
 
 

 

Sy

 
 
 

 

 

 

 

 

ynthes
Ur

is of A
ranium

Ch

Adsorb
m from

hapter
 

bents f
m Aque

 
 
 
 
 
 
 

r 3 

for the
eous S

DIVYA PA

e Rem
Solutio

C

PATEL / MSU

moval o
on 

Chapter 3 

U 95 

of 



Chapter 3 

 
 

DIVYA PATEL / MSU 96 

 

3.1. Introduction 

In the last few decades, a large number of adsorbents have been developed to recover 

uranium from water resources, such as clay minerals, modified palm shell powder, activated 

carbon, graphene oxides, chelating resins, and magnetic metal oxides, etc. (Abney et al., 

2017; Kushwaha and Sudhakar, 2013; Liu et al., 2019; Wang et al., 2019). In the past few 

decades, polymer-based materials have been exhaustively studied as efficient adsorbents for 

uranium because such materials can be modified with functional groups and designed to have 

unique properties that show remarkable characteristics including large surface area, increased 

porosity, and multi-functionality (Pan et al., 2009). Due to its cationic behavior in acidic 

solution, chitosan, one of the well-known biopolymers, has unique features that differentiates 

it from other polysaccharides. Raw biopolymers have low porosity and persistent 

crystallinity, which restrict access to internal reactive groups and complicate hydration. To 

improvise the performance of the adsorbent, usually chelating substances are used which 

overcome the above-mentioned short comings. Functionalization or derivatization further 

enhanced the adsorption and chelating abilities of chitosan (Kyzas and Bikiaris, 2015).  A 

variety of ligands, including barbituric acid, oxine, glycine, iminodiacetic acid (IDA), 

ethylene glycol bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA), 

ethylenediaminetetraacetic acid (EDTA), and diethylenetriaminepentaacetic acid (DTPA), 

etc., have been used to modify chitosan for the effective removal of different elements and 

remediation of wastewater (Hamza et al., 2019; Kushwaha and Sudhakar, 2011; Repo et al., 

2010). For the uptake of uranium from aqueous solution, Suresh Kumar and his colleagues 

synthesized crosslinked chitosan with sodium tripolyphosphate. (Sureshkumar et al., 2010).  

For the adsorption of Co(II) from water in the presence of EDTA and other interfering 

species, Evelina Repo et al. utilised EDTA-modified chitosan(Repo et al., 2013). 

Additionally, they used modified chitosan-silica hybrids with EDTA as adsorbents to remove 

the ions of cobalt, nickel, cadmium, and lead from aqueous solutions (Repo et al., 2011b). 

Researchers have employed DTPA as well as silica gel modified chitosan to remove cobalt 

and chromium from aqueous solutions (Bhatt et al., 2015; Repo et al., 2011a). However, 

DTPA-modified chitosan's ability to adsorb uranium from water-based systems has not been 

explored till date.  

In addition to biopolymers, biochar is also an alternative for remediating water containing 

radioactive elements, heavy metals, and other contaminants.  Over the past few years, 

biochar, an emerging carbon-rich substance created from inexpensive biomass waste through 
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simple pyrolysis, has drawn significant attention as an effective adsorbent to remove water 

pollutants (Han et al., 2017; Jin et al., 2018; Luo et al., 2021). In addition to eliminating water 

contaminants, biochar is used in other sectors, such as energy production (Chi et al., 2021; 

Kant Bhatia et al., 2021), soil amendment (Adhikari et al., 2022; Wu et al., 2012) and others 

(Hu et al., 2020; Kamali et al., 2022) due to the presence of mineral content, large specific 

surface area, rich porous structure, and availability of surface functional groups. Biochar is 

synthesized from a variety of biomass, including straw, maize cobs, animal manure, 

wastewater sludge, fruit wastes, and vegetable wastes, etc. (Albayari et al., 2021; Gopinath et 

al., 2021; Liao et al., 2022a; Lingamdinne et al., 2022). 

Furthermore, using these wastes to make biochar lessens the global ecological burden, 

reduces waste volume, and promotes the mass manufacturing of low-cost, long-lasting 

adsorbents for water and wastewater treatment, as well as uranium recovery from seawater. 

The biochar synthesis conditions, and treatment parameters are the major contributors to the 

advantages of such adsorbents. In previous studies many approaches to improve the 

efficiency and functional groups of biochar have been applied (Lingamdinne et al., 2022; 

Wang et al., 2021). Furthermore, modified biochars require more chemicals and energy to 

improve efficiency, as well as additional functional groups on the surface. Literature shows 

that many modified biochar and high-temperature pyrolyzed biochar from organic waste have 

been used to extract elements such as uranium from aqueous solutions (Lingamdinne et al., 

