is established when the rate of binding is equivalent to the rate of desorption with 

neither solid nor fluid phase concentration changing. Alteration of the adsorbate concentration 

gradient between the aqueous and solid (adsorbed) phases as well as other properties of the 

former such as pH and temperature may result in the release of the adsorbates from the 

surface thus re-entering the aqueous phase. 

 

Figure 2.1: Basic terms associated with sorption (Worch 2012). 

Adsorbent-adsorbate interaction at the surface can be considered as a reversible process 

represented thus:  

vacant binding site

(solid phase)

occupied binding site

(adsorbed phase)

binding

desorption
+

adsorbate

(fluid phase)
 

(1) 

Apart from accumulating at the surface, the solutes may penetrate the surface thereby 

entering the solid phase. This dissolution process is referred to as absorption. The interaction 

of solids and fluids in nature is often associated with both adsorption and absorption. 

Accordingly, the term sorption is used to denote simultaneous and indistinguishable 

occurrence of both adsorption and absorption. 

Surface 

Adsorbate 

Aqueous 
Phase 

Desorption 

Adsorption 

Solid 
Phase 

Adsorbed 
Phase 

Absorption 

Adsorbent/Sorbent 
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Biosorption and binding onto biosorbent surfaces is the subject of Section 2.1 whilst Section 

2.2 deals with factors affecting the biosorption process. The focus of Section 2.3 is biosorbent 

preparation and Section 2.4 completes the chapter, focusing on the characterization of 

biosorption processes with respect to the application of various equilibrium and kinetic models. 

2.2  Biosorption and biosorption mechanisms 

Biosorption has been described by Volesky (2007) as the property of biomass to selectively 

bind and concentrate certain ionic and molecular species from aqueous solutions. Biosorption 

by living biomass features both adsorption on the external cell wall surface and absorption 

through metabolic transport across cell membranes followed by complex bioaccumulation 

processes. Conversely, biosorption processes involving non-living biomass are passive and 

only occur on the external surfaces. 

Biosorbent surfaces comprise several types of functional groups with metal ion binding 

capabilities as revealed on numerous occasions by Fourier transform infra-red (FTIR) and X-

ray photoelectron spectroscopic (XPS) analyses (Sun et al. 2008; Xu & Liu 2008; Zheng et al. 

2009; Cruz-Olivares et al. 2011; Yang et al. 2011; Liu et al. 2015). Davis et al. (2003) 

categorized binding mechanisms as either physical or chemical. The former corresponds to 

physisorption in which the metal ions are attached onto the surface functional groups by van 

der Waals forces in the form of ion-permanent dipole and ion-transient dipole forces. Chemical 

binding mechanisms, which are associated with chemisorption, involve ionic (electrovalent) or 

dative covalent bonding between the metal ions and the binding groups. From this simplistic 

aspect it can be noted, in accordance with the recent attempt by Robalds et al. (2016) to 

highlight inconsistencies regarding metal biosorption, that: 

(i) complexation fundamentally retains its status as a chemisorption process owing to 

formation of primary bonds between the metal ions and binding sites; 

(ii) micro-precipitation or surface precipitation can be considered as a chemisorptive 

binding process since precipitation essentially involves crystallization; and 

(iii) ion exchange can be viewed as a phenomenon that accompanies substitution of 

physically and/or chemically bound ions with the desired target ions. 

Nonetheless, the existence of a wide variety of surface functional groups in conjunction with 

their dynamic response to environmental conditions means that these mechanisms can 

operate simultaneously, albeit to varying extents. 
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 Complexation 

Complexation of cationic species of the form Mn+ typically involves coordination by at least two 

electron donating ligand atoms. An inner-sphere complex is the result of association of the 

surface ligands with the metal ion. Outer-sphere complexes are formed when the cation 

approaches the electron donating atom at a critical distance, but, the ligand atom and the 

cation are separated by at least one water molecule of its hydration sphere. Sheng et al. (2004) 

analyzed the deconvoluted XPS peaks assigned to Cu2+ species to distinguish between inner- 

and outer-sphere complexation. They reported that the first of two peaks appearing at lower 

binding energy indicated inner-sphere complexation thus the acceptance of electrons from the 

ligands to form a dative bond formation. A peak appearing at higher binding energy indicated 

outer-sphere complexation and represented an ionic environment with minimal negative 

density. In the same work, it was also noted that, owing to the possession of full d orbitals and 

a lack of unoccupied orbitals in the highest energy level, Zn2+ and Cd2+ complexation was only 

through outer-sphere coordination involving carboxylates. 

Failure of Cd2+ to form inner-sphere complexes together with simultaneous binding of Cu2+ 

through both inner- and outer-sphere complexation was also highlighted by Xu and Liu (2008). 

Vinod et al. (2009) reported lead peak deconvolution and made reference to the existence of 

lead on the surface of Cochlospermum gossypium biomass in both the (–COO)2Pb and Pb2+ 

forms conforming to inner- and outer-sphere complexation, respectively. Following application 

of XPS on pristine and Pb2+ loaded Pimenta dioica biosorbent, Cruz-Olivares et al. (2010) 

suggested the formation of two types of complexes. The first was formed using oxygen atoms 

from hydroxyl and ether groups, and the second resulted from interaction with two hydroxyl 

ligands.  

 Physisorption and surface precipitation 

Binding can occur on the basis of non-specific ion-dipole attractive forces existing between 

metal ions and polar functional groups or polarizable moieties such as lignin aromatic rings. 

Zhou et al. (2005) speculated that lead-oxygen interactions involved in the sorption of Pb2+ 

onto a cellulose-chitin composite were largely physical. This followed a revelation by XPS that 

only nitrogen atoms formed dative bonds with the metal ions. The same work documented 

precipitation of the hydrolysis products of complexation, which acted as the nucleation sites of 

micro-precipitation. Martinez et al. (2006) reported the binding of Cd2+ on lignin aromatic rings 

having noted significant attenuation of an FTIR band at 1610 cm-1 attributed to C=C stretch 

vibrations. This may have been a result of physical interaction of the π-electrons with the metal 
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ions. Interestingly, sorption of Pb2+ exhibited dissimilar behavior indicating existence of a 

different binding mechanism. 

 Ion-exchange 

In ion exchange, ionized surface groups such as carboxylates, phenolates, and alkoxides 

experience replacement of their counter ions with the target pollutant ions. A vivid illustration 

of ion exchange involving acidic functional groups on coconut copra meal is surmised in the 

work of Ofomaja and Ho (2007) in which initial cadmium solution pH was fixed at 5.53 whilst 

initial cadmium concentration was varied within the 30–140 mg.L-1 range where sorption was 

allowed to proceed under stirring for 2 h periods. They noted, with increasing initial 

concentration, decreases in pH to values within the 3.55–2.61 range together with increases 

in sorbent loading in the 0.461–1.70 mg.g-1 range. This signified the exchange of H+ ions for 

Cd2+ ions during sorption. Xu and Liu (2008) also reported release of Ca2+, Mg2+ and K+ into 

solution concurrently with the sorption of Cd2+, Cu2+ and Ni2+ onto aerobic biomass granules.  

Di Caprio et al. (2014) developed a mechanistic sorption equilibrium model describing the 

influence of pH and metal ion concentration on copper uptake by Saccharomyces cerevisiae 

biomass accounting for the exchange of Cu2+ for H+ of hydroxyl, carboxylic, phosphoric, and 

protonated amine groups. The model was remarked to have satisfactorily reproduced sorption 

experimental data. Yakkala et al. (2013) explored the possibility of ion exchange in the sorption 

of cadmium (II) and lead (II) on buffalo weed biochar using energy-dispersive X-ray (EDX) 

spectroscopy to analyze the sorbent before and after sorption. They noted a significant 

reduction in the peaks assigned to Ca2+ with slight amplification of several peaks attributed to 

Cd2+ and Pb2+. The exchange of Ca2+ for Cd2+ and Pb2+ suggested thus was corroborated by 

the reduction in calcium ion weight percentage from 76.7% to 11.5% accompanied by 

increases in Cd2+ and Pb2+ removal from 0 to 12.4% and 72.7%, respectively. 

2.3  Factors affecting biosorption 

Quantity, accessibility, type and form of surface functional groups have a significant role in the 

performance of a biosorbent. It is easily conceivable that the greater the proportion of binding 

groups, then the better will be the performance of the sorbent, a notion that has formed the 

basis of many biosorbent modification efforts (Karnitz et al. 2009; Zhang et al. 2010; Wu et al. 

2012; Kaya et al. 2014; Madrid et al. 2014). Although FTIR analysis of raw biosorbents may 

indicate presence of numerous functional groups, inaccessibility resulting from poor porosity 

and hydrogen bonding frequently renders them poor performers. Ofomaja and Naidoo (2011) 



 

13 

revealed the usefulness of improving porosity, through alkali treatment of pine cone biomass, 

in enhancing Cu2+ sorption capacity especially in a backdrop of diminished surface negative 

charge. In this work, it was also recognized that some of the ordered crystalline cellulose 

fractions of the biosorbent were slightly disorientated by modification through breakage of 

hydrogen bonds. Hu et al. (2015) noted improved accessibility of hydroxyl groups following 

the disruption of cellulose hydrogen bonded structures highlighting it as an important factor in 

the enhancement of Cu2+ sorption onto Acidosasa edulis shoot shell biomass.  

Surface functional group type relates to affinity for the sorbate and the primary binding 

mechanism. The value of electron donating oxygen and nitrogen bearing functional groups as 

cation binding sites has been widely established in the literature, with the key types being 

carbonyl, carboxyl, hydroxyl, ether and amine groups (Sun et al. 2008; Xu & Liu 2008; Zheng 

et al. 2009; Cruz-Olivares et al. 2011; Yang et al. 2011; Liu et al. 2015). Other groups, such 

as esters, have been shown to be rather passive. Subsequent to deactivation of carboxyl 

functional groups by esterification, Chubar et al. (2004) recorded significant reduction in the 

uptake of zinc, copper and nickel ions by cork oak tree biomass. Later, Iqbal et al. (2009) 

separately deactivated hydroxyl and carboxyl groups of mango peel waste biosorbents using 

formaldehyde and methanol, respectively. They observed that 23.7% and 26.7% removal of 

Pb2+ and Cd2+ was due to action of hydroxyl groups whilst 76.3% and 72.5% removal was 

attributable to binding on carboxyl moieties, respectively. Torab-Mostaedi et al. (2013) noted 

similar results for Cd2+ and Ni2+ removal by grapefruit peel having blocked the activity of 

hydroxyl and carboxyl groups in a similar manner. Therefore, replacement or conversion of 

low affinity functional groups through, for example, phosphorylation, amination, saponification 

and carboxylation has become common practice in biosorption research (Park et al. 2010). 

Given that biosorption is primarily a surface process, surface area, which increases with 

decreasing particle size, greatly influences the performance of biosorbents. Generally, the 

greater the surface area that is exposed to the aqueous phase, then the better will be the 

performance of the adsorbent. The surface area of an adsorbent can be separated into an 

external and internal surface area. A precondition for raised internal surface area is high 

porosity. Normally, the more porous the adsorbent and the finer the pores, the higher will be 

the internal surface area. However, it is desirable for adsorbents to possess a certain fraction 

of large pores, which enable rapid transfer of sorbates to the active sites. Therefore, pore size 

distribution is an additional key parameter. The high adsorption capacities of activated carbons 

and other engineered adsorbents have been largely attributed to their high internal surface 

area, pore volume and pore size distribution (Mohan et al. 2006; Worch 2012). 

