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ABSTRACT 
 
 Uranium mining contaminates surface and groundwater and therefore uranium removal from wastewater 
becomes very important. Among the many bioagents available, the most effective biosorbents is the yeast 
Saccharomyces Cerevisiae which is widely used in food industries, and multi-functional biopolymer Chitosan. 
The use of magnetic nanoparticles offers many advantages such as magnetic separation and heavy metal 
adsorption. Magnetic nanoparticles were obtained using microwave irradiation, and coated with cross-linked 
chitosan beads. Cross-linked chitosan beads were synthesized by the reacting chitosan with epichlorohydrin 
(ECH) and grafted with Saccharomyces Cerevisiae under microwave irradiation. Adsorption of uranium (VI) 
from aqueous solution onto adsorbent was investigated in a batch system. Adsorption isotherm and adsorption 
kinetic studies of uranium (VI) onto cross-linked chitosan were carried out in a batch system. The factors 
influencing uranium (VI) adsorption were investigated and described in detail, as a function of the parameters 
such as contact time, pH value, initial uranium (VI) concentration, adsorbent mass, reusability of adsorbent. The 
Saccharomyces cerevisiae-crosslinked chitosan-magnetic nanoparticle (SC-CTS-ECH-MNP) adsorbent showed 
best results for the fast adsorption of U (VI) from aqueous solution at initial pH value 4.0. In addition, more than 
90% of U (VI) was removed within the first 20 min, and the time required to achieve the adsorption equilibrium 
was only 110 minutes. Langmuir and Freundlich adsorption models were used for the mathematical description 
of the adsorption equilibrium. Equilibrium data agreed very well with the Langmuir model, with a maximum 
adsorption capacity of 72.4 mg.g-1. Adsorption kinetics data were tested using pseudo-first-order and pseudo-
second-order models. Kinetic studies showed that the adsorption followed a pseudo-second-order kinetic model, 
indicating that the chemical adsorption was the rate-limiting step.  
 
Key words: Uranium (VI) adsorption, Chitosan, Saccharomyces cerevisiae, microwave irradiation, magnetic 

nanoparticles  
 
Introduction 
 
 Metals are extensively used in several industries, including mining, metallurgical, electronic, electroplating 
and metal finishing. Heavy metals are elements having atomic weights between 63.5 and 200.6, with specific 
gravity greater than 5.0 (Srivastava and Majumder, 2008). Heavy metals are not biodegradable and due to their 
high solubility in the aquatic environments, it can be absorbed by living organisms (Bhatnagar and Sillanpaa, 
2009). Uranium contamination of the environment from the mining and milling operations and nuclear waste 
disposal poses great threat to the environment. Contamination of groundwater resources by working and out of-
commission uranium mining operations is a well-known environmental problem. The harmful effects to the 
environment arises not only from the radioactive emissions from uranium series radionuclides, but also from the 
chemical toxicity of uranium (Bargar et al.,1999, 2000). The United States Environment protection Agency (US 
EPA) has set the realistic regulation level of 30 µg/L as the maximum contaminant level (MCL) for uranium 
(US EPA, 1999). The WHO strictly recommended a 2 µg/L as the maximum contaminant level (MCL) for 
uranium (Reimann and Banks, 2004). The threat that the nuclear industry poses to the environment, especially 
from the leaching of U (VI) from uranium mine tailings to the groundwater is now viewed seriously. New 
stringent regulations have prompted the development of various technologies for its removal from wastewater 
produced from nuclear industries and mining activities. In oxidizing environments uranium occurs in the 
valence state +VI as the uranyl cation, UO2

2+.  In order to remove uranium (VI) from wastewater, many 
researchers have used various techniques such as chemical precipitation, solvent extraction, micellar 
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ultrafiltration, organic and inorganic ion exchangers and adsorption. Adsorption is the most important and cost 
effective technique, where various materials such as coir pith, zeolite, cork biomass, goethite, activated carbon, 
and cement have been used (Anirudhan et al., 2010).  Utilization of biological remediation processes, offer 
environmental friendly and cost effective alternative for the removal of metal/radionuclide pollutants (Lloyd and 
Renshow, 2005).  
 Adsorption using polymer grafted biomaterials is an important area of research. Grafting of new functional 
groups and chemical crosslinking increases its adsorption capacity and selectivity towards metal ions in solution 
through the formation of different chelates (Anirudhan and Radhakrishnan, 2009). A number of adsorbent 
materials are being investigated for the removal of U(VI) ions from aqueous solutions. They include chitosan, 
modified chitosan resins, cross linked poly 2,2-bisacrylamido acetic acid, phytic acid modified polyacrylamide–
bentonite composite, chemically modified polyurethane foam and polymer grafted lignocelluloses (El-Shahet et 
al., 2007; Anirudhan et al., 2009; Anirudhan et al., 2010). Agricultural waste materials being economic and eco-
friendly due to their unique chemical composition, are viable option for water and wastewater remediation and 
cost effective alternative for removing metal/radionuclide pollutants from dilute solutions where 
physicochemical methods may not be feasible (Bhatnagar and Sillanpaa, 2009). Chitin is the second most 
abundant natural biopolymer after cellulose and the most abundant amino polysaccharide. Chitosan is the 
copolymer composed of β-2-amino-2-deoxy-D-glucopyranose units and the residual 2- acetamido-2-deoxy-D-
glucopyranose units. Excellent reviews on metal complexation by chitosan have been published (Varma et al., 
2004; Crini 2006; Kurita, 2006; Miretzky and Cirelli, 2009). The metal uptake by chitosan is primarily 
attributed to the amine and hydroxyl groups present in the polymer chain, which can interact with various 
metallic species through ion exchange and/or chelation mechanism. Two types of modifications are commonly 
adopted for the preparation of chitosan based sorbents. Cross-linking to improve its solubility and engineering 
properties and grafting of functional groups for enhancing the adsorption capacity and/or selectivity. 
 Besides the use of natural biopolymers in controlling and removing metal pollution, utilization of various 
biological materials such as bacteria, fungi, yeast and alga has received much attention. Among them 
Saccharomyces cerevisiae (yeast) has been widely used.  The advantages of S. cerevisiae as biosorbents in metal 
biosorption, the forms of S. cerevisiae in biosorption research, biosorptive capacity of S. cerevisiae, the 
selectivity and competitive biosorption by S. cerevisiae were reviewed in detail by Wang and Chen (2006 & 
2009). Current research has revealed that inactive/dead microbial biomass can passively bind metal ions via 
various mechanisms (Wang and Chen, 2009). Mechanisms responsible for biosorption, although understood to a 
limited extent, may be one or combination of ion exchange, complexation, coordination, adsorption, 
electrostatic interaction, chelation and microprecipitation (Vijayaraghavan and Yun, 2008). However, microbial 
biomass has several drawbacks. Microbial biosorbents are basically small particles, with low density, poor 
mechanical strength and little rigidity. The most important problem include solid–liquid separation problems, 
possible biomass swelling, inability to regenerate/reuse and development of high pressure drop in the column 
mode (Vijayaraghavan and Yun 2008). Immobilization of microorganisms within a polymeric matrix has 
exhibited greater potential, with benefits including the control of particle size, regeneration and reuse of the 
biomass, easy separation of biomass and effluent, high biomass loading and minimal clogging under 
continuous-flow conditions (Hasan and Srivastava, 2009;  Zhou et al., 2009; Sera, et al., 2006; Wang and Chen, 
2006; Wang, 2002). 
 Magnetic nanoparticles are currently being widely studied and application of magnetic nanoparticle 
technology for remediating environmental problems has received attention in recent years (Oliveira et al., 2002; 
Castro et al., 2009; Chang and Chen, 2005; Chang et al., 2006; Ngarmkam et al., 2010). It is believed that 
magnetic nanoparticles (Fe3O4) show the finite-size effect and high ratio of surface-to-volume, resulting in a 
higher adsorption capacity (Shen et al., 2009).  Magnetic nano-carriers can be easily manipulated by an external 
magnetic field and hence should be suitable as the support of adsorbents. The superparamagnetic Fe3O4 
nanoparticles coated with polymers are usually composed of the magnetic cores to ensure a strong magnetic 
response and a polymeric shell to provide favourable functional groups and features. A composite of chitosan 
with magnetic Fe3O4 nanoparticles would result in a bioadsorbent with high binding capacity of metals. The 
synergistic effect of cationic character of both the chitosan amino group and the magnetite ion brings about 
enhanced performance for effective adsorption (Saifuddin and Dinara, 2011). 
 Keeping these concepts, the new adsorbent produced in this study will combine the sorption benefits of all 
the three components – chemically modified chitosan, immobilized microbial cell and the magnetic nanoparticle 
into a single adsorbent. In this work combining magnetic nanoparticles into chitosan and immobilizing the yeast 
cell onto the matrix will be carried out using microwave irradiation for both the grafting of microbial cell onto 
the chitosan and rapid synthesis of magnetic nanoparticles.   The biosorption process was studied with regard to 
the effects of initial pH, initial uranium concentration and contact time, mass of adsorbent and reusability. 
Equilibrium isotherms will be determined using Langmuir and Freundlich equations.  The kinetics of the 
adsorption process will be analysed using pseudo-first-order and pseudo second-order-model.    
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Experimental: 
 
