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a b s t r a c t
In this research, Hedera helix leaves were evaluated for biosorption of uranium(VI) and thorium(IV) 
ions from aqueous solution. H. helix leaves were characterized by Fourier-transform infrared 
spectroscopy, X-ray diffraction, thermal gravimetric analysis and scanning electron microscope. 
Biosorption of uranium(VI) and thorium(IV) ions using a batch technique by H. helix leaves was 
evaluated as a function of metal concentration, adsorbent dose, contact time, pH and temperature. 
The results of biosorption kinetic show that biosorption of U(VI) and Th(IV) by H. helix leaves was 
well described by the pseudo-second-order kinetic model. Negative values of Gibbs free energy 
ΔG° indicate the spontaneity of the biosorption process on H. helix leaves, while the positive 
values of enthalpy ΔH° indicate the endothermic process. The biosorption isotherm was better fit-
ted by Langmuir isotherm, with a maximum biosorption capacity of 3.86 and 5.16 mg/g for U(VI) 
and Th(IV) respectively. Desorption studies show that 75% of U(VI) was recovered using 0.1 M 
HNO3 after four cycles, while 87.7% of Th(IV) was recovered using 1.0 M HNO3 after four cycles.
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1. Introduction

Uranium and thorium are the most natural abundant
actinide elements that are of special interest in the mod-
ern industry such as battery and pigment manufactur-
ing, defense operations (nuclear weapon) and as a fuel 
in a nuclear reactor for electrical power production [1,2]. 
Where nuclear fission reactions release huge amounts of 
energy and huge amounts of wastes containing these radio-
nuclides that accumulated in the environment and water 
sources [3,4]. Also, they accumulate through the natural 
weathering of ore minerals and rocks [5]. So, separation 
and pre-concentration of these radionuclide elements from 
contaminated wastes before dispose in the environment 
will minimize pollution and shall increase the possibilities 
for metal recovery which is important economically [6].

The most popular methods used for metal pollut-
ants removal from wastewater are solvent extraction, ion 
exchange, chemical precipitation, adsorption and membrane 
filtration. Most of these methods have many disadvantages 
such as; high cost, high consumption of reagents and energy, 
and production of a large amount of waste by-products. 
They are generally inefficient for treating a large volume 
of contaminated water which limits their uses [7,8].

Biosorption, a green process based on using natural 
materials from various biological sources as adsorbents 
recently applied worldwide due to low cost, availabil-
ity, biodegradability and effectiveness in metal pollutants 
removal from diluted contaminated aqueous solution [8]. 
Other advantages of such green processes over traditional 
methods include faster kinetics of removal from a large 
volume of waste and the ability to operate over a range of 
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different conditions such as temperature and pH, along 
with the possibilities for metal recovery [9]. The main 
sources of biosorbent materials include [7,9]: nonliving 
biomass such as humic acid [10], microorganisms such as 
bacteria [11], agricultural and plant-based biomass such 
as leaves [12]. The last one contains various components 
such as pigments, polysaccharides, proteins, and pheno-
lics. Where the functional groups in these components 
such as hydroxyl, carboxyl, carbonyl, sulfonate, thioether, 
amine, phosphate and esters provide different active sites 
for metal ion binding, [13,14]. Tree leaves are strong bio-
sorbents candidates that are readily available in bulk 
quantities with wide diversity especially when the cost is 
an important parameter in choosing biosorbent materials. 
Also, the recovery of metal adsorbates from tree leaves can 
be easily accomplished by burning the loaded adsorbent 
followed by/or acid extraction.

Hedera helix plant is a common ornamental and medic-
inal plant with dense leaves. The general leaf components 
are cellulose, hemicelluloses, protein, lignin and starch 
[15], along with wide diversity of biologically active com-
pounds such as triterpene, saponins, flavonoids, coumarins, 
polyacetylenes, phenolic acids, sterols and alkaloids [16].

The current study aims to characterize H. helix leaves as 
biosorbent and to determine their ability to biosorb U(VI) and 
Th(IV) ions for the first time. The efficiency of the biosorp-
tion process under changing different factors including dos-
age, temperature, initial metal concentration and time were 
tested. In order to understand the adsorption behavior of 
U(VI) and Th(IV) sorption onto H. helix leaves, the Langmuir, 
Freundlich, and Dubinin–Radushkevich models were used to 
model the data obtained from batch experiments. Furthermore, 
kinetic and thermodynamic parameters were obtained.