2022; Morsy, 2015; Wang et al., 2021; Xu et al., 2020).  Because of this, it's necessary to 

search for less expensive biochar substitutes to remove uranium from waste and marine 

water; this work additionally depends on energy management. Watermelon rind, on the other 

hand, is a plentiful fruit waste product, yielding 117 million tonnes worldwide, but its biochar 

has not received as much attention as it could for uranium adsorption. Watermelon peels are 

rich in phenolic compounds, fatty acids, and carbohydrates. Melon peels' carbohydrate 

content mostly consists of cellulose, hemicelluloses, and pectin, with the main 

monosaccharides being glucose, xylose, and galactose. This makes watermelon peels a good 

substitute for producing biochar (Sadhu et al., 2021). Keeping these things in mind, the 

viability of producing low-cost, unmodified biochar at low temperatures from watermelon 

peels, an agricultural by-product, and chitosan DTPA were investigated for the adsorption of 

uranium from aqueous solutions. 
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3.2.Characterisation of the prepared adsorbents  

An ALPHA-T IR (Bruker) spectrometer was used to carry out the Fourier Transform Infrared 

(FTIR) measurements which was used to detect the presence of functional groups present on 

the surface of the synthesized adsorbents. Under a nitrogen environment, thermogravimetric 

analysis (TGA) was performed using Exstar 6000 TG-DTA-6300 thermal analyser. The 

porosity of the adsorbents has been determined via BET analysis using Micromeritics ASAP 

2010. The morphological properties of the surface of the adsorbents for the pre and post 

adsorption was examined using SU1510 scanning electron microscopy (SEM). EDX analysis 

(JSM-7600F) was utilized to determine the material's elemental composition both before and 

after uranium adsorption.  To determine the crystal lattice parameters XRD measurement of 

samples were performed using Bruker D8 Advance A25. In addition to these methods, XPS 

(PHI 5000 VersaProbe III model) was carried out for speciation and to elucidate the 

underlaying mechanism of uranium adsorption onto the adsorbents. 

 

3.3.Batch adsorption experiment and adsorption parameters optimization 

The adsorption properties of the adsorbents under study for uranium removal from water 

were investigated using the batch adsorption method and were caried out in 100 mL glass 

conical flasks.  The process was carried out on a mechanical shaker at 150-rpm shaking speed 

for three hours at room temperature. Filtration was used to separate the adsorbent using 

Whatman filter paper. The initial concentration of the solution was 30mg/L. The uranium 

removal (%) was calculated by the following Equation 3.1(Kushwaha and Sudhakar, 2013) 

                                     Removal (%) = (C0 -Ce) x 100/C0                               (3.1) 

Where, C0 is the original concentration and Ce is the final concentration of uranium after 

adsorption. 

 

Adsorption parameters: 

(i) pH: pH of the solution plays a significant role in the adsorptive removal of metal 

ions. Therefore, it is important to optimize the pH condition for adsorption. For 

this study the pH was varied from 2-10 keeping other parameters such as initial 

concentration of adsorbate, adsorbent dose, temperature, equilibration time and 

total volume of solution. 

(ii) Dose: An essential factor in an adsorption investigation is dosage optimisation. 

The number of active sites and the mass transfer efficiency are both directly 
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affected by the dosage of the adsorbent (Zhao et al., 2023). In the context of the 

economic analysis of adsorption, dose optimisation is equally crucial. 

(iii) Contact time: Contact time serves as an important component of adsorption 

optimisation and understand the kinetics of the adsorption process. For this study 

the contact time was varied keeping other parameters such as initial concentration 

of adsorbate, adsorbent dose, temperature, and total volume of solution constant. 

(iv) Concentration: In the current study, the impact of initial concentration on the 

adsorption by various adsorbents was examined with varying concentrations of 

metal ion adsorbate under study under optimised conditions of pH, adsorbent 

dose, and equilibration time.  

(v) Temperature study:   Under ideal circumstances, the effect of temperature on the 

degree of solute adsorption was systematically examined at various temperatures 

to understand the thermodynamics of the adsorption process. 

The removal capacity post-adsorption was calculated using the Equation 3.2. 

qe (mg/g) = [(Ci - Ce) *V]/W                             (3.2) 

 

where, qe represents the uranium uptake capacity, Ci and Ce represent the concentration of 

uranium (mg/l) initial and equilibrium concentration respectively. V stands for the volume of 

aqueous solution in liter and W is the amount of adsorbent used in gram.  

 

3.4. Isotherms and Kinetics analysis for adsorption study 

The adsorption mechanism and maximum adsorption capacity of adsorbate on adsorbents 

under study were investigated by fitting the sorption data in the respective isotherm and 

kinetic models. The isotherm models used were Langmuir and Freundlich and the kinetic 

models explored were pseudo-first order and pseudo-second order. Table 3.1 and Table 3.2 

summarize the assumptions and equations involved in the kinetic and isotherm models 

studied. 

 

Table 3.1 Models of isotherms and their applicability. 

Sr 
No. 

Isotherm 
model name 

Descriptions Plot References 

1 
Langmuir 

 

Langmuir's model assumes that the 
surface of the adsorbent is homogeneous 
with identical adsorption sites with 

1/Ce vs 
1/qe 

(Langmuir, 
1916) 
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uniform energies of adsorption and no 
transmigration of adsorbate. This 
describes quantitatively the formation of a 
monolayer adsorbate. Qm indicates 
maximum adsorption capacity 

2 
Freundlich 

 

The constant Kf is an approximate 
indicator of adsorption capacity, assumes 
heterogeneous multilayer adsorption 
while 1/n is a function of the strength of 
adsorption process which varies with the 
heterogeneity of the material. The value 
of 1/n predicts whether the adsorption 
process is favourable (0.1 < 1/n < 0.5) or 
unfavourable (1/n > 2). 