Materials: 
 
 Chitosan (low molecular weight), ferric chloride (FeCl3·6H2O), ethylene glycol, anhydrous sodium acetate 
(CH3COONa), polyethylene glycol-20000 (PEG-20000), chloroacetic acid (ClCH2COOH) and sodium acetate 
(CH3COONa)  were purchased from Sigma-Aldrich (USA). Saccharomyces Cerevisiae and UO2 (NO3)2·6H2O 
(ACS grade) were purchased from Merck, Germany. pH of the working solutions was regulated by addition of 
HNO3 or NaOH solution. Arsenazo-III and epichlorohydrin (for cross-linking of chitosan) were purchased from 
Fluka. Bacto-Peptone and Yeast extract was purchased from BD Diagnostic Systems USA. All the reagents used 
were of analytical-reagent grade and used as received. Ultrapure deionized water was obtained using the ELGA 
LabWater (UK) water purification system in our laboratory and was used to prepare all the solutions. 
 
Preparation of Saccharomyces cerevisiae: 
 
 Culture: The dry S. cerevisiae (5 g) were aerobically propagated in a 250 ml flasks containing 100 ml YEP 
broth media (10 g/L yeast extract, 10 g/L  Peptone and 5 g/L NaCl) at 37°C and 250 rpm for 3 h (Lab 
Companion Shaker-300).  After 24 hours the yeast cells were collected from the media by centrifugation. 
(Hettich Zentrifugen Rotofix 32) 
 
Microwave assisted synthesis of magnetic nanoparticles: 
 
 Preparation of magnetic nanoparticles was performed according to the method described by Yang et al. 
(2009).  In a typical experiment, FeCl3·6H2O (1.08 g) was thoroughly dissolved in 40 ml of ethylene glycol at 
25oC. A clear yellow-brown solution was formed. One gram of polyethylene glocol-20000 and 4.0 g of 
anhydrous sodium acetate were added to the mixture and the solution was stirred vigorously under the treatment 
of ultrasonic for 15 min.  Subsequently, the reaction solution was subjected to microwave irradiation for 5 min 
at 2.45 GHz and 200W (Saifuddin and Yasumira, 2010) using a domestic microwave oven (Sanyo EM-
C6786V). After the irradiation the solution was allowed to cool to room temperature naturally. The black 
products were separated by centrifugation, and washed with purified water at least three times and absolute 
ethanol twice, respectively. Finally, the obtained solid products were dried in an oven at 60° C. 
 The transmission electron microscopy (TEM) micrographs were taken with a Philips CM20 TEM operating 
at 100 KV. Fourier transform infrared spectrum (FTIR) was obtained from a Perkin-Elmer FT-IR System Model 
GX 55974 spectrometer. Magnetic measurements were carried out using a Quantum Design SQUID 
magnetometer at 300K.  
 
Preparation of magnetic nanoparticles coated with chitosan-epichlorohydrin  beads: 
 
 The magnetite particles obtained previously were coated with chitosan-epichlorohydrin  layer using the 
previously reported method with modifications (Saifuddin et al., 2011; Saifuddin and Yasumira 2010; Guo et 
al., 2004; Hritcu et al., 2009). Chitosan solution was preparation by dissolving 6.0 g of chitosan powder in 70 
ml of 5% (v/v) acetic acid solution. The chitosan solution was left overnight to ensure all of the chitosan flakes 
were dissolved. Both chitosan slurry (50 ml) and magnetic nanoparticles were mixed and stirred for 30 minutes 
to get a uniform mixture. The chitosan-magnetic nanoparticles solution was then added dropwise by using a 
model 100 push–pull syringe pump into a precipitation bath, containing 500 mL of 0.50M NaOH. This NaOH 
treatment was a method to neutralize the acetic acid within the chitosan gel and thereby coagulate the chitosan 
gel to spherical uniform chitosan-magnetic nanoparticles gel beads. The wet beads were filtered and extensively 
rinsed with distilled water to remove any NaOH.  
 For crosslinking the of the chitosan, a solution of 0.04 M epichlorohydrin solution containing 0.067 M 
sodium hydroxide was prepared (pH=10). Twenty grams of wet chitosan-magnetite   beads (using filter to 
absorb the surface water) were put into a flask with 100 ml of the epichlorohydrin solution and stirred to allow 
proper mixing. The mixture was subjected to several (about 12) short burst of microwave irradiation using a 
microwave oven at frequency of 2.45 GHz at power output of 200 W. Each short burs of irradiation lasted for 1 
min. The mixture was cooled (35-40 seconds at room temperature) between each irradiation. This ramp/cool 
cycle was repeated 12 times. After the 12th cycle (total time required about 25-30 minutes), the cross-linked 
beads were filtered and washed extensively with distilled water to remove any unreacted epichlorohydrin until 
the washing solution became neutral (the neutrality measured by universal indicator paper) and air dried. The 
diameter of the wet cross-linked bead was approximately 1.75±0.05 mm. The newly formed cross-linked 
chitosan-magnetite beads obtained were confirmed by a Perkin-Elmer FT-IR System 2000 Model spectrometer. 
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Characterization of Magnetic Nanoparticles Coated Chitosan-Epichlorohydrin: 
 