2. Experimental

2.1. Materials

2.1.1. Biosorbent preparation

H. helix leaves were collected from the Dahyet Al Rasheed 
area, North West of Amman, Jordan. The leaves were excised, 
washed thoroughly with tap water and then with deionized 
water. Leaves were air-dried for 2 d, dried at 60.0°C ± 1.0°C 
for 24 h and then ground to powder. The powder was passed 
through a sieve of 200 mesh and stored in a desiccator until used.

2.1.2. Chemicals

All reagents used in this study were of analytical grade 
reagents. Sodium hydroxide (NaOH) from LOBA Chemie 
Pvt. Ltd., Mumbai, India. Hydrochloric acid 37% (HCl) and 
nitric acid 69% (HNO3) from TEDIA, Fairfield, OH, US. 
Sodium perchlorate (NaClO4) from Acros, thorium nitrate 
hexahydrate (Th(NO3)4·6H2O) from Analar, uranyl nitrate 
hexahydrate (UO2(NO3)2·6H2O) from BDH Chemicals Ltd, 
Poole, England, and Arsenazo(III) indicator from Fluka, 
Buchs, Switzerland.

2.2. Characterization and analysis of H. helix leaves

H. helix leaves were characterized using Fourier trans-
form infrared spectroscopy (FTIR) using a Thermo Nicolet 

NEXUS 670 FTIR spectrophotometer from Thermo Electron 
Corporation, Madison, US. X-ray diffraction (XRD) was 
recorded using Philips X’Pert PW 3060, from PANalytical B.V., 
The Netherlands, operated at 45 kV and 40 mA, thermograv-
imetric analysis (TGA) were carried using NETZCH STA 409 
PG/PC Thermal Analyzer from NETZSCH-Geraetebau GmbH, 
Germany, at a heating rate of (20.0°C/min.). Micrographs of 
H. helix leaves surface was investigated by scanning electron 
microscope (SEM) using FEI inspect F50.

2.3. Batch experiments

The batch equilibration method has been used for the 
determination of the biosorption of U(VI) and Th(IV) ions 
by H. helix leaves. In a typical adsorption run, 0.1000 g of 
H. helix leaves were shaken with 25.0 mL of metal ion solu-
tion in 100 mL capped polyethylene bottles in a GFL-85 
thermostatic shaker at 150 rpm and at the desired pH and 
temperature. At the end of the desired time, the contents 
of the polyethylene bottles were centrifuged for 15 min 
at 2,500 rpm then filtered. The filtrate was subsequently 
analyzed for residual concentration of the metal ion spec-
trophotometrically on a SpectroScan (model 80DV) at a 
wavelength of 650 nm for U(VI) and at 660 nm for Th(IV).

The amount of metal ion adsorbed by the H. helix leaves 
powder qe (mg/g) was calculated using the following equation:
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where Ci: initial concentration of metal ion (mg/L), Ce: equi-
librium concentration of the metal ion in solution (mg/L), 
V: volume of solution (L) and m: mass of H. helix leaves (g).

2.4. Effect of pH

The effect of pH on metal ion uptake was investi-
gated between pH 1.0 and 5.0 under continuous shaking 
of 25.0 mL of metal ion solution with 0.1000 g of solid H. 
helix leaves for a fixed contact time of 24 h at 25.0°C. Higher 
pH values are not considered because precipitation of the 
metal cations as insoluble hydroxides could occur and 
interfere with adsorption [17].

2.5. Kinetic studies

Experiments for the determination of the equilibrium 
time for the adsorption process was studied by shaking 
0.1000 g of the H. helix leaves with 25.0 mL of 30 mg/L metal 
ion solution at pH 3.0 for both U(VI) and Th(IV), over a 
time period of 0.25–72 h following the procedure of batch 
experiment using separate samples over the different times. 
Two kinetic models pseudo-first-order model and pseudo- 
second-order model were applied to predict the adsorption 
kinetics.

The linear form of the pseudo-first-order model is 
expressed as follows:

ln q q q k te t e−( ) = −ln 1  (2)

The integrated linear form of pseudo-second-order 
model:
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where k1 = pseudo-first-order adsorption rate constant 
(min–1), k2 = pseudo-second-order adsorption rate constant 
(g/mg min). qe = amount of metal ions adsorbed per unit 
mass of adsorbent at equilibrium (mg/g) and qt = amount 
of metal ions adsorbed per unit mass at time t (mg/g) [18].