Log Ce 
vs Log 
qe 

(Freundlich, 
1906) 

 

The above-mentioned isotherms have been applied to explain the equilibrium adsorption 

characteristics. Equation (3.3) represents Langmuir’s isotherm, and its linear form is 

represented by Equation (3.4) 

                                                  𝑞𝑒 ൌ  
௤௠௔௫ ௄௅ ஼௘

ଵା௄௅ ஼௘
                                        (3.3) 

 

              Ce/qe = 1/KLqmax ×Ce + 1/qmax                           (3.4) 

 

where, qmax represents the maximum adsorption capacity (mg/g) and KL (L/mg) is 

Langmuir’s isotherm constant which shows the binding affinity between uranium and 

adsorbents. 

 

 The separation factor (RL) is calculated using Equation (3.5).  

 

                                                    R୐ ൌ
ଵ

ଵାେ୧∗୏୐
                                            (3.5) 

 

where, RL is the dimensionless Langmuir constant which indicates the adsorption feasibility 

either favorable (0 < R L > 1), unfavorable (R L > 1), linear (R L = 1) or irreversible (RL =0). 

 

 Equation (3.6) represents the Freundlich’s isotherm and Equation (3.7) its linear form 

                                                   𝑞𝑒 ൌ 𝐾𝑓 𝐶𝑒ଵ/௡                                         (3.6) 
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                         𝑙𝑜𝑔𝑞𝑒 ൌ 𝑙𝑜𝑔𝐾𝑓 ൅  
ଵ

௡
𝑙𝑜𝑔 𝐶𝑒                                 (3.7) 

 

where, Kf is Freundlich’s constant  

Present study focuses on the pseudo-1st-order and pseudo-2nd-order kinetics models.   

 

Table 3.2. Kinetic models with their applications. 

Sr 
No. 

Kinetics model 
name 

Descriptions Plotting References 

1 

Pseudo-1st-
order  
 

The kinetic model generally does not fit 
throughout the whole adsorption cycle, 
it is generally at the initial stage. The 
amount of uptake capacities generally 
increases with an increase in time and 
concentration.  

t vs ln(qe-
qt) 

(Lagergren, 
1898) 

2 
Pseudo- 2nd -
order  
 

The kinetic model generally supports the 
chemisorption of adsorbate during the 
adsorption process. 

t vs t/qt (Ho, 2006) 

 

The pseudo 1st order is represented in Equation (3.8).  

 

                                           ln (qe – qt) = lnqe − K1 t                                    (3.8) 

 

Where, qt represents the adsorption capacity (mg/g) at time t while K1 (min-1) is the 

equilibrium rate constant. 

Pseudo 2nd order is represented in Equation (3.9): 

 

                                                
௧

௤௘
ൌ

ଵ

௄మ  ௤೐
మ 

൅
ଵ

௤௘
                                            (3.9) 

where K2 (g mg-1min-1) is the equilibrium rate constant. The values of linear coefficient 

regression (R2) are used to predict the most suited isotherm and kinetic model for the 

adsorption process. 

The thermodynamic parameters of the adsorption process was determined for the 

experimental data using  Equation 3.10:  

 

                                                      ∆G⁰ = ∆H⁰ - T∆S⁰                                        (3.10) 
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Where, ∆G⁰ =Gibbs free energy (kJmol−1), ∆H⁰ =enthalpy (KJ mol-1), T=absolute 

temperature (K), and ∆S⁰ = entropy (JK -1 mol-1).  

 

3.5. Desorption study 

Desorption studies are important in determining whether recovery of pollutants after 

adsorption is feasible and whether the regeneration of the adsorbent for further usage is 

possible or not. Eluent, or desorbent solution, is used in the desorption process to treat the 

exhausted adsorbent. Adsorbate releases from adsorbent when the bond between both of them 

breaks. The adsorption procedure continues on this treated adsorbent. Anionic and cationic 

contaminants are typically desorbed using alkaline solutions, preferably NaOH, and acidic 

solutions, usually HCl, this is because of electrostatic attraction, which signifies that the pH 

factor mostly influences the desorption mechanism (Patel, 2021). The adsorption-desorption 

investigation was conducted under optimal conditions. The percentage of metal ion desorbed 

from the adsorbents loaded with adsorbate was calculated by using Equation 3.11. 

                                % 𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 ൌ  
௤೏೐ೞ

௤ೌ೏ೞ
ൈ 100                                   (3.11) 

Where, qdes is desorbed uranium content (mg/l) and qads is absorbed uranium content.  