Beads: 
 
 The newly formed cross-linked chitosan-magnetic nanoparticles beads obtained were confirmed by a 
Perkin-Elmer FT-IR System Model GX 55974 spectrometer (at Universiti Kebangsaan Malaysia (UKM) at 
Bangi, Malaysia). 
 The amine content of the cross-linked chitosan beads was determined titrimetrically. Cross-linked chitosan 
beads (1.0 g) were added to 0.1 M hydrochloric acid (20 ml); the mixture was left to stand for 16 hours in a 
tightly closed bottle. The mixture was filtered, and the filtrate (5 ml) was titrated with a 0.1 M sodium 
hydroxide.  
 The surface morphology of the wet beads was studied using a transmission electron microscope (Philips 
CM20 TEM, at Institute of Bioscience Universiti Putra Malaysia, Serdang, Malaysia).  
 A solubility study was carried out on both the cross-linked chitosan coated magnetic nanoparticles and the 
non cross-linked chitosan coated nanoparticles. Using analytical balance, samples of 10.0 g of each beads were 
weight. Then the samples were dried in vacuum at room temperature for 24 hours. After leaving in vacuum for 
24 hours, the samples were weight accurately again.  Three separate batches of samples of each type were added 
to (i) 5% (v/v) acetic acid, (ii) distilled water and (iii) 0.10 m sodium hydroxide solutions. Each of the samples 
was left  in each solution for a period of 24 hours with stirring using mechanical stirrer (100 rpm) at room 
temperature. After the process, the mixture was filtered, washed with distilled water and dried in vacuum at 
room temperature for 24 hours. Finally the dries samples were weight using the analytical balance.   
 A swelling study of non cross-linked chitosan coated magnetic nanoparticles beads and cross-linked 
chitosan coated magnetic nanoparticle beads were carried out in distilled water at room temperature for a period 
of 24 hours. The percentages of swelling of these beads were calculated by using the following equation (eq. 1): 
 
Percentage of swelling =    x 100%                                   (1) 
 
where Ws is the weight of swollen beads (g) and W is the weight of dry beads (g) 
 
Saccharomyces cerevisiae microwave grafting onto crosslinked chitosan-magnetic nanoparticles beads: 
 
 The yeast cells were soaked in 0.1 M NaOH solution for 12 hours. Then centrifugally separated the surplus 
NaOH was washed out with deionized water. After NaOH treatment, the ester group in S. cerevisiae will 
hydrolyze into carboxyl and hydroxyl groups.  
 The cross linked chitosan magnetite nanoparticles beads were suspended in 0.05M phosphate buffer 
solution (pH = 7) and was kept at room temperature for 4 h. The NaOH treated S. cerevisiae were then added 
and the mixture was agitated at 250 rpm for 3 h. The mixture was subjected to several (about 12) short burst of 
microwave irradiation using a microwave oven at frequency of 2.45 GHz at power output of 200 W. Each short 
burs of irradiation lasted for 1 min. The mixture was cooled (35-40 seconds at room temperature) between each 
irradiation. This ramp/cool cycle was repeated 12 times. After the 12th cycle, the mixture was agitated at room 
temperature for 2 h at 250 rpm. Finally, the cross linked magtetite nanoparticle were separated by placing the 
bottle on a permanent magnet, washed with sodium chloride solution and distilled water several times. 
The percentage and efficiency of grafting were calculated according to Kojima et al. (2003) 
 
% Grafting             (2) 
 
% Efficiency             (3) 
 
where W1, W0 and W2 denote, respectively, the weight of the grafted chitosan magnetite nanoparticles, the 
weight of original chitosan magnetite nanoparticles and weight of the S.  Cerevisiae used. 
 
Adsorption dynamics:  
 
 To investigate the adsorption dynamics, experiments were carried out by using four different samples, non 
cross-linked chitosan beads, cross-linked chitosan beads, cross-linked chitosan coated magnetic nanoparticles 
beads, and the S. cerevisiae grafted onto cross-linked chitosan coated magnetic nanoparticles (SCCTSM) as the 
adsorbent, herein referred to as adsorbent A, B, C and D respectively. 
 In a typical experiment, for the case of adsorbent A (non cross-linked chitosan beads), a series of conical 
flask containing 1.0 g (using filter to absorb the surface water) of the beads were added to 10 mL of uranium 
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solutions (50 mg mL-1).  The conical flask was oscillated in a water-bath oscillator with constant temperature at 
25oC for different time intervals (0, 10, 20, 30, 40, 50, 60, 90, 120, 150 and 180 min).  At the end of each 
incubation time, the concentration of uranium in the supernatant was analysed by Arsenazo-III 
spectrophotometric method on a GENESYS 10 UV-Vis spectrophotometer (Thermo-Fisher) as mentioned in 
section 2.8 (Khan et al., 2006). Three replicates were used at least to get each adsorption datum, and the 
standard deviations were less than 2% on the average. The adsorption capacity Q, was calculated based on the 
difference of uranium concentration before and after adsorption, the volume of aqueous solution and the weight 
of the beads according to equation (4). 
 
Adsorption capacity Q = (Co – Ci)                            (4) 
 
where C0 and Ci are the initial and final concentration after incubation at any time (mg/mL), V is the volume of 
uranium solution (mL) and W is the weight of the adsorbent bead used in g.  The adsorption removal efficiency 
of uranium from aqueous solution was calculated as follows (eq. 5): 
 
Removal efficiency (%) =  x 100                               (5) 
 
where Co is the initial uranium concentration in the solution and Cf is the final uranium concentration in the 
solution. 
 
 Similar experiments were carried out separately for the adsorbent B (CTS-ECH), C (CTS-ECH-MNP) and 
D (SC-CTS-ECH-MNP).  
 