Apart from sorbent related factors, several process factors have also been quoted as having 

an influence on the performance of a biosorbent. These include solution pH, initial sorbate 
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concentration, sorbent dose, sorbent particle size, temperature, agitation and ionic strength 

(Fomina & Gadd 2014).  Amongst these, solution pH can be viewed as the most influential 

principally due to the effect that H+ and OH- ions have on the forms of the sorbates and binding 

sites in addition to competition with the target pollutant for binding (Basu et al. 2015; Guo et 

al. 2015; Guyo et al. 2015). At low pH, competition for and subsequent extensive occupation 

of binding sites by H+ renders the surface functional groups positively charged. Therefore, in 

acidic solutions cationic sorbates experience repulsion by protonated sites. Gradual pH 

increase leads to de-protonation and thus increased attraction of cationic sorbates. Extensive 

de-protonation may even result in a net negative charge of the biosorbent surface. High 

sorbate uptake can be reached beyond which an increase in pH results in lowered uptake due 

to chemical precipitation and complexation by hydroxide ions. In cases whereby the latter 

results in negatively charged species such as [Cu(OH)4]-, repulsion with deprotonated 

functional groups arises. 

2.4  Biosorbent preparation 

The previous subsection highlighted the importance of small sorbent particle sizes. Typical 

biosorbent preparation processes, therefore, feature a particle size reduction step that is 

usually preceded by washing and drying for removal of debris from the raw biomass. 

Application of fine biosorbent powders in sorption columns, however, presents problems of 

clogging and the development of a high pressure drop, sorbent swelling and poor regeneration 

for reuse. Therefore, to adapt biosorbents for column sorption, sorbent preparation may 

include a granulation step. 

In order to increase the sorption capacity of the biosorbent and/or to alter its function, the 

preparation process may include one or more physical or chemical modification steps. 

Physical modification includes boiling in water (Nadeem et al. 2015), plasma treatment (Prola 

et al. 2013) and freeze drying (Sar et al. 1999). Chemical modification includes chemical 

washing, reactions to enhance, eliminate or deactivate certain functional groups, and graft 

polymerization. However, it is important to note that modification and granulation increase 

biosorbent costs and nullify the low-cost advantage that is often recognized amongst the major 

advantages of biosorbents.     

 Chemical pre-treatment 

Chemical pre-treatment usually involves washing with acid or alkali solutions, organic solvents 

and other reagent mixtures that remove certain components of the parent biomass and often 
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react with certain surface functional groups to improve functionality and performance of the 

biosorbent. Typical effects of acid and alkali washing on key physicochemical characteristics 

of biosorbents are highlighted in the work of Ronda et al. (2013) who used 1 M solutions of 

sulfuric acid, nitric acid and sodium hydroxide solutions for the pre-treatment of olive tree 

biomass for sorption of Pb2+. They noted increases in the proportion of acidic titratable sites 

coupled with a drastic decrease in basic sites, which translated to a lowered point zero charge, 

owing to acid treatment; an indication of protonation of surface functional groups. Conversely, 

sodium hydroxide washing eradicated acidic sites from an estimated 0.491 mmol.g-1 thus 

portraying all titratable groups as basic with point zero charge being noted to increase from 

5.24 to 6.77. The most significant changes in specific surface area and total pore volume 

corresponded to sodium hydroxide treatment and were reflected by increases from 0.63 to 

3.53 m2.g-1 and 1.54 x 10-3 to 5.85 x 10-3 cm3.g-1, respectively. 

These could be ascribed to delignification and hemicellulose extraction, which were indicated 

by 46.7% loss in mass due to alkali treatment in comparison to 35.1% and 27.5% relating to 

nitric acid and sulfuric acid washing, respectively. In all instances, pre-treatment resulted in 

enhanced biosorption capacity as reflected by increases in equilibrium sorbent loading from 

12.97 mg.g-1 to 14.15, 15.36 and 16.04 mg.g-1 corresponding to nitric acid, sulfuric acid and 

sodium hydroxide pre-treatment, respectively. Alkali treatment has also been noted to 

enhance the metal ion sorption capacity of biosorbents prepared from cork oak (Chubar et al. 

2004), juniper fiber (Min et al. 2004), rice husk (Kumar & Bandyopadhyay 2006), orange peel 

(Feng et al. 2010), pine cone (Ofomaja et al. 2010), coir fiber (Shukla & Shukla 2013), banana 

peel (Massocatto et al. 2013) and rice bran (Zafar et al. 2015). 

Several authors have also reported the use of formaldehyde as a pre-treatment agent chosen 

primarily for stabilization, through crosslinking and polymerization of water soluble organic 

components of the biomass thus mitigating their release into water that underwent treatment 

(Taty-Costodes et al. 2003; Chen & Yang 2005; Baral et al. 2006; Li et al. 2007; Lugo-Lugo et 

al. 2010; Karaoglu et al. 2011). Ethanol, pure or blended with other chemicals, has also been 

used as a pre-treatment agent for preparation of metal ion biosorbents (Goksungur et al. 2005; 

Y. Zhang et al. 2010; Ofomaja et al. 2013). However, formaldehyde and ethanol may inhibit 

binding by hydroxyl and carboxyl groups through esterification and etherification, respectively 

(Torab-Mostaedi et al. 2013). 

 Surface site modification 

Surface modification to enhance the proportion and/or quality of binding functional groups or 

to eliminate inhibiting groups has become a common feature of biosorbent preparation (Wan 
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Ngah & Hanafiah 2008; Gautam et al. 2014). A vast majority of surface modification processes 

involve reactions that target abundant hydroxyl groups using them to attach desired functional 

groups through formation of ester (El-Gendy et al. 2013; Gusmao et al. 2013; Guo et al. 2015; 

Zhou et al. 2015) and ether (Yu et al. 2007; Deng et al. 2013; Singha & Guleria 2014; Guo et 

al. 2014; Xu et al. 2015) linkages. The use of anhydrides for modification of peanut shells (Li 

et al. 2012), babassu coconut (Vieira et al. 2010), olive stone (Aziz et al. 2009), sugarcane 

bagasse (Gurgel et al. 2008) and soya bean straw (Zhu et al. 2008) has been reported in the 

literature reviewed. The basic principle of the process is the reaction of nucleophilic alcoholic 

and phenolic –OH groups with the anhydride groups of the modifying agent (formed in situ 

when citric acid is used) thus forming an ester bond and a terminal carboxylic acid group on 

the grafted chain. The use of ethylenediaminetetraacetic (EDTA) bisanhydride as a modifying 

agent is particularly preferred for introduction of chelating properties owing to the presence of 

five binding sites on each grafted group. 

Inoue et al. (1999) accomplished ligand immobilization by reacting EDTA bisanhydride and 

diethylenetriaminepentaacetic acid (DTPA) bisanhydride with chitosan and polyallylamine 

resulting in successful use of the material for chromatographic separation and concentration 

of Co2+ and Ni2+ in the presence of a large excess of Al3+. Using baker’s yeast and EDTA 

bisanhydride as a modification agent, Yu et al. (2008) revealed sorption capacity enhancement 

from 4.5 to 65.0 mg.g-1 for Cu2+ as well as 20.0 to 192.3 mg.g-1 for Pb2+ can be achieved. 

EDTA bisanhydride has also been used to modify cellulose (Karnitz et al. 2009), Manilkara sp. 

wood sawdust and sugarcane bagasse (Pereira et al. 2010) with subsequent application in 

the removal of Zn2+, Cu2+, Cd2+ and Pb2+ from aqueous solutions. 

Grafting by etherification has extensively been achieved by using epoxidated intermediates 

formed by a reaction of the biosorbent with epichlorohydrin. However, Yu et al. (2007) 

exploited the reaction of aldehyde groups with hydroxyls and amines to graft polymeric chains 

of a cystine and glutaraldehyde polymer to baker’s yeast. Guo et al. (2014) modified bamboo 

powder with epichlorohydrin prior to treatment with diethylenetriamine and noted that the 

preliminary treatment with sodium hydroxide solution was necessary to convert the alcoholic 

and phenolic –OH groups into more nucleophilic alkoxide and phenoxide ions that better suited 

the reaction with the epichlorohydrin. For the purpose of grafting tannin onto the surface of 

jute fiber, Roy et al. (2013) used a similar pre-treatment step in which, after separating the 

activated material from the spent sodium hydroxide solution, the jute fiber was placed in fresh 

alkali solution prior to epichlorohydrin addition. The presence of the alkali solution promoted 

epoxidation of the halohydrin bearing product of the reaction with epichlorohydrin. 

Zhu et al. (2015) prepared a bagasse pulp cellulose sorbent through initial epoxidation with 

epichlorohydrin followed by primary and secondary grafting with diethylenetriamine and 
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carbon disulfide, noting a significant introduction of both nitrogen and sulfur onto the material. 

Liu et al. (2010) developed aminated peanut shell sorbent by modification with epichlorohydrin 

and ethylenediamine realizing over two- and fifteen-fold increase in the sorption capacity for 

Cd2+ and Hg2+, respectively. Several hydrocarbon substituents have been grafted onto various 

lignocelluloses in organic media often using N,N-dimethylformamide as a solvent and pyridine 

as a wetting agent for epoxidation (Orlando et al. 2002; Abdel-Halim et al. 2007; Anirudhan & 

Unnithan 2007; Wang et al. 2010; Chen et al. 2011; Keranen et al. 2013; Xu et al. 2015). 

However, high procurement costs associated with the organic chemicals together with the 

need for proper waste disposal necessitated by the chemicals’ hazardous nature tend to 

increase the biosorbent processing costs. 

 Granulation 

Depending on the nature of the biosorbent, granulation can be achieved through reacting the 

biosorbent with chemical cross-linkers such as formaldehyde and epichlorohydrin, 

immobilization on solid supports such as zeolite (Quintelas et al. 2013) and activated carbon 

(Mahmoud et al. 2015), or encapsulation within a porous polymeric matrix such as 

polyurethane (Alhakawati & Banks 2004; Zhang & Banks 2006), polysulfone (Beolchini et al. 

2003; Vijayaraghavan & Jegan 2015) or alginate (Sag et al. 1995; Fiol et al. 2004; Jeon et al. 

2015). Alginate encapsulation provides opportunities for the control of granule size and 

achievement of high sorbent loading through simple and rapid procedures that essentially 

involve dropping a suspension of the biosorbent and alginate solution into a fixing solution 

containing divalent metal ions usually Ca2+. The droplets immediately form hydrogel beads 

upon contact with the fixing solution and harden when left in the solution.  

Alginates are the salts of alginic acid, a polysaccharide containing 1,4-linked β-D-mannuronic 

acid (M) and guluronic acid (G) residues forming irregularly ordered long chains comprising 

heteropolymeric (–MG–)n together with homopolymeric (–M–)n and (–G–)n blocks (Haug et al. 

1966). Alignment of two G-blocks, which have higher affinity for divalent metal ions (Davis et 

al. 2003), creates coordination sites that can accommodate the ions. Therefore, when alginate 

solution is introduced into a calcium ion solution, binding of Ca2+ on G-block dimers formed by 

separate chains results in interconnection or cross-linkage. These regions of dimerization are 

largely terminated by M-blocks in accordance with the recognized egg-box model (Ibanez & 

Umetsu 2002). Increasing cross-linkage yields increased viscosity and thus gelation as 

illustrated in Figure 2.2. 
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Figure 2.2: Schematic depiction of alginate encapsulation (Davis et al. 2003). 

Recently, An et al. (2015) prepared alginate immobilized jujube biosorbent and compared the 

characteristics of oven dried (90°C and 20°C) and freeze dried forms of the beads. Freeze 

dried bead exhibited the greatest surface area and pore volume followed by 20°C dried beads 

and, lastly, the beads dried at 90°C. In spite of these observations, however, insignificant 

differences in removal of lead and copper were noted. This highlighted the importance of the 

role of immobilized jujube biomass within the composite. This was confirmed by the outcome 

of experiments using similarly prepared beads of different biomass content, which showed 

increasing lead adsorption capacity with increasing jujube content. Fiol et al. (2005) drew 

attention to the activity of grape stalk waste immobilized in calcium alginate by noting a 

Langmuir maximum sorption capacity of 71.98 mg per bead for grape stalk biosorbent loaded 

beads compared to 19.93 mg per neat alginate bead. They also asserted that encapsulation 

in calcium alginate, which allowed the employment of sorbent powders with a finer texture 

than those used in conventional batch sorption tests, resulted in an apparent increase in the 

sorption capacity of the biomass.  