 

The present chapter is divided into two sections.  Section A of the present chapter comprises 

of chitosan DTPA (Diethylenetriamine pentaacetic acid) synthesis, characterization and its 

application in removal of uranium while Section B describes synthesis of watermelon rind 

biochar, characterization and its application in removal of uranium. 
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Chapter 3A 

Synthesis of Chitosan-DTPA for Removal of Uranium from 

Aqueous Solution 

3A.1.Materials and Methods 

3A.1.1.Materials and chemicals: Chitosan (from crab shells) (87.6 % deacetylated) was 

purchased from Sigma-Aldrich. Diethylenetriaminepentaacetic acid (DTPA) (98% and 

molecular weight 393.35) was purchased from Spectrochem. Uranyl Nitrate Hexahydrate 

puriss AR UO2(NO3)2.6H2O which was purchased from Spectrochem PVT.LTD. All 

chemicals were procured and used without any further purification. 

 

3A.1.2.Preparation of Chitosan DTPA: In the first step 1mLglacial acetic acid (GAA) was 

taken in a conical flask and 1% of chitosan was added while stirring. In the second step, 

3.93g of diethylenetriaminepentaacetic acid (DTPA) was dissolved in 100 mL of 0.5N NaOH 

solution to make 0.1N DTPA solution. Further the DTPA solution was then slowly added to 

the chitosan solution (v/v) with continuous stirring for 4 hours at room temperature. The 

solution was then filtered using Whatman filter paper. The obtained residue was washed with 

distilled water till neutral pH and dried in oven at 800C.  The dried product was crushed into 

fine powder using mortar and pestle and was used as adsorbent further for the uptake study of 

Uranium. Figure. 3A.1. show a schematic representation of the chitosan-DTPA synthesis.  

 

3A.1.3.Preparation of uranium solution:  Stock solution was prepared by dissolving 2.11g 

Uranyl Nitrate Hexahydrate puris AR [UO2(NO3)2.6H2O] in 1L conductivity water to obtain 

1000mg/L of stock solution. Working standards were prepared by diluting different volumes 

of the stock solution to obtain the desired concentration. 

 

3A.1.4.Determination of uranium uptake capacity:  The entire study was carried through a 

batch process as described in section 3.3. Uranium concentration was estimated in the filtrate 

obtained after filtration, using Agilent Technologies model no. Cary 60 UV-Vis 

spectrophotometer at wavelength of 651nm by complexation of Arsenazo III reagent with 

uranium solution (Khan et al., 2006). Uranium uptake per gram of CH-DTPA was calculated 

using Equation 3.2. 
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13 
 Modified magnetic chitosan resin containing 

diethylenetriamine functional groups (DETA-MCS) 
65.16 3.5 (Xu et al., 2013) 

14 
Triphosphate-crosslinked magnetic chitosan resins 

(TPP-MCR) 
169.4 4 (Zhou et al., 2014) 

15 

Cysteine-Functionalized Chitosan–Magnetic Nano-

Based Particles (Cysteine/chitosan magnetic 

nanoparticles) 

97.5 
3.61 

- 5 
(Galhoum et al., 2015) 

16 Phosphorylated chitosan (P-chitosan) 54.4 5 (Morsy, 2015) 

 

17 
Magnetic hydrothermal cross-linked chitosan (HCC–

Fe3O4) 

 

263.1 

 

7 

 

(Yu et al., 2016) 

18 
Magnetic carboxymethyl chitosan nanoparticles 

functionalized with ethylenediamine (EDA-MCCS) 
175.6 4.5 (Zhou et al., 2016) 

19 Amidoxime functional chitosan beads (MAO-chitosan) 117.65 6 (Zhuang et al., 2018) 

20 Chitosan 68 5 (Mishima et al., 2018) 

21 
Magnetic chitosan/graphene oxide composites 

(MCGO) 
178.6 5 (Huang et al., 2018) 

22 
Polyvinylpyrrolidone/Chitosan blended nanofibers 

(PVP/chitosan fibers) 
167 6 (Christou et al., 2019) 

23 
Electrospun chitosan/baker's yeast nanofibre (CS NFs) 

59.87 <6 
(Rostamian et al., 

2019) 

24 

Amidoxime functionalized adsorbent, 

poly(amidoxime)-grafted-chitosan/bentonite composite 

(P(AO)-g-CTS/BT) 

49.09 8 
(Anirudhan et al., 

2019) 

25 

2-phosphonobutane1,2,4-tricarboxylic acid-decorated 

chitosan-coated magnetic silica 

(CoFe2O4@SiO2@CS-PBTCA) 

105.26 4 (Huang et al., 2020) 

26 Chitosan grafted titanium dioxide (CS/TiO2) 163.2 5 (Wang et al., 2020) 

27 Chitosan-based aerogel (CS-PTA-DMAs) 160 6 (Yang et al., 2021) 

28 
Chitosan grafted phenylenediamine polysulfone (PSu) 

– (PSu/C-g-PDA) 
44 

3 (Orabi et al., 2021) 

29 
Chitosan grafted phenylenediamine cellulose acetate 

(CA)- (CA/C-g-PDA) 
39 

30 
Chitosan/Chlorella pyrenoidosa composite adsorbent 

bearing phosphate ligand (CSP/CP) 
1393.33 5 (Liu et al., 2022) 

31 Chitosan-DTPA (CH-DTPA) 2500 7 Present study 
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The adsorption capacity is at a neutral pH compared with the previous study. It was found 

that the adsorption capacity was highest reported till date.  