Adsorption experiments: 
 
 About 1 g of the wet adsorbent D (SC-CTS-ECH-MNP) (the beads were gently dabbed dry with a filter 
paper to remove surface water) were placed in a 50 mL conical flask and mixed with 20 mL of a known 
concentration of uranium solution (increasing the initial concentration of uranium from 50.0 to 250.0 μg/mL). 
The conical flask was oscillated in an oscillator with constant temperature bath at 25oC for 75 min (the previous 
experiment had indicated that 75 min was adequate at ambient temperatures for the equilibrium to be reached). 
At the end of the incubation time, the concentration of uranium in each flask was determined using the 
Arsenazo-III spectrophotometric method as mentioned in section 2.8. The amount of adsorption at equilibrium 
time t, qe (mg/g), was calculated by (eq. 6): 
 
 

 =                                                            (6)  
 
Where Co and Ce are the liquid-phase concentrations of uranium at initial and equilibrium time, respectively; V 
the volume of the solution (L); W is the mass of dry adsorbent used (g). 
 
Determination of uranium (VI) in solution: 
 
 Concentration of uranium (VI) was analyzed with the Arsenazo-III spectrophotometric method on a 
GENESYS 10 UV-Vis spectrophotometer (Thermo-Fisher) (Khan et al., 2006).  Analar grade disodium salt of 
arsenazo-III (2,7-bis(2-arsenophenylazo)-1,8-dihydroxynaphthalene-3,6-disulfonic acid) and perchloric acid 
(70–72%) purchase from E. Merck were used. A uranium standard solution (100 ppm (w/v)) was prepared from 
analytical reagent grade uranyl nitrate hexahydrate in 3 M of HClO4. Arsenazo-III (0.07% w/v) solution was 
prepared in 3 M of HClO4. 
 For construction of calibration curve, one mL of uranium standard solutions (containing 1–16 µg.L-1), 5 mL 
chloroacetic acid (ClCH2COOH)–sodium acetate (CH3COONa) buffer solution (pH 2.5) and 1.0 mL 0.1% 
Arsenazo-III aqueous solution were added to a glass flask, respectively, the final solution volume was filled up 
to 25 mL by adding deionized water.  
 After 10 min at room temperature, the absorbance of the standards was measured at 652 nm against the 
reagent blank. For determination of uranium in the samples, the uranium standard was replaced with 1 mL of the 
sample. Concentration of uranium was read off from the calibration curve. All readings were carried out in 
triplicates.  
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Regeneration of Adsorbent:  
 
 The SC-CTS-ECH-MNP adsorbed U (VI) ions were dipped into 0.1 mol/L HCl stirring for 1 h at room 
temperature to remove U (VI), and then were treated with 0.1 mol/L NaOH for 5–8 h. Then it was filtered and 
washed with water and ethanol. The obtained SC-CTS-ECH-MNP was used in adsorption experiment, and the 
process was repeated 10 times. 
 
Results and Discussion 
 
Preparation of chitosan (CTS) and  Cross-linked Chitosan (CTS-ECH) Beads: 
 
 Chitosan beads were prepared by phase inversion. Similar to the work reported earlier, uniform bead shape 
particles of sizes of around 1.75±0.05 mm were observed with the surface morphology showing porous texture 
(Saifuddin and Yasumira, 2010). Chitosan have been modified in order to improve mechanical strength, 
chemical stability, hydrophobicity and also biocompatibility (Shu and Zhu, 2001). The chitosan were 
crosslinked with epichlorohydrin to improve the wet strength of the chitosan beads (Wan Ngah et al., 2002). It 
was reported that the epichlorohydrin cross-linked chitosan beads had about 18% amine groups were cross-
linked with epichlorhydrin (Wan Ngah et al., 2002). The reaction of chitosan with epichlorohydrin in an acidic 
condition might be cross-linked at hydroxyl groups to form the epichlorohydrin cross-linked chitosan product, 
as shown in Figure 3.1, which is similar to the scheme that has been reported previously (Wang et al., 2009). 
 The obtained cross-linked chitosan particles were characterized by the infrared (IR) spectroscopy. The 
characteristic IR absorption peaks of chitosan were observed (Fig 3.2a), which included a broad and strong band 
ranging from 3200-3700 cm-1 (stretching vibration of O-H and stretching vibration of N-H). The peak located at 
1652 is characteristic of C=O in amine group. The prominent peak at observed at 1375 cm-1 represents C-H 
stretching in amide group.  The peak at 1082 cm-1 is characteristics of C-O stretching vibration in glycosidic 
linkages. The absorption band at 900 cm-1, corresponds to the characteristic absorption of the CH3COH group in 
glucose unit. The infrared spectrum of epichlorohydrin cross-linked chitosan was rather similar to that of 
chitosan (Fig. 3.2b).  However, with presents of functional groups of epichlorohydrin in chitosan, the same 
vibrations were observed but with different relative intensities. The absorption intensity of –NH2 group and –
OH group (peak 3200 – 3700 cm-1) from cross-linked chitosan is obviously lower than that of –NH2 group and –
OH group from chitosan, which indicates cross-linked reaction occurred between chitosan and epichlorohydrin. 
Moreover, the reduction in the intensities at 1418 cm−1 peak (NH2 in amino group) showed that most of the 
primary amino groups were involved in the cross-linking process. 
 

 
 
Fig. 3.1:  Reaction of chitosan and epichlorohydrin to produce chitosan–ECH Beads (Wang et al., 2009). 
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Wave number cm-1 

 
Fig.  3.2:  FT-IR spectra (a) Chitosan (labelled as CTS)  and (b) epichlorohydrine cross-linked  chitosan 

(labelled as CTS-ECH), using KBr pellets. The range from 4000 to  400 cm-1 was scanned. 
 
Magnetic Nanoparticles and cross-linked chitosan coated magnetic nanoparticles: 
 
 The magnetic nanoparticles produced were essentially mono-dispersed and had sizes ranging from less than 
10 nm to 20 nm. Figure 3.3 shows the Transmission electron micrograph (TEM) of the magnetic nanoparticles. 
To convert the nanoparticles from hydrophobic to hydrophilic, the Fe3O4 particles were coated with the 
surfactant (PEG-20000). 

 
 
Fig. 3.3: Transmission electron micrograph of magnetic nanoparticles.     
 