2.6. Biosorption isotherms

Langmuir, Freundlich and Dubinin–Radushkevich 
[19–21] models were tested using the results obtained 
from the biosorption of U(VI) and Th(IV) ions by H. helix 
leaves. A 25.0 mL from each metal ion solution with dif-
ferent initial concentrations Ci (10, 20, 30, 40, 50 ppm) 
were added separately to polyethylene bottles contain-
ing 0.1000g of H. helix leaves following the procedure of 
the batch experiment, all samples were shaken for 24 h at 
different temperatures (25.0°C, 35.0°C and 45.0°C).

The following equations were used to obtain the dif-
ferent parameters:

Langmuir equation:
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Freundlich equation:

log log 1 logq K
n

Ce F e= +  (5)

Dubinin–Radushkevich equation:

ln ln maxq qe = − βε2  (6)

where ε, the Polanyi potential, is defined by the following 
relationship:

ε = +
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2.7. Desorption studies

The desorption of U(VI) and Th(IV), separately, from 
loaded H. helix leaves, was carried using the batch method. 
Batch experiments for U(VI) and Th(IV) loading were 
applied as follows: 50.0 mL of 2,000 ppm of each metal 
ion were added to 4.0000 g of H. helix leaves, separately. 
All samples were shaken for 24 h at 25.0°C. The concentra-
tion of the metal ion remaining in the solution was deter-
mined by a UV-Vis spectrophotometer. The loaded powder 
was washed, air dried, then dried at 60.0°C for 24 h.

The desorption of U(VI) and Th(IV), separately, from 
loaded H. helix leaves was carried using the batch method. 
For desorption experiments, 10.0 mL of the desorbing 
agent was added to 0.1000 g of the loaded H. helix leaves 
in a centrifuge tube and shaken in a GFL-85 thermo-
static shaker at 150 rpm for 1 h at room temperature.  

The solution was then centrifuged and the supernatant 
was collected for further analysis to examine the concen-
tration of loaded metal desorbed from the H. helix leaves 
powder by UV-Vis spectrophotometer. On the same sam-
ple, the desorption procedure was repeated four times, 
each one with new fresh 10.0 mL of nitric acid (0.10 M 
and 1.0 M) as a desorbing agent. Each measurement was 
repeated two times to make sure of the accuracy and 
reproducibility of the results, then the average was taken.

3. Results and discussion

3.1. Characterization of H. helix leaves

3.1.1. FTIR analysis

H. helix leaves were analyzed by FTIR spectroscopy 
for major functional groups existing. Fig. 1 illustrates the 
spectra over the range 400–4,000 cm–1.

Fig. 1 shows the following characteristic peaks. Within 
the range of the OH and NH stretching vibrations, a 
broadband observed at 3,324 cm–1 corresponds to the free 
hydroxyl groups and bonded O−H of carboxylic acids, 
and to the –NH groups. The peak at 2,913 cm–1 is due to 
the asymmetric stretching vibration of saturated aliphatic 
hydrocarbon chains (C–H) in methyl (–CH3) and methylene 
(–CH2–) groups, and the peak at 2,854 cm–1 to C–H sym-
metric stretching of methylene in aliphatic chains in cellu-
lose and to asymmetric stretching of CH3 of methoxy group 
in lignin. The peak at 1,726 cm–1 corresponds to carbonyl 
groups stretching in carboxyl (–COOH) and ester (–COOR) 
groups, as in hemicelluloses. The peak at 1,604 cm–1 
assigned to asymmetric and symmetric stretching vibra-
tions of C–O in ionic carboxylic groups (–COO–), The peak 
at 1,372 cm–1 may be assigned to the symmetric stretching 
formation of –OH of carboxylic acids and phenols, which is 
also assigned to the symmetric bending stretching of CH3 
indicating the presence of lignin [22–25]. The peak at 1,314 
was assigned for C–O stretch in cellulose while the peak at 
1,236 cm–1 was assigned for acetyls groups of hemicellulose 
[22]. Finally, the peak around 1,017 cm–1 may be assigned 
for C–C, C–OH, C–O–C, C–H and side group vibrations 
of cellulose and lignin. FTIR spectrum of H. helix leaves 
agrees with those of lignocellulose materials published in 
the literature [26].