 

3A.2.7.Thermodynamic parameters: The thermodynamic parameters such as change in free 

energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°) as calculated from Equation 3.10 were 

obtained for the adsorption of uranium on CH-DTPA and have been given in Table 3A.4. 

The negative value of ∆H⁰ indicated the feasibility and spontaneous nature of adsorption 

process of uranium on CH-DTPA and that the adsorption process was exothermic (Noli et al., 

2019). Also, a decrease in randomness at the solid/solution interface during the uranium 

adsorption process on CH-DTPA was indicated by the negative entropy value (Ebisike et al., 

2023). 

 

Table 3A.4. Thermodynamic data of uranium on CH-DTPA 

Temp. (K) KL ∆G⁰ KJmol-1 ∆H⁰ KJ mol-1 ∆S⁰ JK -1 mol-1 R2 
293 213.57 -13.067 

 
-155.774 

 

 
-485.883 

 

 
0.699 

 

298 213.57 -13.290 
303 9.63 -5.706 
313 5.80 -4.574 

 

3A.2.8.Reusability and recyclability study of CH-DTPA: The desorption of uranium ions 

adsorbed onto CH-DTPA was investigated with 0.5 M and 1M NaOH, HCl and Na2CO3 

solutions. It was observed that maximum desorption was achieved with Na2CO3 solution 

0.1M Na2CO3 solution was utilized for desorption of CH DTPA which was equilibrated with 

30mg/L of uranium in order to investigate the reusability of the adsorbent. The adsorbent was 

dried and utilized again for the adsorption process after desorption. Up to four cycles of the 

adsorption-desorption experiments were carried out (Figure. 3A.5). The desorption % was 

calculated using Equation 3.11. In the fourth cycle, the adsorption efficiency decreased to 

75%. Uranium could thus be desorbed within 60 minutes using CH-DTPA and reused up to 3 

cycles with greater than 90% efficiency. 

 

3A.2.9.Effect of Electrolytes:  The removal efficiency of the adsorbents was examined in the 

presence of electrolytes, by investigating the adsorption of uranium in the presence of 

electrolytes such as NaNO3, NaHCO3, Na2SO4, NaCl, and Na2CO3 under optimized 

conditions (Figure 3A.6.). The investigation revealed that sodium bicarbonate and sodium 
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3A.2.10.Application to real water sample (groundwater):  Adsorption of uranium using 

CH-DTPA from groundwater water sample collected from Department of Environment 

Studies was studied after spiking the samples with different concentrations of uranium (20, 

30, and 50 mg/L), under optimised conditions (pH: 7.37, dose:35mg, time: 3h, 

volume:0.025L). Physico-chemical parameters of the collected groundwater sample are listed 

in Table 3A.5.  

 

Table 3A.5. Physicochemical properties of groundwater sample. 

S.N. Parameters Conc. S.N. Parameters Conc. 

1 pH 7.37 10 Cl- (mg/L) 294.91 

2 TDS (mg/L) 837 11 TA (mg/L) 780 

3 EC(µs/cm) 1675 12 HCO3
- (mg/L) 780 

4 DO 2.2 13 TH (mg/L) 262.24 

5 Temp.(⁰C) 29.2 14 CaH (mg/L) 55.47 

6 F-(mg/L) 3.11 15 MgH (mg/L) 206.76 

7 NO3
- (mg/L) 1.65 16 Na+ (mg/L) 45 

8 SO4
2-(mg/L) 122.1 17 K+ (mg/L) 92 

9 PO4
3-(mg/L) 0.71 18 U (mg/L) 00 

 

Groundwater spiked with a 20mg/L uranium solution exhibited 25 percent removal at pH 7 

due to possible interference by bicarbonate and formation of soluble uranium carbonate 

complex. The interference can be overcome by performing the adsorption process at pH 4 to 

5.  

3A.3.Characterization of CH-DTPA and after adsorption of uranium (CH-
DTPAU): 
 

CH-DTPA  before and after uranium adsorption was characterized to understand the 

adsorption mechanism and characteristics of the material. 

 

3A.3.1.FT-IR analysis: The FTIR spectra of the CH-DTPA before and after uranium 

adsorption are can be seen in (Figure. 3A.7). The FTIR spectrum of CH-DTPA showed a 

characteristic N-H stretching vibration at 3439.85 cm-1 and C-H stretching at 2926.66 cm-1.  

Bands at 1072.87 cm-1 ,1219.41 cm-1, and 1072.87 cm-1 were attributed to C=O, C-O, C-N 
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stretching respectively (Bhatt et al., 2015).  The band observed at ~1645.0 cm-1 due to N-H 

bending vibration of amide indicated the formation of amide bond in CH-DTPA. The 772.45 

cm-1 peak in CH-DTPA  attributed to O-C-O bending mode as well as the 1219 cm-1 band 

attributed to C-O stretching diminished after adsorption of uranium, indicating the binding of 

uranium on CH-DTPA.   