2.5  Characterization of sorption processes 

Sorbent uptake can be expressed in terms of the quantity of bound sorbent, given by the 

difference in solution content before and after sorption, and mass of sorbent as follows: 

.q = 
(Ci – Cf) V

m
 (2) 

where q (mg.g-1) is referred to as sorbent loading. V (L) and m (g) represent solution volume 

and sorbent mass, respectively. Ci (mg.L-1) and Cf (mg.L-1) are the initial and final 

concentration of sorbate the aqueous phase, respectively. 
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Two important elements of the sorption theory are sorption equilibrium and sorption kinetics, 

which describe the dependence of q on equilibrium sorbate concentration and time, 

respectively. Accordingly, two fundamental types of data can be obtained from batch sorption 

experiments: kinetic data, which is collected at periodically during the progress of sorption, 

and equilibrium data relating to the state of the sorption process characterized by insignificant 

change in the concentration of sorbent in the solid and aqueous phases. For this reason, 

common practice has been to denote q and Cf at any time t prior to attainment of equilibrium 

as qt and Ct, respectively, whereas after attainment of equilibrium q = qe and Cf = Ce. When qe 

is plotted against Ce for data obtained at constant temperature and fixed initial operating 

conditions, the outcome is referred to as an isotherm. 

The dependence of sorbent loading on equilibrium sorbate concentration and time can be 

analyzed by the application of various equilibrium and kinetic models, respectively. 

Furthermore, these models enable the prediction of different characteristics of the sorption 

process including sorption capacity and binding mechanisms.  

 Kinetic models 

From a mechanistic point of view, biosorption can be split into the following five stages 

involving transport and surface reaction: (i) sorbate transportation from the bulk of the aqueous 

solution to the external surface of the boundary layer surrounding the sorbent particle – bulk 

diffusion; (ii) transport across the boundary layer to its inner surface in contact with the sorbent 

– film diffusion; (iii) reaction with binding sites on the external sorbent surface – external 

physisorption or chemisorption; (iv) transportation through the liquid contained in the pores of 

the sorbent toward the internal sorbent surface – pore or intra-particle diffusion; and (v) binding 

reactions on the internal sorbent surface. The slowest of these five steps is considered to be 

rate-determining. However, it is generally acceptable to ignore bulk diffusion under sufficient 

agitation owing to relative rapidity of this first step. The binding reactions of steps (iii) and (v) 

are also considered to be so rapid that they negligibly contribute to sorption rate control. 

For the purpose of investigating biosorption rate control, several kinetic models including the 

pseudo-first order, pseudo-second order, Elovich, double exponential, Bangham’s and intra-

particle diffusion models have been used (Liu & Liu 2008; Febrianto et al. 2009). Ho et al. 

(2000) and Qiu et al. (2009) have categorized these as either reaction models or diffusion 

models (Figure 2.3). Sorption reaction models do not distinguish any particular step as rate 

determining as they consider the overall sorption process. Sorption diffusion models regard 

one or more of the sorbate transport steps to be rate-controlling. 
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Figure 2.3: Classification of biosorption kinetic models. 

 Sorption Reaction models 

Sorption rate according to the pseudo-first order model of Lagergren (1898) is given by the 

following expression: 

dq
t

dt
 =  k1(q

e
 – q

t) (3) 

where k1 (min-1) represents the pseudo-first order and qe (mg.g-1) is the model’s prediction of 

equilibrium sorbent loading. After integration and consideration of the boundary conditions qt 

= 0 at t = 0 and qt = 0 qt at t = t, Equation (3) takes up the following form: 

q
t
 = q

e(1 – e–k1t) (4) 

Since its development, Boyd et al. (1947), Liu et al. (2003) and Azizian (2004) have used 

different theoretical approaches to derive Equation (4) based on stoichiometric reactions 

between sorbate species and sorbent binding sites. All three approaches revealed a direct 

proportionality relationship between sorption rate and the number of available binding sites. 

Ho and Mckay (1999) documented the development of a pseudo-second order kinetic model 

with a rate equation that can be expressed as follows: 

dq
t

dt
 =  k2(q

e
 – q

t)
2
 (5) 

Biosorption Kinetic Models 

Reaction Diffusion 

Pseudo-first order 

Pseudo-second order 

Elovich 

Double exponential 

Bangham’s 

Interparticle diffusion 
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where k2 (g.mg-1.min-1) is the pseudo-second order rate constant and qe (mg.g-1) represents 

the model’s prediction of equilibrium sorbent loading. After integration and consideration of 

the boundary conditions qt = 0 at t = 0 and qt = 0 qt at t = t, Equation (5) becomes: 

q
t
 = 

k2q
e

2
t

1+ q
e
k2t

 (6) 

The pseudo-second order model assumes sharing of valence electrons between binding 

functional groups and bound metal ions. Using a more general approach that does not specify 

the nature of both sorbent binding site, Azizian (2004) also arrived at Equation (6) thus 

corroborating the proposed binding reaction. Instead of assuming the sorption reaction order 

to be 1 or 2 as implied by the pseudo-first and pseudo second order models, Ozer (2007) 

proposed calculation of the rate constant together with the reaction order, designated n. 

Accordingly, the rate equation of the pseudo-nth order model can be represented as:  

dq
t

dt
 =  knth(q

e
 – q

t)
n
 (7) 

where knth [min-1 (mg.g-1)1-n] is the pseudo-nth order rate constant and qe (mg.g-1) represents 

the model’s prediction of equilibrium sorbent loading. After integration with application of the 

boundary conditions, qt = 0 at t = 0 and qt = 0 qt at t = t, Equation (7) assumes the following 

form:  

q
t
 = q

e
 –  [(n – 1)kntht + q

e
(1 – n)]

1 (1 – n)⁄
 (8) 

The equation of the Elovich kinetic model (Zeldowitsch 1934) can be expressed as follows: 

dq
t

dt
 = α exp(–βq

t) (9) 

where α (mg.g-1.min-1) is the initial sorption rate and β (g.mg-1) is the desorption constant. 

Integration with application of the boundary conditions qt = 0 at t = 0 and qt = 0 qt at t = t, yields: 

 q
t
 = 

1

β
ln(1 + αβt) (10) 

The Elovich kinetic model is applicable to chemisorption onto heterogeneous sorbents 

(Rudzinski & Panczyk 2000; Cheung et al. 2001; Cruz-Olivares et al. 2011; Pezoti et al. 2016). 
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 Diffusion models 

Intra-particle diffusion is presumably the slowest of the steps involved in the biosorption 

process. However, the extent of its occurrence is largely dependent on key textural properties 

of the sorbent including pore volume and pore size distribution. The application of Bangham’s 

pore diffusion model (Aharoni et al. 1979) and the Weber-Morris intra-particle diffusion model 

(Weber & Morris 1963) facilitates the determination of the contribution of intra-particle diffusion 

to sorption rate control. The Bangham’s model equation can be expressed as follows:  

log [log (
Ci

Ci – q
t
ms

)]  = log (
KBms

2.303V
) + αB log t (11) 

where ms (g.L-1) represents sorbent dosage, V (L) is solution volume, and KB (L.g-1) and α 

(dimensionless; α < 1) are model constants. The nonlinear form of the equation that has qt as 

the subject is given by: 

q
t
 = 

Ci

ms

[1 – 10
 – 

KBmst
αB

2.303V ] (12) 

The model describes experimental data to distinguish intra-particle diffusion as the sole rate 

determining step. Failure of the model to fit experimental data may mean that intra-particle 

diffusion is partly responsible for sorption rate-control. The Weber-Morris model equation can 

be expressed as follows: 

q
t
 =   kidt

0.5
 + c (13) 

where kid (mg.g-1.min-0.5) represents the intra-particle diffusion rate constant and c (mg.g-1) is 

a constant related to the thickness of the boundary layer surrounding the sorbent particles. If 

Equation (13) fits the experimental data well, implying linearity, such that c = 0, then the 

kinetics of sorption are deemed to be controlled by intra-particle diffusion, that is, values of the 

intercept that deviate from the origin are considered to imply significant contribution of film 

diffusion to sorption rate-control. In several studies the plots of qt versus t0.5 have been 

separated into two or three successive linear portions to illustrate distinctly the occurrence of 

film diffusion prior to intra-particle diffusion (Ronda et al. 2013; Blazquez et al. 2014; Hu et al. 

2015). 

The occurrence of film and intra-particle diffusion can also be illustrated by the application of 

a model suggested by Wilczak and Keinath (1993) used empirically to describe sorption of 

Cu(II) and Pb(II) onto activated carbon. Observations from the study were that the uptake 

processes featured an initial rapid step that was followed by a slower, prolonged step, as 
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sorption equilibrium was approached. The equation of this two-step sorption model can be 

expressed as follows:  

 q
t
 = q

e
 – 

D1

ms

exp(–KD1t) – 
D2

ms

exp(–KD2t) (14) 

where D1 and D2 (mg.L-1) are sorption rate parameters of the rapid and slow step, respectively, 

with KD1 and KD2 (min-1) being the rapid and slow step rate constants while ms (g.L-1) represents 

sorbent dosage. Chiron et al. (2003) highlighted that although the two steps involve both film 

and intra-particle diffusion, film diffusion is predominant in the rapid step whereas intra-particle 

diffusion is predominant in the slow step. 

 Equilibrium/Isotherm models 

Models that have been developed to represent biosorption isotherms can be categorized as 

empirical or mechanistic. Empirical models only simulate observed isotherms and no inference 

regarding the sorbate binding mechanisms can be made from their application. In addition to 

simulating experimental data, mechanistic models reveal and account for certain aspects of, 

the mechanisms involved in sorbate binding (Fomina & Gadd 2014). Di Caprio et al. (2014) 

developed a model for the sorption of divalent copper ions using yeast to describe binding by 

ion exchange involving carboxylic, amino and phosphoric groups. Pagnanelli et al. (2005) 

validated two mechanistic models that accounted for the sorption of Cu2+, Cd2+, Pb2+ and their 

respective hydroxo-complexes onto olive pomace through surface complexation involving 

carboxylate and phenoxide ions. Such development of mechanistic models essentially 

involves close monitoring of sorbent and sorbate properties in order to hypothesize binding 

reactions. 

Although inferences regarding mechanisms cannot be made application of empirical models, 

they often provide good simulation of biosorption isotherms. The need for sophisticated 

algorithms for data manipulation coupled with the complexity of biosorbents possessing 

different functional groups thus varied binding capabilities results in complications when 

applying mechanistic models. This possibly accounts for their infrequent use relative to that of 

empirical isotherm models. Additionally, empirical models are easy to interpret and have some 

physical meaning. Common empirical isotherm models employed in biosorption include the 

two-parameter Langmuir, Freundlich and Dubinin-Radushkevich as well as three-parameter 

Sips, Redlich Peterson and Toth models. 

The Langmuir model (Langmuir 1916) essentially assumes (i) energetic equivalence of 

binding sites, (ii) accommodation of one sorbate particle per binding site, (iii) independence of 



 

24 

adsorption of one sorbate particle from occupancy of neighboring sites, and (iv) the formation 

of a sorbate monolayer. The model equation can be represented as: 

q
e
 = 

q
maxL

KLCe

1 + KLCe

 (15) 

where qmaxL is the maximum monolayer sorbent loading (mg.g-1) corresponding to binding site 

saturation and KL is the Langmuir isotherm constant (L.mg-1), which is related to the affinity of 

the sorbent for the sorbate. The former is often quoted as the sorption capacity of a particular 

sorbent under specified experimental conditions. 