The absorbance spectrum of H. helix leaves after loaded 
with U(IV) and Th(VI) is shown in Fig. 2. After the biosorp-
tion of uranium and thorium, the spectrum was changed 
a little compared with that before. It was just shifted, with 
no new bands appeared. This indicates that the structure of 
H. helix leaves had not changed after metal adsorption, 
After biosorption of uranium and thorium, the broadband 
at 3,324 cm–1 weakened which indicated that amino and 
hydroxyl groups participated in the binding of U(VI) and 
Th(IV). The peaks at 1,604 and 1,372 cm–1 were shifted to 
1,615 and 1,369 cm–1 after uranium adsorption, and shifted 
to 1,616 and 1,369 cm–1 after thorium adsorption, respec-
tively. This suggested that after the adsorption of uranium 
and thorium, some combinations of H+ were replaced by 
U(VI) and Th(IV). These results suggest that the amino, 
hydroxyl and carbonyl were involved in the mechanism of 
adsorption of uranium and thorium with the H. helix leaves.
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Fig. 2. FTIR for Hedera helix leaves (a) after adsorption of uranium and (b) after adsorption of thorium.
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Fig. 1. FTIR for Hedera helix leaves.



F.M. Abu Orabi et al. / Desalination and Water Treatment 237 (2021) 202–213206

It is well indicated from the FTIR spectrum of H. helix 
leaves that carboxyl and hydroxyl groups were present 
in abundance. The biosorption of U(VI) and Th(IV) on the 
H. helix leaves could be due to the electrostatic attraction 
between these groups and U(VI) and Th(IV) ions, this sug-
gested that ion exchange was one of the main biosorption 
mechanisms.

3.1.2. XRD characterization

The XRD pattern (Fig. 3) shows a typical spectrum of 
cellulosic material which had main and secondary peaks at 
2θ = 14.78 and 24.24. The main peak indicates the presence 
of crystalline cellulose while the second peak corresponds 
to less crystalline polysaccharide structure. The peak at 
2θ = 35.8 is assigned to hemicelluloses and the strong main 
peaks at 2θ = 14.78, 29.9 and 37.5 correspond to lignin [24,25].

3.1.3. Thermogravimetric analysis

The thermal stability of the H. helix leaves was investi-
gated under dry nitrogen atmosphere by TGA as shown 
in Fig. 4.

The TGA thermogram shows three main regions 
during the thermal decomposition of the H. helix leaves. 
The first region of weight loss measured at (T < 150°C) 
was 6.69%, and mainly corresponds to evaporation of 
adsorbed water, and some small volatile organic molecules 
like oils, dyes, etc [24]. The second region corresponds to 
the decomposition of the biomass of H. helix leaves at a 
temperature between 150°C and 500°C with 62.49% weight 
loss, and the third decomposition step corresponds to the 
oxidation of the charred residue at T > 500°C with 7.68% 
weight loss, similar results were obtained by Garcia-
Maraver et al. [27] for biomass from olive trees.

3.1.4. Scanning electron microscope

The surface topography and bulk structure of free 
H. helix leaves were observed by SEM (Fig. 5). The H. helix 
leaves have an irregular, heterogeneous and porous sur-
face with flakes and plate type providing a large number of 
adsorption sites. Also, SEM images show interspaces within 
the free H. helix leaves powder which increases the surface 
area. It has been suggested that such surface topography 
providing channels and space for metal sorption [28].

3.2. Effect of pH

One of the most important parameters in any biosorp-
tion process is solution pH. It affects the activity of the dif-
ferent functional groups existing in the biosorbent which 
are involved in metal ions binding and also affects the 
speciation of metallic ions in the aqueous solution [17].

The effect of pH on the biosorption of uranium by 
H. helix leaves shows that as the pH increases (from 1.0 to 
3.0), uranium loading increased with a maximum occur-
ring at pH 3.0, and stayed constant until pH 5.0. The results 
are presented in Fig. 6. At strongly acidic conditions (pH 
1.0) minimum, biosorption of uranium ions by H. helix 
leaves was observed because, at high proton concentra-
tion, protons are preferentially adsorbed on the adsorbent 
rather than the U(VI) ions, and the binding sites became 
positively charged repelling positive ions [24,26].

 

Fig. 3. XRD pattern of Hedera helix leaves.