 

Fig. 3A.7. FTIR spectra of CH-DTPA and  CH-DTPAU 

 

3A.3.2.SEM analysis: The surface morphology of chitosan -DTPA was observed by SEM 

before and after uranium adsorption (Figure 3A.8.  (a) & (b)). The surface of chitosan-

DTPA  had a  bright white color after adsorption of uranium supporting the successful 

adsorption of uranium by CH-DPTA with no significant change in morphology.  
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corresponding to the evaporation of water and moisture, which was around 12.5% of total 

weight of CH-DTPA.  The second stage started at 250⁰C and reached a maximum at 380⁰C 

with a weight loss of 61.1% and was attributed to deacetylation of CH-DTPA, vaporization, 

and elimination of volatile products (Neto et al., 2005). The final weight loss after  400⁰C  

due to almost complete decomposition and volatilization was observed to be 17.1 %. As seen 

in (Figure 3A.10) weight loss of 12.5% was observed for CH-DTPAU in the region of 50-

2500C which corresponded to the loss of water bound in the matrix. The second weight loss 

seen was in the region of 250-3500C which accounted for 39.6% of weight loss and the final 

weight loss was of 8.2% in the region of 350-5000C. 
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 Conclusion 

 The chitosan-DTPA adsorbent was fabricated and examined using TGA, FT-IR, 

XRD, BET, SEM-EDS, and XPS techniques. XPS, revealed the presence of carboxyl 

and amino groups confirming the formation of CHDTPA.  

 CH-DTPA, could effectively remove uranium over a wide pH range of 3-7. Thus, the 

ideal pH for this investigation was taken to be 7.  

 Pseudo-second-order kinetic and Langmuir isotherm models provided the best fit for 

the adsorption data. At pH 7, CH-DTPA has a maximum adsorption capacity of 

2500.0 mg/g, which is the highest reported at neutral pH till date.  

 FTIR, XPS and XRD analyses confirmed that uranium bound with CH-DTPA through 

uranium-amino group chelation and complexation with oxygen and the formation of 

UO2 and U3O8 species on CHDTPA. 

 It was concluded that, the adsorption sites on CH-DTPA were uniform leading to a 

monolayer adsorption with chemisorption to be limiting step in adsorption of uranium 

that involved valent force through electron exchange between CH-DTPA, adsorbate, 

complexation or chelation because the calculated qe value was very close to the Exp. 

qe value. 

 The adsorption capacity of CH-DTPA was   reduced to about 40-60% in the presence 

of bicarbonate and carbonate ions and there was no significant interference by other 

ions such as nitrate, sulphate and chloride.  

 Up to four cycles of recycling and reuse were examined, wherein CH-DTPA retained 

75% of its efficiency during the 4th cycle. 
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Chapter 3B 

Synthesis of Biochar from Watermelon Rind for Removal of 

Uranium from Aqueous Solution 

 

3B.1.Materials and Methodology 

3B.1.1. Materials and chemicals: Watermelon rind (WMR) was obtained from the girls’ 

hostel at The Maharaja Sayajirao University of Baroda in Vadodara, Gujarat, India. Uranyl 

Nitrate Hexahydrate puriss AR (N2O8U.H2O) which was purchased from Spectrochem 

PVT.LTD. All chemicals were used as received without any further purification. 

 

3B.1.2 Synthesis of adsorbent: Watermelon rind biochar was synthesized utilizing a 

previously published technique (Sadhu et al., 2021).  The watermelon rind (WMR) was 

cleaned and dried in the sun till water evaporated, further these were then dried for 24 hours 

at 1000C in an oven before being crushed to a fine powder. The fine powder was pyrolyzed in 

a muffle furnace at 3000C and 4000C (at a rate of 100C/minute) for 4 hours. The final biochar 

was thoroughly washed with hot water before being dried at 1000C and were labeled 3WMB 

and 4WMB respectively. The formed biochar was characterized both pre and post adsorption 

using the characterization techniques mentioned in 3.2 section of this chapter 3.  

 

3B.1.3. Proximate analysis WMR and 4WMB: Proximate analysis was conducted using the 

standard method used by (Guilhen et al., 2019). About 2 g of fresh watermelon peels was 

weighed in a porcelain crucible and dried in an oven at 100°C to determine the moisture 

content (MC). The sample was weighed once again after cooling in a desiccator at ambient 

temperature and the moisture content was calculated using Equation (3B.1): 

 

                                              MC (%) =100 x [(M1 – M2)/M1]                                      (3B.1) 

 

Where, M1 is the mass of the watermelon peel and M2 is the mass of the watermelon peel 

after oven drying.  

 

The final yield (FY) of biochar of recovered biochar was calculated according to Equation 

(3B.2). 
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                                                 FY (%) =100 x (M3/M2)                                                (3B.2) 

 

Where, M3 is the mass of the pyrolyzed biochar. 

 

3B.2.Uranium adsorption studies 

The uranium adsorption studies were carried out as described in section 3.3 of this chapter.  

 
3B.3.Results and Discussion 

3B.3.1. Proximate analysis: The results of the proximate analysis of the WMPR and 4WMB 

obtained after oven drying and pyrolysis are shown in Table 3B.1. After drying in a hot air 

oven at 100⁰C, the moisture content (MC) of the wet watermelon rind was found to be 

93.75% of its entire weight. After pyrolysis at 400°C, the final yield (FY) of the watermelon 

rind was reported to be 17.2% of the total dry weight. 