 The obtained nanoparticles were further characterized by the infrared (IR) spectroscopy. The adsorption of 
PEG-20000 on particles was confirmed by FTIR spectra (Figure 3.4). The appearance of 1043 and 2951.41 cm-1 
band was assigned to the stretching of ether groups and the characteristic absorptions of alkyl (R-CH2) 
stretching modes. At 3464 cm-1 hydroxyl group contribution was observed.  
 A sharp band can be observed at 1612 cm-1, which is the stretching vibration of –C-CH2 groups. These 
bands are known to be the characteristic bands of CH2 groups that are presented in PEG-20000, indicative of a 
successful ligand exchange (Shen et al. 2009). The peak at 592.08 cm-1 was assigned to the Fe–O bond vibration 
of Fe2O3.  
 The obtained magnetite nanoparticles were coated with the previously prepared cross linked-chitosan to 
form cross-linked chitosan coated magnetic nanoparticles (CTS-ECH-MNP). Since the surface of iron oxide is 
negatively charged, it has affinity toward chitosan, so protonated chitosan could be coated on the magnetite 
nanoparticles by the electrostatic interaction and chemical reaction through epichlorohydrin crosslinking (Li and 
Huang, 2008). 
 The results of ζ-potential measurement are presented in Table 3.1 Magnetite particles are negatively 
charged at pH 7.0 due the presence of adsorbed hydroxyl ions. After chitosan layer deposition they become 
positively charged. The ζ -potential measurement was performed at pH= 7.0. All the amino groups belonging to 
chitosan are protonated at pH lower than 6.0. It can be seen that there is an obvious rise in zeta potential with the 
addition of magnetic nanoparticles to chitosan. It is worth noting that magnetite is an amphoteric solid, which 
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can develop charges in the protonation and deprotonation reactions of Fe–OH surface sites (Hadju et al., 2009). 
The results prove that chitosan-magnetite nanocomposite particles bear surface free amino groups available for 
functionalization. 
 

 
Fig.  3.4:   FTIR spectra of magnetic nanoparticles. 
 
Table 3.1: Zeta potential measurement. 

 Zeta potential, ξ, mV 
Magnetite particles - 3.3 
chitosan-magnetite nanocomposite particles +3.88 

ζ−potential measured in 0.2 M phosphate buffer, pH = 7.0. 
 
Solubility and Swelling Test of CTS-MNP and CTS-ECH-MNP beads: 
 
 After cross linking with epichlorohydrin, the cross-linked chitosan magnetic nanoparticles (CTS-ECH-
MNP) were found to be almost insoluble in acidic and alkaline medium as well as distilled water. The mass of 
the beads remain unchanged after the incubation in 5% acetic acid, 0.10 M NaOH or distilled water for 24 h 
(Table 3.2). It is known that the high hydrophilicity of chitosan beads or raw chitosan  are due to  primary amine 
groups, which  makes chitosan easily soluble in dilute acetic or formic acid  solutions to yield a hydrogel in 
water. Therefore, the cross-linking treatment of chitosan reinforces its solubility in organic acidic media, making 
it useful for the removal of chemical pollutants from wastewaters in acidic solution. The percentages of swelling 
of these beads were calculated by using the previously mentioned equation (eq. 1): 
 
Percentage of swelling =    x 100%                                       (1) 
 
where Ws is the weight of swollen beads (g) and W is the weight of dry beads (g). 
 
 The swelling percentage of chitosan also reduced after cross-linking. The results (table 3.3) obtained show 
that uncross-linked chitosan beads had 37.6% and 32.5% swelling when allowed to remain in distilled water and 
0.1 M NaOH solution respectively, for 24 hours at room temperature. However the swelling for CTS-ECH-
MNP was only 9.3% in distilled water and 7.8 % in NaOH under similar conditions. The results gives indication 
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that cross-linking enhances the physical strength of the chitosan beads. Therefore, cross-linking modification is 
not only able to reinforce the chemical strength of the chitosan beads but also reduces the swelling of the beads. 
Thus, cross-linking treatment increases the rigidity and also the chemical stability of the beads. It is interesting 
to note that, the less swelling behaviour of cross-linked chitosan beads is important in order for it to be used in 
an adsorption column. 
 
Table 3.2: Solubility effects of CTS-MNP and CTS-ECH-MNP beads. Each sample 5.5 g. 

Solubility effects 
Beads 5% (v/v) Acetic Acids Distilled water 0.10 M Sodium hydroxide 
CTS-MNP 0 5.2 5.3 
CTS-ECH-MNP 5.1 5.3 5.4 

 
Table 3.3: Swelling Percentage of CTS-MNP and CTS-ECH-MNP beads. 

Swelling Percentage (%) 
Beads 5% (v/v) Acetic Acid Distilled water 0.10 M Sodium hydroxide 
CTS-MNP Soluble 37.6 32.6 
CTS-ECH-MNP 18.3 9.3 7.8 

 
S. cerevisiae  immobilization on the surface of cross-linked chitosan coated magnetic nanoparticles by 
microwave grafting: 
 
 Conditions for the adsorbent synthesis were optimized by immobilizing of Saccharomyces cerevisiae by 
grafting using short burst of microwave irradiation (15 times) at 200W output power. The short duration of 
microwave exposure is very crucial so as not to overheat the sample and to avoid denaturation of the molecular 
structure. The grafting was observed visually and achieved within 20 min. Conventional method requires about 
8-12 hr of incubation at room temperature to achieve immobilization of yeast onto chitosan  (Singh et al, 2006; 
Zhou et al., 2009; Li and Huang, 2008). Singh et al. (2006) reported grafting of acrylamide and methyl 
methacrylate onto chitosan using microwave irradiation. They have shown that under microwave irradiation, 
grafting could be achieved in the absence of the initiating system (potassium persulfate and ascorbic acid), 
whereas control experiments with thermal heating at 100oC without initiator did not show any grafting, 
indicating the presence of non-thermal microwave effects. Microwave have also been reported to have special 
effects of lowering of Gibbs energy of activation of the reactions and a plausible free radicals mechanism for the 
grafting under the microwave irradiation has been proposed (Singh et al., 2006). The microwave assisted 
grafting does not require any catalyst, initiator or special modification. Hence it does not require additional 
chemicals and is regarded as a green method.  
 The percentage of efficiency (%E) and grafting (%G) were obtained in different sets of experiments and 
calculated using Kojima et al. (2003) equations (refer to eq. 2 and 3 in previous section) and the results have 
been summarized in Table 3.4.  The initial increase in % E could be due to the greater availability of the number 
of S. cerevisiae cells in the proximity of the chitosan increasing the chance of the molecular collision and hence 
grafting. A maximum of 75% efficiency was obtained using 6 grams of S. cerevisiae with 7 grams of CTS-
ECH-MNP particles. Microwave method used, gives a good rapid grafting process. 
 