The Freundlich model (Freundlich 1906) assumes heterogeneity of binding sites and that 

those with greater affinity for the sorbate are occupied initially. The model equation can be 

expressed as: 

q
e
 = KFCe

1 nF⁄  (16) 

where KF is the Freundlich isotherm constant [(mg.g-1) (L.mg-1)1/n] considered to be indicative 

of sorption capacity and strength of the binding force. nF is the Freundlich exponent 

(dimensionless), which is a measure of sorption intensity. 

The Dubinin-Radushkevich model (Dubinin & Radushkevich 1947) was originally formulated 

for the adsorption of gases onto heteroporous solids following a pore filling mechanism. 

However, in biosorption it is widely used in facilitating the distinction between physisorption 

and chemisorption (Vijayaraghavan et al. 2006; Sari & Tuzen 2009; Rubio et al. 2013; Khan 

et al. 2015). The Dubinin-Radushkevich model equation can be expressed as follows:  

q
e
 = q

maxDR
exp {– KDR [RT ln (1 + 

1

Ce

)]

2

} (17) 

where qmaxDR and KDR represent the Dubinin-Radushkevich maximum monolayer sorbent 

loading capacity (mg.g-1) and Dubinin-Radushkevich isotherm constant (mol2.kJ-2), 

respectively. R is the universal gas constant (8.314 x 10-3 kJ.mol-1.K-1) and T represents 

absolute temperature (K). The change in free energy of the system due to the transfer of one 

mole ions from solution to the biosorbent surface, EDR, in kJ.mol-1, can be computed from the 

value of KDR using the following relationship:  

EDR = 
1

√2KDR

 (18) 



 

25 

Small values of EDR, typically below 8 kJ.mol-1 reflect physisorption while values in between 8 

and 16 kJ mol-1 indicate chemisorption. 

The Sips (1948), Redlich-Peterson (1959) and Toth (1971) isotherm models incorporate 

features of both the Langmuir and Freundlich models. The Sips model equation can be 

expressed as follows: 

q
e
 = 

q
maxS

KSCe
1 ns⁄

1 + KSCe
 1 ns⁄

 (19) 

where qmaxS is the Sips model maximum sorbent loading (mg.g-1) corresponding to binding site 

saturation, KS is the Sips isotherm constant [(L.mg-1)1/n] and 1/nS is the Sips exponent 

(dimensionless). The Redlich-Peterson isotherm model has the following form:  

q
e
 = 

q
maxRP

KRPCe

1 + (K
RP

Ce)
βRP

 (20) 

where qmaxRP is the Redlich-Peterson model maximum sorbent loading (mg.g-1). KRP (L.mg-1) 

is the Redlich-Peterson model constants and βRP (dimensionless) is the Redlich-Peterson 

exponent. The Toth model equation can be represented as: 

q
e
 = 

q
maxT

KTCe

[1 + (KLCe)1 nT⁄ ]nT
 (21) 

where qmaxT is the Toth model maximum sorbent loading (mg.g-1), KT is the Toth model 

constant (L.mg-1) and nT is the Toth model exponent (dimensionless).  

 Determination of model parameters 

Isotherm and kinetic model parameters are determined by fitting model equations into 

experimental data with adjustment of the equation parameter values so that the least 

regression error is achieved. For two-parameter model equations, the parameters can be 

determined with ease by transformation of the equation into a linear form followed by 

application of linear regression. Values of the slope and intercept of each transformed 

equation are expressed in terms of one or both of the model parameters to allow their 

computation using simple methods of solving simultaneous equations. Though simple, the 

linear regression method has inherent bias associated with calculation of the plots’ axis values, 

and, to some extent, the linear form used. 
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A study by Kumar and Sivanesan (2005) revealed vastly divergent values of both the 

parameters and coefficient of determination values obtained from plots of the four linear forms 

of the Langmuir model. In fact, linear forms 1, 2, 3, and 4 resulted in qmaxL values of 84.84 

mg.g-1, 97.72 mg.g-1, 90.76 mg.g-1 and 94.71 mg.g-1, respectively. In contrast, determination 

by nonlinear regression yielded a value of 88.44 mg.g-1. Nonlinear regression not only 

circumvents inherent bias introduced by linearization, but also applies to models with three or 

more parameters. The procedure of parameter determination begins with using reasonable 

estimates of the parameters to calculate the model’s set of predicted values for sorbent 

loading, denoted qe,calc and qt,calc, corresponding to the studied range of Ce and t for isotherm 

and kinetic modelling, respectively. Thereafter, an error function or statistic that compares the 

model predictions to the experimental values, denoted qe,expt and qt,expt, is selected for 

evaluating the model’s fit to the experimental data. Using a trial and error iterative method, the 

parameter estimates are adjusted to statistically minimize errors (Schiewer & Balaria 2009; 

Keranen et al. 2013; Nadeem et al. 2015).  
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3.1  Reagents and solutions 

Lead (II) nitrate (99.99%), ethanol (99.8%), diethyl ether (99.0%) and N,N-dimethylformamide 

(99.8%) were purchased from Sigma Aldrich (Johannesburg, South Africa). Sodium hydroxide 

pellets (97.0%) EDTA disodium salt (99.0%), sodium alginate, sodium hydrogen carbonate 

(99.7%), calcium chloride hexahydrate (98.0%), acetic anhydride (98%), pyridine (99.0%), 

nitric acid (70%), acetic acid (99.7%), sulfuric acid (98%) and hydrochloric acid (37%) were 

purchased from Associated Chemical Enterprises (Johannesburg, South Africa). Fresh stock 

solution of lead(II) was prepared every two weeks from lead nitrate and working solutions of 

desired concentration were obtained by dilution with distilled water. Prior to every sorption 

experiment, the pH of each working lead(II) solutions was adjusted to 5.2 using droplets of 

nitric acid and sodium hydroxide solutions. Wastewater samples were collected from a spent 

electrolyte and spillages tank in a medium scale electroplating plant in Cape Town (South 

Africa). When necessary, pH of the wastewater was adjusted to 1.8 using sulfuric acid. 

3.2  Sorbent preparation 

Waste mango seed obtained from a farm in Tzaneen – Limpopo Province (South Africa) was 

washed under running tap water and sun dried for two days prior to shelling and removal of 

the kernels. The shells were washed in deionized water before drying in an oven maintained 

at 90°C for 24 h. The material was then milled and sieved to obtain mango seed shell powder 

(MSSP). Powder particles within the 90–425 μm diameter range were used for alkali treatment. 

 Alkali treatment 

In this preliminary process, 10.0 g of MSSP was mixed with 100 mL of 5 M sodium hydroxide 

solution at room temperature under stirring for 3 h. The residue was filtered off and washed 

once with 1% (v/v) acetic acid solution and then repeatedly rinsed with distilled water until the 

pH of the rinse water was approximately 7. Thereafter, the alkali treated mango seed shell 

biomass (ATMS) was dried in an oven at 90°C for 24 h and left to cool in a desiccator before 

storage in a stoppered glass bottle. 

 EDTA bisanhydride synthesis and carboxyl functionalization 

The surface functionalization agent, EDTA bisanhydride, was synthesized by EDTA 

dehydration using the procedure described by Gusmao et al. (2013) with slight modifications. 
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A mass of 35 g of EDTA disodium salt was dissolved in 300 mL of distilled water and 

concentrated hydrochloric acid was added dropwise with continuous stirring on a magnetic 

stirrer. The precipitate was filtered and washed with 95% ethanol then 99% diethyl ether. 

Afterwards it was dried in an oven at 90°C for 2 h and then left to cool in a desiccator. The 

EDTA tetra acid was then suspended in 40 mL of N,N-dimethylformamide (DMF). Thereafter, 

15 mL of pyridine followed by 50 mL of acetic anhydride were added and the reaction mixture 

was stirred at 65°C under reflux for 4 h. The resultant EDTA bisanhydride was filtered off, 

washed thoroughly with acetic anhydride then diethyl ether. Thereafter, the washed powder 

was dried at 40°C under vacuum for 4 h and stored in a desiccator. 

Carboxyl functionalized mango seed shell biomass (CFMS) was prepared by treating 10.0 g 

of ATMS with 30 g of EDTA bisanhydride in 400 mL DMF under stirring and reflux at 75°C for 

20 h. The suspension was then filtered and washed sequentially with separate 200 mL aliquots 

of DMF, distilled water, saturated sodium hydrogen carbonate solution, distilled water and 

finally 95% ethanol. The CFMS was then dried in an oven at 90°C for 24 h, left to cool in a 

desiccator and stored in a stoppered glass bottle. 

 Granulation 

A 2% (w/v) alginate solution was prepared by dissolving sodium alginate in distilled water 

previously heated to between 60 and 70°C. Thereafter, a 2% (w/v) suspension was prepared 

by adding CFMS to the alginate solution and stirring overnight to ensure homogeneity. The 

suspension was then pumped through a micropipette tip and dropped into a 0.1 M aqueous 

solution of calcium chloride. The beads formed on contact were left in the calcium chloride 

solution for 20 h to allow hardening. Afterwards the solution was filtered off and the hydrogel 

beads were thoroughly washed with distilled water. The beads were frozen at -4°C and then 

freeze dried for 48 h. 

3.3  Physicochemical mango material characterization 

Elemental, thermal degradation and functional group analysis of the sorbents was carried out 

using a CHNS-O analyzer (Flash 2000, Thermo Scientific, USA), a thermogravimetric analyzer 

(TGA 400, PerkinElmer, USA)  and a Fourier transform infra-red (FTIR) spectrometer 

(Spectrum 400, PerkinElmer, USA), respectively. Powder X-ray diffraction (XRD) analysis was 

carried out using an X-ray diffractometer (D8 ADVANCE, Bruker, USA) and the crystallinity 

index, CI (%), of with each mango material was calculated in accordance with the Segal 

method (Segal et al. 1959) using the following expression: 
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 CI  = 
I002 – Iam

I002

  x  100 % (22) 

where I002 is the maximum intensity between 2θ values of 22° and 23°, and Iam is the minimum 

intensity between 18° and 19° representing amorphous regions. 

3.4  Sorption experiments 

 Batch experiments 

Batch contact experiments were carried out in 1 L conical flasks in which a 750 mg portions 

of ATMS or 375 mg of CFMS were stirred on a magnetic stirrer in a series of 750 mL of working 

lead(II) solutions containing varied initial concentration. In each experiment, 1 mL samples 

were taken before commencement and after 24 h of contact, deemed sufficient for attainment 

of equilibrium. One mL were withdrawn using a micropipette after 5, 10, 15, 20, 30, 40, 60, 80, 

100,120, 140, 160, 180 and 1440 min of contact. The samples were then diluted to 10 mL and 

then taken for determination of metal ion concentration on an atomic absorption 

spectrophotometric (AAS) analyzer (AA-7000, Shimadzu, Japan). Three replicate 

measurements were made and the quantity of lead(II) ions loaded was calculated using 

Equation (2) expressed as an average. 

 Column experiments 

Column contact experiments were carried out in polythene columns of 100 mm length and 

15.5 mm internal diameter packed with calcium alginate immobilized CFMS pellets and 

stoppered on either end using caps fitted with ceramic frits. One liter of electroplating 

wastewater was pumped from a reservoir and fed upward through the column at a constant 

flow rate of 30 mL.min-1. The effluent was channeled back to the reservoir and the sorption 

cycle was run for 24 h (see Figure 3.1). For each sorption cycle carried out thus, samples of 

the initial and final electroplating wastewater were collected from the reservoir and quantified 

for total copper, chromium, nickel and iron content on an inductively coupled plasma optical 

emission spectrophotometric (ICP-OES) analyzer (iCAP 7000, Thermo Scientific, USA). 
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Figure 3.1: Schematic diagram of column sorption experimental set-up. 