Table 3B.1.Proximate parameters of watermelon rind. 

MC (%) in WMPR FY (%) of 4WMB 
93.75 17.2 

 

3B.3.2.Uranium adsorption studies: 

3B.3.2.1.Effect of pH on the adsorption of uranium: The capacity of 4WMB to adsorb 

uranium in solutions of various pH s (pH = 2, 3, 4, 5, 6, 7, 8, and 10) was examined (other 

adsorption parameters Ci=30 mg/L, dose=50mg/25mL, time 3 h.). It is evident from Figure 

3B.1(a) that the adsorption process is pH dependent. The adsorption capacity of 4WMB for 

uranium increased from 64.35% to 98.09% when the pH of the solution was increased from 2 

to 3 and dropped sharply to 69.92% at pH 4. Adsorption was not favored at very low pH 

levels because of competitive adsorption of UO2
2+ and H+ ions (Corrêa et al., 2015).  The 

interaction between cationic uranium species in solution, such as (UO2)2(OH)2
2+, UO2OH+, 

(UO2)2OH3+, (UO2)3(OH)5+, and (UO2)4(OH)7+, and the functionalities present on the surface 

of 4WMB were favored at pH 3 (Mishra et al., 2017; Mustafa et al., 2016).  
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surface (Liao et al., 2022c). The comparison of the adsorption capacity of 4WMB and the 

various adsorbents reported in the literature for uranium has been summarized in Table 3B.3. 

In terms of the cost of the material synthesis process and adsorption capacity, 4WMB was 

found to be a better adsorbent than previous reported ones.  

 

Table 3B.3.  Comparison of Adsorption Capacities of various biochar and modified biochar 

adsorbents for uranium removal 

Sr.No. Materials pH Pyrolysis 
temp. (0C) 

Qmax 
(mg/g) 

References 

1 Switchgrass biochar 3.9 300 4.0 (Kumar et al., 2011) 
2 Activated biochar fibers from Opuntia 

Ficus indica-12M Nitric acid activation 
3 600 210 (Hadjittofi and 

Pashalidis, 2015) 
3 Rice straw-based biochars - KMnO4 5.5 550 100 (Yakout, 2016) 
4 Eucalyptus biochar 5.5 400 27.2 (Mishra et al., 2017) 
5 Biochar fibers derived from Luffa 

cylindrica sponges- Nitric acid 
3 650 92 (Liatsou et al., 2017) 

6 WH (Wheat straw) biochar 4.5 450 8.7 (Jin et al., 2018) 
7 CW (Cow dungs)   64.0  
8 WH-AO - Nitric acid   355.6  
9 CW-AO- Nitric acid   73.3  

10 Nonmagnetic rice husk biochars 7 500 48.6 (Wang et al., 2018) 
11 Magnetic rice husk biochars - FeSO4ꞏ7H2O 

and NaOH 
  53.2  

12 Hydrophyte biomass (magnetic biochar)- 
FeCl2ꞏ4H2O 

3 700 54.35 (Hu et al., 2018b) 

13 Wheat straw biochar (WS) 5-6 550 25 (Alam et al., 2018) 
14 Bamboo (Acidosasa longiligula) shoot shell 

biochar 
4 500 32.3 (Hu et al., 2018a) 

15 Fe3O4-loaded oxidized biochar (pncom) 
from pine needles- FeSO4⋅7H2O 

FeCl3 

6 600 2.6 
mol/kg 

(Philippou et al., 
2019) 

16 Magnetic watermelon rind biochar - 
FeCl3⋅6H2O and FeSO4⋅7H2O 4 

500 
 

323.56 (Lingamdinne et al., 
2022) 

17 Watermelon rind biochar 135.86 

18 Watermelon rind biochar 3 
300 112.36 

This study 
400 370.37 

 
Additionally, the batch adsorption parameters for 3WMB were optimized. With the exception 

of the maximum adsorption capacity (112.36mg/g), which is significantly lower than that of 

4WMB (370.37mg/g), the same optimal conditions were obtained for 3WMB as for 4WMB.  

 

3B.3.2.7. Adsorption thermodynamics: The thermodynamic parameters of the adsorption 

process were calculated from experimental data collected at different temperatures and a plot 
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of 1/T versus lnKL was obtained using Equation 3.10 as shown in Figure 3B.3. The 

thermodynamic parameters obtained for the adsorption of uranium on 4WMB, such as 

change in free energy (∆G°), enthalpy (∆H°), and entropy (∆S°), are reported in Table 3B.4. 

The exothermic and feasible nature of the uranium adsorption on 4WMB at ambient 

conditions was indicated by the negative value of ∆H⁰ (Banerjee et al., 2016). Furthermore, 

negative values of ∆S⁰ indicated a rise in maximum adsorption between 25 and 30⁰ C due to 

better adsorption of the metal ion. Additionally, it is possible to claim that the inefficiency of 

the adsorption process at higher temperatures was caused by a change in system enthalpy, 

which suggested a buildup of heat in the environment and a resultant decrease in the 

possibility of bond formation and its stability (Chowdhury and Das, 2011). The reaction was 

feasible at low temperatures. 