Table 3.4:  Grafting and Efficiency percentage of grafting at the different Saccharomyces Cerevisiae amount. Chitosan coated magnetic 

nanoparticles beads used was 7.0 g. 
No. Saccharomyces Cerevisiae in grams % of grafting (%G) % of efficiency (%E) 
1 4 22 34 
2 5 47.1 66 
3 6 64.3 75 
4 7 57.3 57.1 
5 8 53.1 46.5 

 
 The infrared spectra (FTIR) of chitosan (CTS), cross-linked chitosan (CTS-ECH), cross-linked chitosan 
coated magnetic nanoparticles (CTS-ECH-MNP), Saccharomyces cerevisiae grafted onto cross-linked chitosan 
coated magnetic nanoparticles (SC-CTS-ECH-MNP) beads are shown in Figure 3.5. A characteristic strong 
and broad band appeared at around 3404.59 cm−1; corresponding to the stretching vibration of –NH2 group and –
OH group, which is typical for chitosan and can be seen in all the four spectra. Typically characteristic of 
chitosan peaks are around 1643 cm-1 for all the four spectra which is of C=O of -NH=C=O bond stretching 
(Pavia et al., 1996).  The peak at 2086 cm−1 can be assigned to asymmetric and symmetric CH2 groups. The 
spectrum for the epichlorohydrin modified chitosan (cross-linked chitosan) and unmodified chitosan shows 
similar vibration but with different relative intensities. The percentage transmittance intensity of –NH2 group 
and –OH group (peak around 3200 - 3700 cm-1) for  the  cross-linked  chitosan (3414 cm-1)  is higher than  that  
of  –NH2 group and –OH group from chitosan (3404 cm-1), which indicates cross-linked reaction occurred 
between chitosan and epichlorohydrin at that position.  
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 The concurrence of Fe3O4 infrared absorption peaks at about 580–620 cm−1 (in b) confirmed that the Fe3O4 
particles were entrapped by cross-linked chitosan beads. Since the surface of iron oxide is negatively charged, it 
has affinity toward chitosan, so protonated chitosan could be coated on the magnetite nanoparticles by the 
electrostatic interaction and chemical reaction through epichlorohydrin  crosslinking (Li and Huang, 2008). The 
peak located around 1641 is characteristic of amine deformation. After S. cerevisiae grafting on the surface of 
CTS-ECH-MNP, the spectrum of SC-CTS-ECH-MNP (d) shows that the peak 1645cm−1 (as in b) has shifted to 
1637 cm-1 (as shown in d). This peak relates to the stretching vibration of C-O. The peak of C–O–C stretching at 
around 1250 cm−1 was not observed in (d). The vibration absorption of N–H bending at 1640 cm−1 was 
weakened. These findings imply that the immobilizing process was accomplished via the reaction of carbonyl 
group and amine group. The results from FTIR spectra, showed that the cross-linked reaction in CTS-ECH 
beads, presence of Magnetic Nanoparticles in CTS-ECH-MNP beads and immobilization of S. Cerevisiae in 
SC-CTS-ECH-MNP beads had been performed successfully. 
 

 
 
Fig. 3.6:  FTIR spectra (a) CTS, (b) CTS-ECH-MNP, (c) CTS-ECH, (d) SC-CTS-ECH-MNP.  
 
Adsorption Dynamics: 
 
Effect of the pH Variation: 
 
 The pH variations effect on the adsorption of uranium (VI) onto samples A, B, C and D  (A=chitosan 
(CTS); B=cross-linked chitosan (CTS-ECH); C=cross-linked chitosan coated magnetic nanoparticles (CTS-
ECH-MNP); and D=Saccharomyces cerevisiae grafted onto cross-linked chitosan coated magnetic 
nanoparticles (SC-CTS-ECH-MNP) beads) was investigated using 50 mg/l of uranium (VI) concentration for a 
pH range of 2.0 – 9.0 at 25 ◦C for 180 min. The results are shown in Figure 3.7. The uranium (VI) removal 
efficiency by samples A, B, C, D was strongly depended on pH of the solution. The adsorption removal 
efficiency increased with increasing pH to a maximum value (pH 4.0) and then declines slowly. The efficiency 
remains up to 92% with further increase in pH up to 6. Hence it has a good adsorption capability in the range of 
pH 4-6. However sample A (CTS) showed less efficient results comparing with other adsorbents, the adsorption 
removal efficiency increased with increasing pH to a maximum value (pH 4.0) and then decreases drastically 
beginning from pH 4.0. The removal efficiency is only around 20% at pH 6. Sample D (SC-CTS-ECH-MNP) 
showed most efficient results comparing with other adsorbents, the adsorption removal efficiency increased with 
increasing pH to a maximum value (pH 3.0) and then smoothly declines to 92% efficiency by pH 6.0. Within 
the range of pH values from 6.5 to 9, the removal efficiency of U (VI) by samples B, C, and D decreases 
remarkably with increasing pH. Similar trend was also observed with the adsorption of copper from aqueous 
solution by cross-linked chitosan with a metal complexing agent (Vasconcelos et al., 2008). 



259 
Adv. in Nat. Appl. Sci., 6(2): 249-267, 2012 

 
Fig. 3.7: Effect of the pH variations on the adsorption of uranium (VI) ([UO22+] = 50 mg/L, A, B, C, D 

adsorbents = 10 mg, and T=25oC). 
 
 In strong acidic solutions (pH less than 3.0), more protons will be able to protonate amine groups to form –
NH3

+ groups on the chitosan surface, reducing the number of binding sites for the adsorption of UO2
2+ due to 

electrostatic repulsion, as a result, the removal efficiency of uranium decreases in strong acidic solutions (pH 
less than 3.0). The hydrolysis of uranyl ions plays important role in determining the equilibrium between 
uranium (VI) in solution and on adsorbent. The products of hydrolysis includes UO2(OH)+, (UO2)2(OH)2

2+, 
(UO2)3(OH)5

3+, (UO2)2(OH)2, which results in decline of adsorption removal efficiency of uranium (VI). It can 
be explained that pH (pH 3-6) plays an important role in dissociating proton of functional groups, resulting in 
more negatively charged functional groups, and the capacity of combination between functional groups and U 
(VI) can also be enhanced. However, when the pH is higher than a certain value, (pH greater than 6) OH− itself 
has a tendency to combine with U (VI), and it competes with functional groups on the adsorbent for metal ions, 
leading to the decrease of the adsorption capacity (Wang and Chen, 2009). The optimal pH of 4.0 was selected 
for further study in the other experiments.  
 
Effect of Contact Time: 
 
 Equilibrium time is another important parameter to heavy metals wastewater treatment process. Under the 
conditions of 10 mg adsorbent (A, B, C, D) amount, pH 4.0, room temperature and 50 mg/L uranium (VI), the 
adsorption experiments were carried out for contact time varied from 10 to 190 minutes. The results are shown 
in Figure 3.8. 