Prior to the commencement of desorption cycle, the column was rinsed by continuously 

pumping with distilled water through it. Desorption cycles were then carried out analogous to 

sorption with use of 500 mL of 0.2 M hydrochloric acid solution as an eluent in place of the 

electroplating wastewater. After desorption, a sample of the spent eluent was collected from 

the reservoir and quantified for total copper, chromium, nickel and iron content using ICP-

OES. The column was flushed with 0.01 M sodium carbonate solution and then rinsed with 

distilled water prior to reuse in subsequent sorption and desorption cycles. Percentage metal 

removal was calculated using the following expression:  

 Removal  =  
Ci – Cf

Ci

  x  100 % (23) 

where Ci (mg.L-1) and Cf (mg.L-1) represent metal concentration in the wastewater before and 

after sorption, respectively. Metal recovery (mg.g-1) was calculated using the following 

expression: 

 Recovery  =  
CeluentVeluent

M
 (24) 

where Celuent (mg.L-1) and Veluent (L) represent metal concentration in the spent eluent and 

eluent volume, respectively. M (g) is the dry mass of immobilized sorbet packed in the column.   
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4.1  Characterization of mango materials 

To evaluate the removal of extractable lignocellulosic components together with the 

introduction of EDTA chains, the mango materials were characterized using elemental and 

FTIR analyses. Additionally, the effects of chemical modification on crystallinity and thermal 

degradation properties were characterized using XRD and thermogravimetric analysis, 

respectively. 

 Elemental analysis 

Table 4.1 summarizes the composition of MSSP, ATMS and CFMS in terms of carbon, 

hydrogen, nitrogen and oxygen content. 

Table 4.1: Elemental composition of MSSP, ATMS and CFMS. 

Material 

Composition (%) CEDTA 

introduced 

(mmol g-1) 
C H N O* 

Mango seed shell powder 

(MSSP) 

46.0 ± 0.0 5.5 ± 0.2 0.3 ± 0.0 48.2 ± 0.2 - 

Alkali treated mango seed 

shell biomass (ATMS) 

46.8 ± 0.0 6.8 ± 0.0 0.2 ± 0.0 46.2 ± 0.0 - 

Carboxyl functionalized mango 

seed shell biomass (CFMS) 

42.6 ± 0.1 5.1 ± 0.1 2.8 ± 0.0 49.4 ± 0.2 0.925 

* Computed by difference 

Conversion of MSSP to ATMS resulted in insignificant change in the proportion of nitrogen. 

Grafting of the nitrogen bearing ligand species onto the surfaces of the mango materials was 

clearly illustrated by the rise in nitrogen composition from 0.2% for ATMS to 2.8% for CFMS. 

The difference in nitrogen content of ATMS and CFMS was attributed to introduction of 0.925 

mmol of EDTA per gram of CFMS. 

 FTIR spectrophotometric analysis 

The FTIR spectra of MSSP and ATMS, which represent the mango material before and after 

alkali treatment are presented in Figure 4.1. 
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Figure 4.1: FTIR spectra of MSSP and ATMS depicting of alkali treatment. 

The peaks at 1735 cm-1 and 1236 cm-1 in the MSSP spectrum assigned to stretch vibrations 

C=O and C–O of acetyl ester groups in hemicelluloses, respectively, disappeared after alkali 

treatment. This demonstrated the base catalyzed hydrolysis of ester linkages between lignin 

and hemicelluloses, where the latter dissolved in the alkali liquor. Similar observations were 

made by Feng et al. (2010) and Reddy et al. (2013) having treated orange peel and Agave 

americana biosorbents with 5% and 0.1 M sodium hydroxide solution, respectively. Jeffries 

(1994), Laine (2005) and Dutta et al. (2012) documented the abundance of primary alcohol 

groups in glucomannan type hemicelluloses while Li et al. (2015) observed strong FTIR bands 

at 1045 cm-1 for alkaline ethanol extracted hemicellulose fractions attributable to C–O 

stretching in these groups. Therefore, hemicellulose dissolution was confirmed by signal 

weakening of the peak at 3338 cm-1. Moreover, reduction in the intensity of the alcoholic C–O 

stretch vibration peak at 1027 cm-1 was indicative of removal of hemicelluloses. 

The effects of carboxyl functionalization are illustrated in Figure 4.2. Reappearance of the 

ester C=O stretch vibration peak at 1733 cm-1 on the CFMS spectrum signaled grafting 

through esterification similarly noted by Sun et al. (2014). 
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Figure 4.2: FTIR spectra of ATMS and CFMS depicting carboxyl functionalization. 

Occurrence of the esterification reaction was corroborated by signal attenuation at 1027 cm-1 

indicating conversion of primary alcoholic groups to ester links. In agreement with the results 

of Pereira et al. (2010) and Gusmao et al. (2013), EDTA ligand grafting was confirmed by 

signal strengthening at 1403 cm-1 and 1590 cm-1 attributed to carboxylate symmetric and 

asymmetric C–O stretching, respectively. The introduction of nitrogen, suggested earlier by 

the results of elemental analysis, was evidenced by the appearance of a peak at 1203 cm-1 

assigned to C–N stretch vibrations of the tertiary amine groups of the grafted ligand. 

Amplification of the band at 1328 cm-1 attributable to CH2 wagging supported grafting of EDTA 

substituents, each comprising six methylene groups. 

The effect of lead(II) ion loading on the CFMS spectral bands is depicted in Figure 4.3. Major 

changes in the position and intensity of carboxyl C–O stretching peaks (1590 cm-1 and 1403 

cm-1) suggested strong binding on carboxylic acid groups of the grafted EDTA chains, which 

was corroborated by the weakening of the O–H stretch peak (3338 cm-1). Additionally, 

attenuation of the C–H stretch peak (2902 cm-1) as well as shifting and attenuation of the 

methylene CH2 wagging peak (1328 cm-1) were interpreted as a reflection of change in steric 

strain to accommodate lead(II) ions. 
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Figure 4.3: Effect of lead(II) ion loading on FTIR spectra CFMS. 

Shifting and weakening for the C–N (1203 cm-1) and C=O (1733 cm-1) stretch vibration peaks 

also confirmed activity of the grafted EDTA. Signal weakening at 1027 cm-1 (alcoholic C–O 

stretching) demonstrated additional participation of cellulose hydroxyl groups in metal ion 

binding. Several researchers have proposed similar involvement of grated EDTA ligands 

groups in metal ion binding (Yu et al. 2008; Pereira et al. 2010; Xu et al. 2011; Yang et al. 

2011; Sun et al. 2014). 

Metal uptake had insignificant effect on the spectral bands of ATMS with respect to peak 

shifting (see Appendix I). However, slight signal weakening was noted at 3338 cm-1 (O–H 

stretch), 1593 cm-1 (carboxyl C–O stretch), 1505 cm-1 (aromatic C=C stretch), 1453 cm-1 (CH2 

bending at C-6 of cellulose), 1422 cm-1 (carboxyl C–O stretch) and 1265 cm-1 (aromatic C=C 

stretch). These changes illustrated the participation of cellulose hydroxyls, carboxyl, phenolic 

and lignin aromatic rings in lead(II) ion binding through physisorption. 

 XRD analysis 

The X-ray diffraction patterns of MSSP, ATMS and CFMS are shown in Figure 4.4. The most 

intense peak in each pattern between 22° and 23° corresponded to the (0 0 2) lattice plane 

while the least intense peak occurring at 34.5°, corresponded to the (0 4 0) lattice plane. The 

broad peaks between 14° and 17° were mergers of two distinct peaks at approximately 15.2° 

and 16.5° corresponding to the (1 0 1) and (1 0 1̅) lattice planes, respectively (El Oudiani et 

al. 2012; Sebe et al. 2012; Hajiha et al. 2014). 
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Figure 4.4: XRD patterns of MSSP, ATMS and CFMS. 

Both alkali treatment and carboxyl functionalization resulted in attenuation of all the XRD peak 

intensities with the crystallinity index dropping from 51.6% for MSSP to 46.4% and 41.2% for 

ATMS and CFMS, respectively. This was due to conversion of the ordered crystal regions of 

cellulose into disoriented amorphous regions, which was accompanied by breakage of 

hydrogen bonds with subsequent formation of stronger ion-dipole bonds and ester bonds in 

alkali treatment and carboxyl functionalization, respectively. Under similar circumstances, 

Karnitz et al. (2009) as well as Singha and Guleria (2014) reported reduction in biomass 

crystallinity index owing to mercerization and grafting, respectively. 

 Thermogravimetric analysis 

The thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) curves of 

MSSP, ATMS and CFMS are presented in Figure 4.5. The TGA curves of the parent materials, 

MSSP and ATMS, have some degree of resemblance. However, all three curves show an 

initial mass loss in the 40–150°C range corresponding to the loss of physically bound water 

accounting for 6.0%, 6.9% and 9.9% mass loss from MSSP, ATMS and CFMS, respectively. 

Higher moisture content in ATMS and CFMS was due to widespread hydrogen bonding 

between water molecules and more accessible hydroxyl groups in the amorphous cellulose 

regions that resulted from modification (Jiang et al. 2012). The water desorption stage was 

followed by a somewhat dormant stage that continued up to about 240°C for MSSP and 

ATMS, and up to 220°C for CFMS. Thereafter, in the 220–340°C range for CFMS and 240–

400°C for MSSP and ATMS, mass loss was largely ascribed to thermolysis of cellulose and 
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hemicelluloses as well as, to a lesser extent, lignin (Roy et al. 2013; Hajiha et al. 2014). Above 

400°C thermal degradation was characterized by sustained, less rapid thermolysis of lignin 

and residual tar. 

 

Figure 4.5: TGA and DTG curves of MSSP, ATMS and CFMS. 

The greatest mass loss in the carbohydrate thermolysis stage was noted for MSSP (70.9%) 

followed by ATMS (66.9%) and CFMS (47.5%). The significant differences between CFMS 

mass loss and that of the parent biomaterials can be explained by the occurrence of competing 

dehydration and depolymerisation pathways of the mechanism of carbohydrate thermolysis. 

Dehydration involved cross-linking of the cellulose chains with together with evolution of water 

to form dehydrocellulose, which was then decomposed to char and volatile products. In the 

depolymerization pathway, cellulose chains were unzipped with scission of glucosidic bonds 
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to produce laevoglucosan (Scheme 1), which was further decomposed to volatile tars and gas 

(Beyler & Hirschler 2002; Ciolacu et al. 2011; Lomakin et al. 2011; Draman et al. 2014). 
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Scheme 1: Scission of cellulose in depolymerization pathway of thermal decomposition. 

Larger weight losses recorded for MSSP and ATMS suggested that the carbohydrate 

decomposition stage was dominated by the depolymerisation pathway, which yielded a larger 

amount of volatile by-products. This has been corroborated by the lower residual masses of 

MSSP (14.73%) and ATMS (17.69%) at 600°C compared to that of CFMS (32.26%). Smaller 

weight loss at lower temperature for CFMS indicated the dominance of the dehydration 

pathway yielding large amounts of carbonaceous residue from which the high residual mass 

resulted. Suppression of depolymerization in CFMS thermolysis can be explained by the 

blockage of –CH2OH groups required for laevoglucosan formation through a reaction with the 

modifying agent, resulting in a stable network of amorphous crosslinked cellulose as illustrated 

in Scheme 2. Hindrance of depolymerization thus resulted in insignificant laevoglucosan 

formation, reduced volatilization and larger amounts of char (Medronho et al. 2013). 
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Scheme 2: Cellulose crosslinking by EDTA bisanhydride. 
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As shown by the DTG peak for the curves, the temperature at which CFMS decomposition 

rate reached maximum value, Tmax, recorded as 313.0°C, was lower in comparison to 374.0°C 

and 370.9°C for MSSP and ATMS, respectively. This reaffirmed the significant dominance of 

the initial dehydration pathway in CFMS decomposition while higher Tmax values for MSSP 

and ATMS confirmed the dominance of the delayed depolymerization pathway. In the case of 

MSSP, which contained more regions of organized crystalline cellulose with higher hydrogen 

bond intensity, the unzipping and scission reaction required more energy hence the slightly 

higher Tmax for MSSP than ATMS. 