Table 3B.4. Thermodynamic data of uranium on 4WMB. 

Temp.(K) KL ∆S J/K/Mol ∆H⁰ (KJ mol-1) R2 ∆G⁰ (KJ mol-1) 

25 24.583 

 
-83.53 

 
-32.52 0.928 

-7.93 

30 15.906 -6.97 

40 10.314 -6.07 

50 8.657 -5.80 

 

3B.3.2.8. Kinetic studies: The kinetic data of uranium adsorption on 4WMB was assesses 

using the pseudo 1st and 2nd order rate models (Equations 3.8 and 3.9, respectively) were 

used in this study. The findings of the respective kinetic parameters are given in Table 3B.5, 

along with the fitting of two kinetic models to the uranium equilibrium data (Figure 3B.3). 

The pseudo-2nd-order kinetics was found to have a better value of the linear regression 

coefficient (R2 > 0.99) than a pseudo-1st-order model (R2 <0.90), making it the best-fitted 

model for describing the kinetics of uranium adsorption on 4WMB. The computed and 

experimental adsorption capacity (qe) values coincide rationally, favoring the pseudo-2nd 

order kinetic model. The aforementioned findings demonstrated that the concentrations of the 

biosorbent and uranium were responsible for the rate-determining step during uranium 

binding on the 4WMB.  Additionally, this suggested that uranium was adsorbed on biochar 

by a chemisorption method (Siddiqui et al., 2020). 
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effective at pH 3. The removal of uranium by WMB may include electrostatic interactions 

and adsorption as well precipitation on minerals as uranium oxide, hydroxide and carbonate 

at higher concentrations (Liao et al., 2022b).  

 

 

Fig. 3B.4. Removal of uranium from  simulated water (pH: 3, dose:20mg, volume:0.025L, 

time:3h) 

 

Simulated seawater was prepared in the lab using the reported method (ASTM, 2019). A 

spike of standard uranium solution (20, 30, 50, 100, and 150 mg/L) was added to the 

simulated seawater, and an adsorption experiment was carried out with 20mg of adsorbent for 

0.025L, at pH 3 with 3h of contact time. It may be observed that up to 87%.of  150mg/L 

uranium was effectively removed (Figure 3B.4). 

 

Table 3B.6. Composition of simulated seawater 

Sodium chloride (NaCl) 24.53g/L 
Magnesium chloride (MgCl2) 5.20g/L 

Sodium sulfate (Na2SO4) 4.09g/L 
Calcium chloride (CaCl2) 1.16g/L 
Potassium chloride (KCl) 0.695g/L 

Sodium bicarbonate (NaHCO3) 0.201g/L 
Potassium bromide (KBr) 0.101g/L 

Boric acid (H3BO3) 0.027g/L 
Strontium chloride (SrCl2) 0.0025g/L 

Sodium fluoride (NaF) 0.003g/L 
Water (H2O) 988.968g/L 

Total 1025g/L 
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3B.4.3.BET: The BET analysis was performed for both pre- and post-uranium adsorption 4 

WMB samples in order to determine the material's specific surface areas and pore size 

distributions. The surface area of the material increased from 1.705 m3/g to 4.239 m3/g after 

uranium was adsorbed on the adsorbent, average pore diameters of 134.785 Å and 133.438 Å 

for 4WMB and 4WMBU, respectively. With adsorption of uranium into the pores there might 

be a change in pore framework leading to change in surface morphology. 

 

3B.4.4.XRD: XRD spectra demonstrated the amorphous nature of biochar, as seen in Figure 

3B.8 by the broad peak between 20° to 30° due to disordered carbon (Tran et al., 2015; 

Zheng et al., 2020).  The XRD spectrum of biochar after adsorption of uranium indicated 

U3O8 phase (PDF no. 31-1424) and clarkelite (PDF no. 50-1586). 

 
Fig.3B.8. XRD graphs of 4WMB and 4WMBU. 

 

3B.4.5.  SEM-EDX:  SEM and EDX methods were used to characterize the surface elements 

and microstructure of the 4WMB adsorbent both before and after uranium adsorption (Figure 

3B.9 a&b). After uranium adsorption, the amounts of Mg, Ca, Si, K, and P on the surface of 

biochar decreased and presence of U was observed. The ion exchange of U at these sites may 

be the reason for the elemental decrease. As can be seen in Figure 3B.9 4c&d, the adsorbent 

surface pore structure diminished and a change in morphology to a fibrous needle was 
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 The adsorption data could be best fitted to Langmuir isotherm model and Pseudo -2nd- 

order models indicative of chemisorption as a monolayer. 

 The best desorption agent for removing the adsorbed uranium from 4WMB was found 

to be 0.1M NaOH.  

 Characterization of 4WMBU indicated that adsorption of uranium effectively 

occurred by chemisorption at C=O functionalities and formed U3O8 and clarkelite 

uranium species as indicated by XRD and XPS confirmed the presence of U (VI) 

species. 

 It has been found that 4WMB can effectively remove up to 87% of 150 mg/L of 

uranium ion from simulated sea water at optimal pH of 3. 
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