 
Fig. 3.8: Effect of contact time on the adsorption of uranium (VI) ([UO22+] = 50 mg/L, A, B, C, D = 10 mg 

each, pH= 4, and T=25oC). 
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 The adsorption capacity of uranium (VI) onto SC-CTS-ECH-MNP increases with an increase of contact 
time, and reaches adsorption equilibrium within 110 minutes. Adsorption kinetics of uranium (VI) consisted of 
two phases: first rapid phase where adsorption was fast and contributes significantly to equilibrium uptake, and 
a slower second phase whose contribution to the total metal adsorption was rather small. The maximum removal 
capacity was achieved at around 110 min, with removal percentage of 98%.  After 110 minutes, the change of 
adsorption capacities for uranium (VI) did not show noteworthy effects. As a result, the adsorption equilibrium 
time considered as 110 minutes. The SC-CTS-ECH-MNP adsorbent showed best adsorption of U(VI) in the 
time range. Such a fast adsorption rate could be attributed to the functional groups on adsorbent. Some 
literatures for example; Wang et al., (2009), have reported Uranium (VI) adsorption on the cross-linked chitosan 
took about 180 min to reach the maximum adsorption.  In a review by Bhatnagar and Sillanpaa (2009) the 
removal of some metal ion such as Hg, Cu, Ni, Zn, Pb and Mn by chitin and chitosan-derivatives showed a 
similar trend of maximum adsorption time of 120-180 min. From the figure 3.8 it shows that the rate of U (VI) 
adsorption becomes slower at later stages. It may be attributing to the great decrease of the bonding sites on the 
surface of SC-CTS-ECH-MNP and the aggregation between particulates and saturation of adsorbent. 
 
Effect of Uranium (VI) Concentration: 
 
 The effect of uranium (VI) concentration on the adsorption removal efficiency was studied by contacting a 
fixed mass of A, B, C, D adsorbents (10 mg) for 150 minutes at a fixed temperature (25◦C) and initial pH (4.0) 
using a variety of uranium (VI) concentrations (10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mg/L). The adsorption 
capacity and removal efficiency were calculated according to (eq. 4) and (eq.5) respectively. The results are 
shown in Figures 3.9 and 3.10.   
 The adsorption removal efficiency of uranium (VI) decreased from 100 to 90 % with increasing uranium 
(VI) concentration in the aqueous solution. This phenomenon can be explained since adding more mass of 
uranium into the system will increasing the initial uranium (VI) concentration in the aqueous solution, but the 
amount of the adsorbent remains the same.  The adsorption capacity Q, was calculated based on the difference 
of uranium concentration before and after adsorption, the volume of aqueous solution and the weight of the 
beads according to equation (4), as shown in previously. The adsorption capacity of adsorbents for uranium 
increased with increase of uranium concentration, as the amount of the adsorbent remains unchanged. This 
result is similar to that reported by Kutahyal and Eral, (2004) in their study on selective adsorption of uranium 
from aqueous solutions using activated carbon prepared from charcoal by chemical activation. From the figure 
3.9, it can be deduced that the maximum adsorption capacity for U (VI) was about 86.5 mg per gram adsorbent 
at uranium concentration in the solution of 90 mg/L.  This gives a removal efficiency of 96%.   
 

 
Fig. 3.9:  The adsorption capacity under variable uranium (VI) concentration  (A, B, C, D = 10 mg each, pH= 4, 

and T=25oC, 180 min). 
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Fig. 3.10: The adsorption removal efficiency under variable uranium (VI)  concentration  adsorbents. (A, B, C, 

D = 10 mg each, pH= 4, and T = 25oC). 
 
 Traditionally, biological adsorbents maintain consistent efficiency only when suspected to heavy metals in 
wastewaters at the low concentrations and achieve low adsorption capacity (15-306 mg/g). Hudson and Matejka, 
(1989) applied polymeric microspheres for heavy metal adsorption, and found that the adsorption capacities 
were just between 14.4 and 24.6 mg/g Erdal et al. (2009) used polyethyleneglycol-methacrylate (PEGMA)-co-
vinylimidazole (VI) microspheres as adsorbents and found that its adsorption capacity was only 25 mg/g for 
heavy metals. Compared with the data mentioned above, the SC-CTS-ECH-MNP performs better in the 
treatment of U (VI) in solution. It can be further indicated that the SC-CTS-ECH-MNP have a good potential as 
adsorbent for the treatment of other heavy metals 
 
Effect of Adsorbents Mass: 
 
 The effect of adsorbents concentration on the adsorption removal efficiency was studied by contacting a 
variety of  mass of A, B, C and D adsorbents (0.02, 0.04, 0.06, 0.08, 0.10, 0.12 mg) at a constant temperature 
(25oC) and initial pH (4.0) using 50 mg/l of uranium (VI) concentration for 120 min. The results are shown in 
Figure 3.11. The adsorption removal efficiency of uranium (VI) increased with increasing adsorbents 
concentration in the aqueous solution. The adsorption surface area gets larges with increasing of the mass of the 
adsorbents. SC-CTS-ECH-MNP adsorbent showed greatest results, even at the lowest concentration (0.02 mg), 
the removal efficiency was more than 60%. The efficiency increases to almost 100% when the concentration of 
the adsorbent is 0.10 mg.  
 

 
Fig. 3.11: The adsorption removal efficiency for variable mass of A, B, C, D adsorbents, uranium (VI) ([UO22+] 

at 50mg/L, at pH 4 and T=25oC, 120 min). 
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Adsorption Isotherms: 
 
 The adsorption isotherm is fundamental information, which specifies how the adsorbent molecules 
distribute between the liquid and the solid phase when the adsorption process reaches an equilibrium state. 
Using the data from the adsorption experiments conducted in a series of U (VI) solutions with different initial 
concentrations, the adsorption capacity and adsorption behavior of U (VI) were analyzed by adsorption 
isotherm. Figure 3.12 shows the adsorption isotherm of uranium (VI) on the SC-CTS-ECH-MNP. The 
adsorption capacity qe of U (VI) increased from 10 mg.g-1 to 75 mg.g-1 when the concentration of U (VI) 
increased from 1 mg/L to 20 mg/L. 
 The Langmuir and Freundlich models are usually used to describe equilibrium adsorption isotherms. The 
amount of adsorption at equilibrium time t, qe (mg/g), was calculated by (eq. 6) as mentioned previously. The 
Langmuir isotherm considers the adsorbent surface as homogeneous and all adsorption sites equivalent. There is 
no interaction between adsorbed molecules and at the maximum adsorption, only a monolayer of adsorbate is 
formed on the surface of the adsorbent. The Eq. (7) represents the Langmuir isotherm:  
 

                (7) 
 
where b is a constant of adsorption equilibrium (L/mg), and Q0 is the saturated monolayer adsorption capacity 
(mg/g).  A linearized plot of Ce/qe against Ce gives a Q0 and b. The plot of specific sorption, Ce/qe, against the 
equilibrium concentration, Ce  for SC-CTS-ECH-MNP is shown in Figure 3.13. 