The presence of a shoulder around 300 °C on the MSSP differential curve suggested a more 

rapid decomposition in the initial phase of the carbohydrate degradation stage (Moriana et al. 

2014). This was a direct consequence of degradation of amorphous hemicelluloses with fewer 

organized hydrogen bonds amongst the polysaccharide chains. Removal of hemicellulose 

through alkali treatment led to the disappearance of the shoulder. 

4.2  Batch sorption study 

The performance of the carboxyl functionalized sorbent was evaluated in comparison to that 

of its parent alkali treated form. Based on documented studies of sorption by several 

biosorbents revealing that optimum pH for lead(II) ion uptake was within the 4.5 to 6.0 range 

(Martinez et al. 2006; Xuan et al. 2006; Cruz-Olivares et al. 2010; Tan et al. 2010; Bairagi et 

al. 2011; Salvado et al. 2012; Dong et al. 2013; Fadzil et al. 2016), thus a pH of 5.2 was 

selected. For kinetic studies, samples were drawn from each batch after 5, 10, 15, 20, 30, 40, 

60, 80, 100, 120, 160 and 180 min of contact while for isotherm studies each batch, was 

allowed to run for 24 h to ensure the attainment of equilibrium (Olu-Owolabi et al. 2012). 

 Sorption kinetics 

Graphical illustrations of sorption of lead(II) ions by ATMS and CFMS as functions of time are 

presented in Figure 4.6. The illustrations indicate that sorbent loading increased rapidly in the 

early stages of contact and slowed down as the sorption process progressed to equilibrium. 

The initial higher sorption rate can be attributed to a large number of unoccupied binding sites 

hence greater driving force. Thereafter, progressive decline in the number of vacant binding 

sites together with decrease in the concentration of lead(II) ions resulted in lowered sorption 

rates. Increasing the initial lead(II) ion concentration from 130 mg.L-1 to 400 mg.L-1 resulted 

similar trends with higher sorbent loading (see Appendix II). 
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Figure 4.6: Effect of contact time on sorption of lead(II) ions by ATMS and CFMS. 

[Room temperature, initial pH: 5.2, Ci: 250 mg.L-1, ATMS dose: 1 g.L-1, CFMS dose: 0.5 g.L-1] 

The increases in sorbent loading at higher lead(II) ion concentrations were also ascribed to 

higher driving force of concentration gradient (Anirudhan et al. 2012; Rout et al. 2014. 

 Reaction model simulation 

Pseudo-first order, pseudo-second order, pseudo-nth order and Elovich model simulation plots 

for sorption by ATMS are depicted in Figure 4.7. 

  

Figure 4.7: Reaction model simulation plots for sorption of lead(II) ions by ATMS. 

[Room temperature, initial pH: 5.2, Ci: 250 mg.L-1, Sorbent dose: 1 g.L-1] 
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The pseudo-second order and pseudo-nth order models provided best fit for the kinetic data. 

However, the pseudo-nth order model had better simulation of the kinetic data as it yielded 

correlation coefficient (R2) values greater than 0.98 in all instances (see Appendix III). This 

was attributed to the improved flexibility in the fitting procedure endowed by the additional 

parameter n. Similar simulation in which the pseudo-nth order and pseudo-second order 

models provided a good fit to the experimental data was noted for experiments using different 

initial lead(II) ion concentration (see Appendix IV). Analogous to ATMS, kinetics of the sorption 

by CFMS were well simulated by the pseudo-nth order and pseudo-second order models, the 

former providing better fit (see Appendix V). In the majority of cases, R2 values related to 

pseudo-first order model fitting were lower than 0.98. Therefore, sorption by ATMS and CFMS 

did not follow pseudo-first order kinetics. The Elovich model accounted for the least values of 

R2 together with the highest values of average relative error (ARE) indicating the 

inappropriateness of the model in interpreting the observed sorption kinetics. Since the Elovich 

model can be associated with heterogeneous sorbent surfaces (Plazinski et al. 2009), this was 

interpreted as implying homogeneity of the mango biosorbents, especially ATMS, which had 

R2 < 0.93 in all instances. The pseudo-second order model facilitates the determination of half-

life t0.5 (min), the time required for completion of half the sorption process, expressed as:  

t0.5 = 
1

k2q
e

 (25) 

Half-life can be used as a measure of the sorption rate (dqt/dt) whereupon a smaller value 

implies a higher sorption rate (Dogan et al. 2009; Ofomaja & Naidoo 2011). The effect of initial 

lead(II) ion concentration on t0.5 is illustrated in Figure 4.8. 

 

Figure 4.8: Effect of initial concentration on half-life of lead(II) ion sorption by ATMS and CFMS. 
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Half-life for sorption by ATMS and CFMS varied within the 4.21–8.12 min and 7.81–25.57 min 

range, respectively. The lower values associated with ATMS reflected higher rates of sorption 

than those observed for CFMS. This was explained by prevalence of binding on ATMS 

surfaces ascribed to rapid physisorption mechanisms (Bayramoglu et al. 2005). Conversely, 

slow sorption depicted by the highest half-life at lowest initial concentration for CFMS 

confirmed the occurrence of slower binding specifically onto carboxyl, amine and ester 

functional groups of the grafted species previously indicated by FTIR analysis. 

A downward trend in the half-life of sorption by CFMS with increasing initial lead(II) ion 

concentration was noted. As initial concentration was increased, the driving force of 

concentration gradient also increased thereby increasing the rate of the sorption processes 

hence diminishing half-life. For ATMS, an upward trend in the half-life of sorption by ATMS 

was observed. This suggested that changes in driving force of concentration gradient had little 

effect on sorption rate and that the trend can be ascribed to increases in sorption capacity with 

increasing initial lead(II) ion concentration. 

 Diffusion model simulation 

Simulation plots of Bangham’s pore diffusion, the intra-particle diffusion and the double 

exponential models for sorption by CFMS are presented in Figure 4.9. The kinetic data 

conformed to the double exponential model, which yielded R2 values greater than 0.99 in all 

experimental data sets (see Appendix VI). 

 

Figure 4.9: Diffusion model simulation plots for sorption of lead(II) ions by CFMS. 

[Room temperature, pH: 5.2, Ci: 250 mg.L-1, Sorbent dose: 0.5 g.L-1] 
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The excellent fit was ascribed to possession of five adjustable parameters that endowed great 

flexibility in the fitting procedure. Nevertheless, the good simulation suggested occurrence of 

a two-phase sorption mechanism that proceeded through an initial rapid lead(II) ion uptake 

phase dominated by external and film diffusion followed by a slow phase in which intra-particle 

diffusion was most prominent (Blazquez et al. 2014). The intra-particle diffusion model, which 

yielded the lowest R2 and highest ARE values, had the least appropriate fit to the kinetic data. 

Bangham’s model also illustrated poor simulation of the kinetic data as signified by producing 

low R2 values. Failure of Bangham’s and the intra-particle diffusion models to fit the experiment 

data indicated that pore diffusion was not the sole rate-limiting step in the sorption processes 

(Ofomaja et al. 2010; Srivastava et al. 2015). Similar fitting was noted for experiments using 

various initial concentrations (see Appendix VIII) and for sorption by ATMS (see Appendix VII). 

The probability of simultaneous sorption rate-control by film and intra-particle diffusion was 

tested using linearized plots of qt versus t0.5 depicted in Figure 4.10. None of the plots passed 

through the origin emphasizing that intra-particle diffusion was not the sole rate controlling 

step in the mechanism. 

 

Figure 4.10: Intra-particle diffusion model plots for sorption of lead(II) ions by ATMS and CFMS. 

[Room temperature, Initial pH: 5.2, Ci: 250 mg.L-1, ATMS dose: 1 g.L-1, CFMS dose: 0.5 g.L-1] 
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different initial solution concentrations (seeAppendix IX). Analogous results were reported by 

Saeid et al. (2012) for biosorption of Cr(III) ions by microalgae Spirulina maxima as well as Hu 

et al. (2015) for the uptake of copper ions by Acidosasa edulis shoot shell biosorbent. 

 Sorption isotherms 

The isotherms obtained for lead(II) ion sorption by ATMS and CFMS together with simulation 

of the Langmuir, Freundlich, Dubinin-Radushkevich and Sips models are shown in Figure 

4.11. 

    

 

Figure 4.11: Sorption isotherms for lead(II) ion uptake by (a) ATMS and (b) CFMS. 

[Room temperature, Initial pH: 5.2, Contact time: 24 h, ATMS dose: 1 g.L-1, CFMS dose: 0.5 g.L-1] 
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Table 4.2: Isotherm model parameters for lead(II) ion sorption by ATMS and CFMS. 

 ATMS CFMS   ATMS CFMS 

Langmuir  Sips 

qmaxL (mg.g-1) 59.25 306.33  qmaxS (mg.g-1) 54.49 321.34 

KL (L.mg-1) 0.011 0.103  KS (L.mg-1)n 0.004 0.202 

χ2 0.085 0.504  1/ns 1.237 0.742 

R2 0.9823 0.9711  χ2 0.075 0.394 

ARE (%) 1.46 1.54  R2 0.9839 0.9772 

    ARE (%) 1.32 1.31 

       

Freundlich  Redlich-Peterson 

KF [(mg.g-1) (L.mg-1)n] 7.33 150.66  qmaxRP (mg.g-1) 69.16 267.94 

1/nF 0.320 0.126  KRP (L.mg-1) 0.008 0.155 

χ2 0.212 1.167  βRP 1.107 0.964 

R2 0.9590 0.9376  χ2 0.076 0.389 

ARE (%) 2.52 2.44  R2 0.9836 0.9774 

    ARE (%) 1.29 1.27 

       

Dubinin-Radushkevich  Toth 

qmaxDR (mg.g-1) 47.49 289.06  qmaxT (mg.g-1) 53.72 322.69 

KDR (mol2.kJ-2) 739.955 26.505  KT (L.mg-1) 0.009 0.216 

E (kJ.mol-1) 0.026 0.137  nT 0.734 1.420 

χ2 0.247 2.007  χ2 0.076 0.393 

R2 0.9498 0.8860  R2 0.9838 0.9772 

ARE (%) 2.89 3.05  ARE (%) 1.31 1.30 

       

Amongst the two-parameter models, the Langmuir model simulation gave the highest R2 as 

well as lowest ARE values and thus the best fit to the isotherms of both ATMS and CFMS. 

Accordingly, the sorption capacity of ATMS and CFMS was 59.25 mg.g-1 and 306.33 mg.g-1, 

respectively. Enhanced sorption capacity reflected augmentation of metal ion sequestering 

groups through carboxyl functionalization. The value of the affinity related constant KL 

increased significantly from 0.011 to 0.103 L.mg-1. This was because the carboxyl 

functionalized sorbent had higher affinity for lead(II) ions endowed by the grafted EDTA 

groups. 
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Table 4.3: Comparison of sorption capacities of various biomass for divalent metal ions with the mango 

seed shell biomass of the present study. 

Biomass Modifying Agent 
Metal 

ion 

Sorption capacity (mg.g-1) 
Reference 

Unmodified Modified 

Baker’s yeast EDTA dianhydride Pb2+ 20.00 192.30 Yu et al. (2008) 

  Cu2+ 4.50 65.00  

Soybean straw Citric acid Cu2+ 42.97 48.80 Zhu et al. (2008) 

Baker’s yeast EDTA dianhydride Pb2+ 13.53 66.89 Xu et al. (2011) 

  Cd2+ 8.24 38.66  

  Ca2+ 4.41 25.38  

Brewer’s yeast EDTA dianhydride Pb2+ 21.78 89.21 Zhang et al. (2011) 

  Cd2+ 13.02 41.00  

Apple pomace Succinic anhydride Cd2+ 4.45 91.75 Chand et al. (2014) 

Mango seed shell EDTA dianhydride Pb2+ 59.25 306.33 This study 

      

To determine favorability of the sorbents and the sorption processes, values of the 

dimensionless separation factor RL proposed by Hall et al. (1966) were also calculated using 

the following expression that makes use of the Langmuir constant KL: 

.RL  =  
1

1 + KLC
i

 (26) 

The variation of RL during the course of the sorption experiments is depicted in Figure 4.12.  

 

Figure 4.12: Variation of RL for sorption of lead(II) ions by ATMS and CFMS. 
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For sorption by both ATMS and CFMS, the values of RL varied between 0 and 1 indicating 

favorability of the sorption processes (Mohan et al. 2006; Gok et al. 2013; Won et al. 2013). 

The Langmuir constant has been used to calculate the free energy change of sorption using 

the following formula (Aryal & Ziagova 2011; Karmacharya et al. 2016): 

.∆G =  – RT ln KL (27) 

where R is the universal gas constant (8.314 x 10–3 KJ.mol−1.K−1), T is the temperature (K). 

However, to accurately apply this formula, the Langmuir constant should be expressed as a 

dimensionless term by multiplication with the density of the lead(II) solution ρ (ρ = 106 mg.L-1) 

(Milonjic 2007) so that, equation (27) becomes:  

.∆G =  – RT ln(ρKL) (28) 

The free energy change of sorption calculated thus was –23.07 kJ.mol-1 and –28.59 kJ.mol-1 

for ATMS and CFMS, respectively, indicating that sorption of lead(II) ions by both sorbents 

was spontaneous. 

The Freundlich and Dubinin-Radushkevich produced higher ARE and lower R2 values than 

the Langmuir model indicating less appropriate fit to the experimental data. Nonetheless, 

according to the application of the Dubinin-Radushkevich model, mean free energy values of 

0.026 kJ.mol-1 and 0.137 kJ.mol-1 for ATMS and CFMS, respectively, demonstrated that 

binding occurred through physisorption. 

Application of the three parameter models yielded higher R2 and lower ARE values for sorption 

by both ATMS and CFMS relative to simulation by the two-parameter models. This was 

primarily due to availability of an additional parameter that endowed some degree of flexibility 

in simulating the isotherm data. For both ATMS and CFMS isotherms the values of the 

simulation error statistic, particularly R2, corresponding to the Langmuir model were similar to 

those the Sips, Redlich-Peterson and Toth models (Table 4.2). This was shown by the high 

degree of overlap amongst the simulations (see Appendix X). The values of the three-

parameter models’ exponents, which varied between 0.73 and 1.43, were close to unity, in 

which case the respective model would reduce to the Langmuir form. Therefore, the Sips, 

Redlich-Peterson and Toth models had more Langmuir than Freundlich features. Similarity of 

Langmuir, Sips and Toth model simulation was reported for the uptake of lead, copper and 

cadmium by Caulerpa lentillifera biomass (Apiratikul & Pavasant 2008), and the removal of 

Ni(II) ions by Litchi chinensis seed biosorbent (Flores-Garnica et al. 2013). 
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Appropriateness of the Langmuir, Sips, Redlich-Peterson and Toth models in describing the 

observed isotherms against a background of unsuitable simulation by the Freundlich and 

Dubinin-Radushkevich models implied monolayer coverage of the mango biomass by lead(II) 

ions together with equivalence of binding sites. Such equivalence of CFMS binding sites could 

be interpreted as domination of grafted EDTA carboxyl functional groups in the sequestration 

of lead(II) ions. 

4.3  Column sorption: Application testing on electroplating wastewater 

The performance of the calcium alginate immobilized biosorbent was assessed by 

experimental treatment of electroplating wastewater samples. The wastewater had a 

characteristic pH of 3.4 and total dissolved copper, chromium, nickel and iron content of 890 

mg.L-1, 690 mg.L-1, 5405 mg.L-1 and 580 mg.L-1, respectively. In one set of experiments the 

wastewater was used in its natural state while in another the wastewater was acidified to a pH 

of 1.8 using concentrated sulfuric acid in order to improve the uptake of chromium on the basis 

of several reports in the literature that indicated that acidic conditions are suitable for removal 

of anionic chromium species (Baral et al. 2006; Kiran & Kaushik 2008; Anandkumar & Mandal 

2011; Saha & Saha 2014; Kumari & Sobha 2016). After acidification, total copper, chromium, 

nickel and iron content was 915 mg.L-1, 770 mg.L-1, 5325 mg.L-1 and 755 mg.L-1, respectively. 

 Sorption from non-acidified wastewater 

Figure 4.13 illustrates total copper, chromium, nickel and iron removal from non-acidified 

electroplating wastewater with an initial pH of 3.4. For copper, chromium and iron the highest 

removal, noted as 12.3%, 14.8% and 13.8%, respectively, occurred in the first experimental 

run. Thereafter, there was progressive decrease in removal, which was ascribed to a decrease 

in the number of unoccupied irreversible binding sites (Morton et al. 2001). The low metal 

removals that were observed in the fourth experimental run were attributed to binding on 

reversible binding sites, which, throughout all the desorption components of the experiments, 

were amenable to regeneration by hydrochloric acid scrubbing (Zhou & Kiff 1991). The 

percentage removal values corresponding to nickel removal were lower in comparison to those 

of the three other metals largely due to significantly higher initial concentration in the 

wastewater. 
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Figure 4.13: Copper, chromium, nickel and iron removal from non-acidified electroplating wastewater. 

[Room temperature, Bed mass: 4.0 g, Flow rate: 30 mL.min-1, Initial pH: 3.4, Contact time: 24 h, Initial 

concentration: Cu 890 mg.L-1; Cr 690 mg.L-1; Ni 5405 mg.L-1; Fe 580 mg.L-1] 

Figure 4.14 presents the amounts of metal recovered from the loaded non-acidified 

wastewater treatment column though desorption with dilute hydrochloric acid. 

 

Figure 4.14: Copper, chromium, nickel and iron recovery from the non-acidified wastewater treatment 

column. 

The amount of desorbed copper, chromium and iron varied slightly in the first three 

experimental runs. These results reflected the fraction metallic species bound reversibly on 

the sorbent surface, which were amenable to elution by dilute hydrochloric acid. Reduction in 

recovery observed in run 4 therefore confirmed conversion of reversibly binding secondary 

Cu Cr Ni Fe
0

5

10

15

20

R
e
m

o
v
a
l 
(%

)

 Run 1      Run 2      Run 3      Run 4

Cu Cr Ni Fe
0

5

10

15

20

25

R
e
c
o
v
e
ry

 (
m

g
.g

-1
)

 Run 1      Run 2      Run 3      Run 4



 

64 

hydroxyls to irreversibly binding carboxyl groups by oxidation. Nickel recovery, however, 

progressively decreased from run 1 to run 3 suggesting progressive increase in the proportion 

for irreversible binding sites, which was attributed to the oxidation of hydroxyl groups to ketone 

and carboxyl groups with the oxidation products having the ability to form stronger interactions 

with metal cations. Mild oxidation was facilitated by prevailing slightly acidic conditions at an 

initial pH of 3.4 (see Section 4.3.2). This downward trend in recovery was only noticeable with 

nickel primarily because of its high initial concentration, which, owing to much higher driving 

force for sorption, resulted in preferential binding by freshly produced carboxyl groups. 

Insignificant change in nickel recovery was noted in run 4, which indicated the cessation of 

the oxidation process. 

 Sorption from acidified wastewater 

Figure 4.15 shows variation of copper, chromium, nickel and iron removal from acidified 

wastewater adjusted to a pH of 1.8. Apart from the temporary decrease in the removal of 

copper observed between experimental runs 1 and 2, the removal of all four metals increased 

progressively throughout the four experimental runs. This was attributed to widespread 

oxidation of hydroxyl to carboxyl groups with improved metals ion sequestration capabilities. 

 

Figure 4.15: Copper, chromium, nickel and iron removal from acidified electroplating wastewater. 

[Room temperature, Bed mass: 4.0 g, Flow rate: 30 mL.min-1, Initial pH: 1.8, Contact time: 24 h, Initial 

concentration: Cu 915 mg.L-1; Cr 770 mg.L-1; Ni 5325 mg.L-1; Fe 755 mg.L-1] 

Under the conditions that prevailed at an initial pH of 1.8, it can be envisaged that binding of 

cationic metallic species would be greatly suppressed by competing H+ ions, which would 
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protonate the surface functional groups and reduce surface negative charge. However, peak 

copper, chromium, nickel and iron removal levels noted in run 4 as 15.5%, 18.7%, 13.7% and 

17.3%, respectively, were higher than those observed for sorption from raw wastewater 

indicating a lack of adverse effects of the high initial H+ concentration on metal removal. This 

can be explained by consumption of a large quantity of H+ ions during the hydroxyl groups as 

summarized in Scheme 3. 

+ +OH 16H
+

4HCrO4

-

O

OH

+ 4Cr
3+

13H2O+3 3

 

Scheme 3: Overall reaction for secondary hydroxyl oxidation and Cr(VI) reduction. 

Most of the H+ ions in the acidified solution were used in the protonation of HCrO4
–
 and 

H2Cr
2
O7

2– 
 to form chromic and dichromic acid, respectively. Thereafter, as exemplified by 

reaction I in Scheme 4, chromate esters were formed on both alginate and CFMS surfaces 

richly endowed with hydroxyl groups. 
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Scheme 4: Chromate ester formation and chromium reduction pathway. 

Initial esterification was followed by reduction of Cr(VI) to Cr(V) with subsequent esterification 

of the product with a vicinal hydroxyl (reaction II). Thereafter, the bound chromium was 

reduced to the +4 and +3 oxidation states as depicted by reactions III and IV, respectively. 

Occurring simultaneously with reactions II, III and IV was the oxidation of primary and 

secondary hydroxyls to carboxyl and keto groups, respectively (Nakano et al. 2001; Solomon 

et al. 2014). Higher affinity of carboxyl and ketone groups in comparison to their parent 

hydroxyl groups therefore accounted for enhanced successive irreversible binding capabilities 
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of the calcium alginate immobilized CFMS sorbent. Recovery from the acidified wastewater 

treatment column is presented in Figure 4.16 that follows: 

 

Figure 4.16: Copper, chromium, nickel and iron recovery from the acidified wastewater treatment 

column. 

Progressing from run 1 to run 2 in all instances, the amount of desorbed metal was reduced 

thereby confirming conversion of reversibly binding hydroxyls to irreversibly binding carboxyl 

groups. Continued decrease in amount of recovered nickel once again indicated preferential 

irreversible binding on newly formed carboxyl groups. Comparatively, recovery from the 

acidified wastewater treatment column was lower than that from the raw wastewater treatment 

column (see Appendix XI) due to more extensive oxidation in the acidified wastewater 

treatment batches.  
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5.1  Conclusions 

In this work, carboxyl functionalized mango seed shell biomass (CFMS) was prepared by an 

esterification reaction with dehydrated EDTA salt. En route to CFMS synthesis raw mango 

seed shells were initially treated with alkali solution to produce alkali treated mango seed shell 

biomass (ATMS). The chemically modified mango seed shell biomaterials were initially tested 

for removal of lead(II) ions from synthetic aqueous solutions. CFMS was immobilized in 

calcium alginate and the granular sorbents were tested for nickel, chromium and nickel 

removal from electroplating wastewater. The following are major conclusions drawn from the 

work: 

(i) Based on XRD, both alkali treatment and carboxyl functionalization showed 

significant reduction in cellulose crystallinity through disruption of hydrogen bonding. 