 
Fig. 3.12:  Adsorption isotherm of uranium (VI) on SC-CTS-ECH-MNP (SC-CTS-ECH-MNP = 10 mg, pH= 4, 

and T=25o C). 

 
Fig. 3.13: Adsorption isotherm of uranium (VI) on SC-CTS-ECH-MNP, plotted according to the linearized 

Langmuir equation.   
 
 An alternate isotherm based on adsorption on a heterogeneous surface developed by Herbert F. Freundlich 
is Freundlich isotherm (Mellash and Chegrouche, 1997). In 1909, Freundlich gave an empirical expression 
representing the variation of isothermal adsorption of gas, adsorbed by unit mass of solid adsorbent with 
pressure. The empirical Freundlich equation based on adsorption on a heterogeneous surface (eq. 8) is given as 
follows: (Mellash and Chegrouche  1997): 
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qe = KF × Ce
1/n                                           (8) 

 
This expression can be linearized to give (eq. 9), which is: 
 
ln qe = ln KF +  ln Ce                                  (9) 
 
where KF and n are Freundlich constants, which represent adsorption capacity and adsorption intensity, 
respectively. KF and n was determined from a linear plot of ln qe against ln Ce (Figure 3.14). The calculated 
results of the Langmuir and Freundlich isotherm constants are given in Table 4.4 

 
Fig. 3.14: Adsorption isotherm of uranium (VI) on SC-CTS-ECH-MNP, plotted according to Freundlich 

equation.   
 
 It is found that the adsorption of uranium (VI) on the SC-CTS-ECH-MNP correlated well (R > 0.96) with 
the Langmuir equation as compared the Freundlich equation under the concentration range studied. The 
Langmuir isotherm considers the adsorbent surface as homogeneous and all adsorption sites equivalent. There is 
no interaction between adsorbed molecules and at the maximum adsorption, only a monolayer of adsorbate is 
formed on the surface of the adsorbent. Langmuir model is suitable for adsorption equilibrium of uranium (VI) 
onto SC-CTS-ECH-MNP with a maximum adsorption capacity of 72.4 mg/g at 25oC. The maximum adsorption 
or bioaccumulation quantity of uranium by living or non-living S. cerevisiae with traditional biosorption method 
varies from 30 mg.g-1 to about 60 mg/g dry weight (Popa et al., 2003; Liu et al., 2004). Therefore, the maximum 
biosorption quantity in this study was better than the average level of biosorption quantity reported  previously.  
 The essential characteristics of the Langmuir isotherm can be expressed in terms of dimensionless constant 
separation factor, RL which is used to predict if an adsorption system is preferable or not. The separation factor, 
RL is given by (Bhatnagar and Jain, 2005) (Eq.4.0): 
 
RL =                (4.0) 
 
where C0 is the initial uranium (VI) concentration (mg/L) and b is the Langmuir adsorption constant (L/mg). 
Table 4.5 lists the calculated results.  
 
Table 4.4: Langmuir, Freundlich isotherm model constants and correlation coefficients. 

Langmuir model 
Q0 (mg/g) 72.43 
b (L/mg) 1.30 
R2 0.9683 
Freundlich model 
KF (mg/g) 37.28 
n 3.95 
R2 0.9077 
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Table 4.5:  RL values based on the Langmuir equation. 
Initial uranium (VI) concentration (mg/L) RL Value 
1.0 0.4347 
5.0 0.1333 
10.0 0.0714 
15.0 0.0487 
20.0 0.0370 

 
 Based on the effect of separation factor on isotherm shape, the RL values are in the range of 0 < RL < 1. The 
calculated RL values, ranging from 0.0370 to 0.4347 for different initial U (VI) concentrations, indicated that 
adsorption of U (VI) by SC-CTS-ECH-MNP was favorable. 
 
Regeneration of SC-CTS-ECH-MNP:  
 
 The reusability of the SC-CTS-ECH-MNP in U(VI) adsorption is also investigated in this study. The data of 
adsorption capacities after reuse for 10 times are shown in Figure 4.18. It is observed that the adsorption 
capacities of U(VI) ions decrease slightly from 50 to 40 mg/g with increasing the times of the reuse, and the 
adsorption capacity for U(VI) ions is up to 90% after reuse for 10 times, which indicates that the SC-CTS-ECH-
MNP has a good reusability. Experiments were held for 10 times, showing good results, it can be assumed that 
the adsorbent can be reused up to 20 times with removal efficiency for 80%. 
  

 
Fig. 4.18:  Reusability of SC-CTS-ECH-MNP adsorbent for uranium (VI) adsorption. ([UO2

2+] = 50mg/L, 
10mg of SC-CTS-ECH-MNP adsorbent, pH= 4, and T=25oC). 

 
Conclusion: 
 
 In this work, SC-CTS-ECH-MNP was synthesized and characterized as a new adsorbent for U (VI) 
adsorption from aqueous solution. The adsorbent was prepared by grafting S. cerevisiae under microwave 
irradiation on the surface of chitosan-coated magnetic nanoparticles. The batch adsorption experiment have 
proven that the removal efficiency of U (VI) adsorbed by SC-CTS-ECH-MNP was enhanced by Saccharomyces 
Cerevisiae grafted on the surface of chitosan-coated magnetic nanoparticles. The SC-CTS-ECH-MNP was 
shown to be efficient adsorbent for the adsorption of U (VI) from aqueous solution at initial pH values from 2 to 
9, with maximum adsorption removal efficiency at 4 and slight decrease by pH 9. In addition, more than 90% of 
U (VI) ions were removed by 10 mg of SC-CTS-ECH-MNP within the first 20 min, and the time required to 
achieve the adsorption equilibrium was only 110 minutes.  
 Magnetic nanoparticles were synthesized rapidly, using microwave irradiation. The application of magnetic 
nanoparticles in separation processes allows fast and cost effective separation of the target biomolecule from the 
reaction mixture without filtration or centrifugation, therefore representing a gentle, versatile, scalable, and easy 
to automate separation process. The Microwave irradiation has proved to be effective heating source and 
reaction enhancer in producing magnetic nanoparticles, cross-linking reaction and Saccharomyces cerevisiae 
grafting.  
 The adsorption dynamic results showed that the adsorption process obeys a Langmuir adsorption isotherm. 
SC-CTS-ECH-MNP adsorbent is not only effective biosorbent of uranium, but also it is cost effective and 
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environmentally friendly. Chitosan can be easily obtained from seafood waist. The biomass of S. Cerevisiae can 
be obtained from various food and beverage industries. S. Cerevisiae as a by-product is easier to obtain from 
fermentation industry, in comparison with other types of waste microbial biomass. The usage of microwave 
irradiation reduces the energy costs which are associated with heating. SC-CTS-ECH-MNP showed good 
reusability results, after 10 times of reuse, removal efficiency was 90%. 
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