(ii)  FTIR demonstrated removal of hemicelluloses through alkali treatment and, together 

with elemental analysis confirmed inclusion of EDTA groups on the CFMS surfaces. 

Additionally, FTIR spectral band shifting and signal alteration confirmed participation 

of carboxyl, ester and amine functions in lead(II) ion binding. 

(iii) Kinetic studies revealed that sorption of lead(II) ions by ATMS was rapid and 

equilibrium was established within 1 h of contact. For CFMS, equilibrium was 

established after 3 h and consequently the approach the equilibrium was less rapid. 

(iv) The kinetics of lead(II) ion sorption were best simulated by the pseudo-nth order 

reaction kinetic model and the double exponential diffusion model. Multi-linearity of 

intra-particle diffusion model plots showed that sorption rates were controlled by both 

film and intra-particle diffusion. 

(v) Sorption of lead(II) ions by both ATMS and CFMS were represented by the Langmuir 

model better than the Freundlich model. Application of the three-parameter Redlich-

Peterson, Sips and Toth models revealed their approximation to the Langmuir model. 

Maximum sorption capacities of ATMS and CFMS were 59.25 mg.g-1 and 306.33 

mg.g-1, respectively. 

(vi) Sorption from acidified electroplating wastewater resulted in oxidation of hydroxyl to 

carboxyl groups. This enhanced removal efficiency and lowered recovery efficiency 

in subsequent sorption-desorption experiments. 
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5.2  Recommendations for further work 

More conclusive research is required prior to proposal of the immobilized sorbents for use in 

wastewater treatment. Accordingly, for additional work, it is recommended to: 

(i) Test the granular sorbents on more dilute solutions such as water from supernatants 

obtained from precipitation steps in electroplating wastewater treatment as opposed 

the concentrated spent electrolyte used in this study; 

(ii) Analyze the influence of additional operating conditions such as agitation, ionic 

strength, sorbent dose, sorbent particle size and temperature on equilibrium and 

kinetic aspects of sorbent performance; 

(iii) Characterize the granular sorbent before and after chromium uptake using X-ray 

photoelectron spectroscopy to ascertain the oxidation state of bound chromium and 

thus confirm occurrence of Cr(VI) reduction to Cr(III); 

(iv) Design and carry out column sorption experiments that allow application of kinetic 

models for breakthrough curve analysis; 

(v) Study sorption of individual metal solutions to facilitate  comparison of the 

biosorbents’ performance with other biomass documented in the literature as well as 

two allow speciation; and 

(vi) Replicate the sorption experiments in order to assess reproducibility. 
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Appendix I: Effect of lead(II) ion loading on FTIR spectra ATMS. 
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Appendix II: Effect of contact time on lead(II) ion sorption by ATMS and CFMS. 

[Room temperature, pH: 5.2, ATMS dose: 1 g.L-1, CFMS dose: 0.5 g.L-1] 
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(b) Initial concentration: 190 mg.L-1
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(c) Initial concentration: 320 mg.L-1
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(d) Initial concentration: 380 mg.L-1
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(e) Initial concentration: 400 mg.L-1
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Appendix III: Reaction model parameters for sorption of lead(II) ions by ATMS and CFMS. 

 ATMS  CFMS 

Ci (mg.L-1) 130 190 250 320 380 400  130 190 250 320 380 400 

Pseudo first order              

qe,expt (mg.g-1) 30.56 37.24 42.42 43.43 47.12 46.99  215.74 262.48 273.63 296.97 290.00 299.83 

qe (mg.g-1) 30.80 37.28 41.70 44.45 46.28 47.21  203.60 232.65 241.74 261.48 264.80 278.63 

k1 (min-1) 0.142 0.129 0.128 0.116 0.089 0.102  0.038 0.042 0.046 0.066 0.070 0.093 

χ2 0.122 1.888 1.058 0.599 0.235 0.819  3.618 5.597 3.402 6.177 16.207 8.976 

R2 0.9876 0.8700 0.9298 0.9654 0.9917 0.9635  0.9847 0.9792 0.9868 0.9723 0.9358 0.9459 

ARE (%) 1.50 5.88 4.22 3.06 1.75 3.21  3.63 4.40 3.25 4.25 6.65 4.90 

Pseudo second order              

qe,expt (mg.g-1) 30.56 37.24 42.42 43.43 47.12 46.99  215.74 262.48 273.63 296.97 290.00 299.83 

qe (mg.g-1) 32.72 40.01 44.74 47.90 50.73 51.37  245.15 276.12 283.43 293.96 295.84 304.89 

k2 (10-3 g.mg-1.min-1) 7.258 4.875 4.366 3.650 2.428 2.827  0.160 0.162 0.179 0.281 0.299 0.420 

χ2 0.441 0.231 0.059 0.182 0.772 0.809  1.579 2.221 2.635 0.420 2.418 0.573 

R2 0.9496 0.9852 0.9959 0.9913 0.9748 0.9758  0.9958 0.9961 0.9937 0.9981 0.9912 0.9962 

ARE (%) 3.13 1.65 0.86 1.66 3.49 3.19  2.79 3.00 3.45 0.98 2.45 1.07 

Pseudo-nth order              

qe,expt (mg.g-1) 30.56 37.24 42.42 43.43 47.12 46.99  215.74 262.48 273.63 296.97 290.00 299.83 

qe (mg.g-1) 31.07 42.29 44.28 45.93 46.84 48.37  225.04 259.77 255.38 282.07 318.59 296.96 

knth [10-3 min-1(mg.g-1)1-n] 73.787 0.705 6.412 18.281 42.254 26.029  1.651 0.977 4.858 1.369 0.016 1.325 

n 1.23 2.54 1.89 1.55 1.22 1.39  1.59 1.69 1.42 1.72 2.50 1.80 

χ2 0.042 0.158 0.054 0.039 0.106 0.477  1.287 2.028 1.535 0.347 1.485 0.731 

R2 0.9951 0.9884 0.9963 0.9981 0.9967 0.9839  0.9958 0.9956 0.9956 0.9983 0.9940 0.9953 

ARE (%) 0.93 1.65 0.82 0.65 1.11 2.35  2.41 3.10 2.26 0.94 1.88 1.30 

Elovich              

α (mg.g-1.min-1) 302.48 88.63 111.82 82.63 28.07 46.61  14.04 19.22 23.96 59.10 67.76 174.09 

β (g.mg-1) 0.289 0.195 0.178 0.158 0.125 0.134  0.017 0.015 0.016 0.018 0.018 0.021 

χ2 2.433 0.885 1.561 2.544 4.441 3.884  7.847 9.735 13.836 10.947 5.062 10.528 

R2 0.7327 0.9294 0.8961 0.8666 0.8499 0.8611  0.9779 0.9778 0.9604 0.9534 0.9731 0.9342 

ARE (%) 7.16 4.01 5.17 6.28 8.42 7.80  6.43 6.95 8.12 6.15 3.73 5.12 

Lowest ARE and highest R2 values per column are in bold. 



 

83 

Appendix IV: Pseudo-first order, pseudo-second order, pseudo-nth order and Elovich model plots for 

sorption of lead(II) ions by ATMS. [Room temperature, pH: 5.2, Sorbent dose: 1 g.L-1] 
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Appendix V: Pseudo-first order, pseudo-second order, pseudo-nth order and Elovich model plots for 

sorption of lead(II) ions by CFMS. [Room temperature, pH: 5.2, Sorbent dose: 0.5 g.L-1] 
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Appendix VI: Diffusion model parameters for sorption of  lead(II) ions by ATMS and CFMS. 

 ATMS  CFMS 

Ci (mg.L-1) 130 190 250 320 380 400  130 190 250 320 380 400 

Bangham              

KB (L.g-1) 0.114 0.077 0.068 0.054 0.039 0.041  0.111 0.129 0.132 0.177 0.160 0.215 

α 0.131 0.166 0.158 0.163 0.200 0.181  0.639 0.503 0.432 0.317 0.302 0.236 

χ2 2.835 1.359 2.202 3.485 6.362 5.293  9.297 18.064 26.169 20.780 11.868 17.172 

R2 0.6916 0.8960 0.8567 0.8202 0.7921 0.8099  0.9746 0.9583 0.9282 0.9167 0.9437 0.8976 

ARE (%) 7.71 4.98 6.12 7.15 10.14 8.88  7.41 9.78 11.47 8.50 5.91 6.64 

Intra-particle diffusion              

kid (mg.g-1.min-0.5) 0.858 1.436 1.527 1.683 2.110 1.984  16.279 17.815 17.715 15.728 15.920 13.404 

c (mg.g-1) 22.09 23.14 26.54 27.51 24.58 27.06  26.74 40.87 52.98 98.32 100.74 142.89 

χ2 4.265 2.905 4.068 5.822 9.809 8.133  33.332 39.694 48.842 41.468 28.168 34.530 

R2 0.5258 0.7797 0.7293 0.6890 0.6688 0.6897  0.9008 0.8954 0.8573 0.8282 0.8684 0.7899 

ARE (%) 9.50 7.29 8.30 9.43 13.03 11.21  14.44 15.22 16.00 12.20 9.29 9.61 

Double exponential              

qe,expt (mg.g-1) 30.56 37.24 42.42 43.43 47.12 46.99  215.74 262.48 273.63 296.97 290.00 299.83 

qe (mg.g-1) 30.99 39.00 43.25 45.47 46.47 48.58  231.67 260.12 264.74 274.34 279.97 292.89 

D1 (mg.L-1) 20.29 18.20 24.69 38.52 43.31 71.74  67.29 76.48 90.67 75.11 76.46 84.00 

KD1 (min-1) 0.125 0.076 0.146 0.285 0.081 0.317  0.066 0.097 0.070 0.114 0.027 0.110 

D2 (mg.L-1) 5.79 6.21 10.78 19.18 0.34 18.27  52.26 65.99 45.87 59.44 40.26 42.32 

KD2 (min-1) 0.091 0.023 0.029 0.046 0.263 0.034  0.010 0.013 0.011 0.024 0.114 0.022 

χ2 0.027 0.043 0.043 0.016 0.169 0.053  0.634 0.162 0.920 0.336 0.524 0.500 

R2 0.9966 0.9966 0.9970 0.9990 0.9970 0.9975  0.9978 0.9994 0.9975 0.9983 0.9973 0.9966 

ARE (%) 0.74 0.79 0.73 0.43 1.51 0.72  1.64 0.60 1.72 0.89 1.16 1.00 

Lowest ARE and highest R2 values per column are in bold. 
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Appendix VII: Bangham’s, double exponential and intra-particle diffusion model simulation plots for 

sorption of lead(II) ions by ATMS. [Room temperature, pH: 5.2, Sorbent dose: 1 g.L-1] 
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Appendix VIII: Bangham’s, double exponential and intra-particle diffusion model simulation plots for 

sorption of lead(II) ions by CFMS. [Room temperature, pH: 5.2, Sorbent dose: 0.5 g.L-1] 
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Appendix IX: Intra-particle diffusion model simulation plots for sorption of lead(II) ions by ATMS and 

CFMS. [Room temperature, pH: 5.2, ATMS dose: 1 g.L-1, CFMS dose: 1 g.L-1] 
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(d) Initial concentration: 380 mg.L-1
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Appendix X: Langmuir, Sips, Toth and Redlich-Peterson isotherm model simulation plots for 

sorption of lead(II) ions by ATMS and CFMS. [Room temperature, Initial pH: 5.2, Contact time: 24 h, 

ATMS dose: 1 g.L-1, CFMS dose: 0.5 g.L-1] 
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Appendix XI: Effect of initial solution pH on metal recovery from raw (pH 3.4) and acidified (pH1.8) 

electroplating wastewater treatment columns. 
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