 
Fig. 4. TGA for Hedera helix leaves.
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As pH increases different hydrolyzed forms of ura-
nium will exist, the following ionic species exist at pH > 3.0 
up to near neutral: UO2

2+, [UO2(OH)]+, [(UO2)2(OH)2]2+, 
[(UO2)3(OH)5]+, Fig. 7. The predominant species of uranium 

that exists at pH ≤ 4.3 are the monomeric species UO2
2+, with 

small amounts of [UO2(OH)]+, and at higher pH, precipi-
tation starts due to the formation of insoluble complexes 
in aqueous solution and adsorption decreases [29,30]. 
Thus, pH 3.0 was chosen for further experiments, where 
maximum adsorption associated with UO2

2+ ions is observed.
As shown in Fig. 6, the sorption efficiency of Th(IV) onto 

H. helix leaves powder did not have considerable change 
with varying pH from 1.0 to 5.0, with maximum adsorption 
occurs at pH 3.0. Thus, pH 3.0 was chosen for further exper-
iments. The very small variation in the Th(IV) adsorption 
over the studied pH range indicates intense interactions 
of Th(IV) ions to the H. helix leaves surface, where Th(IV) 
is a hard cation with a high oxidation state [32]. Thorium 
occurs exclusively in aqueous solution especially in an 
acidic medium as stable tetra positive aqua ion [Th(H2O)9]4+ 
especially at pH 3.0 or less. At higher pH the follow-
ing species exist, [Th(OH)3]+ at pH (3.0–5.0), [Th(OH)2]2+ 
at pH (4.5–5.5), and Th(OH)4 at pH > 6.0 [33], Fig. 8.

     

    

(a) (b)

(c) (d)

Fig. 5. SEM micrographs for free Hedera helix leaves at different magnifications (a) 10,000x, (b) 5,000x, (c) 5,000x and (c) 1,200x.

U(VI)
Th(IV)

0

10

20

30

40

50

60

1 2 3 4 5

%
 U

pt
ak

e

pH

Fig. 6. Effect of pH on U(VI) and Th(IV) biosorption onto Hedera 
helix leaves at 25.0°C.
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The optimum pH for U(VI) and Th(IV) was 3.0. 
This range of pH (3.0–4.0) is in the range of pKa of the 
carboxyl groups on the biomass surface which indicates 
that one of the functional groups on the biomass respon-
sible for the metal binding is the carboxyl group [35].

3.3. Effect of adsorbent dosage

Effect of adsorbent dose of H. helix leaves on biosorp-
tion has been studied by using a 30 ppm concentration 
of U(VI) and Th(IV) solutions separately, with different 
doses (0.1000–0.5000 g) of H. helix leaves powder under 
continuous shaking for a fixed contact time of 24 h at 
25.0°C and pH 3.0 (Fig. 9).

From Fig. 9, the removal efficiency of U(VI) and Th(IV) 
increases with an increase in the biosorbent dosage as 
long as the biosorbent is not saturated. This is due to the 
higher number of active sites available for adsorption. 
However, with the increase of biomass, a ‘screen’ occurs 
on the adsorbent surface due to partial aggregation of 

biomass, which protects the binding sites and decreases 
the effective surface area existing for adsorption; results 
in decreasing the amount of adsorption per unit weight 
of the adsorbent (qe) [28]. For further work, an adsorbent 
weight of 0.1000 g (in 25.0 mL metal ion solution) is ade-
quate for the optimal removal of all metal ions under 
study. Similar results were observed by Parab et al. [36] 
using coir pith for uranium(VI) uptake.

3.4. Effect of temperature

The effect of changing temperature (25°C, 35°C, and 
45°C) on sorption of U(VI) and Th(IV) by H. helix leaves 
was studied. Fig. 10 shows a direct relationship between 
temperature and percentage uptake of U(VI) and Th(IV) 
ions, increase temperature enhance U(VI) and Th(IV) 
uptake by H. helix leaves which indicated that the bio-
sorption mechanism is controlled by an endothermic 
reaction. This may indicate that some new active sites 
are generated during heating or that the ions overcome 
the energy barrier to resist concentration gradient or 
endure diffusion transmission [17,26].

3.5. Effect of contact time and sorption kinetic models

The plots of uptake vs. time for U(VI) and Th(IV) by 
H. helix leaves are shown in Fig. 11. Since the variation in 
the %uptake values after 24 h was very small. So 24 h as 
shaken time was chosen for all further experiments at pH 
3.0 for U(VI) and Th(IV).

The adsorption speed consisted of two stages: the fast 
stage within the first 15 min, then the adsorption speed 
slowed down gradually as equilibrium approached within 
24 h. Such two stages are common in most adsorption 
systems, where the adsorbent contains a large number 
of active binding sites for metal binding at the first stage 
of the adsorption process. As time increases, a saturation of 
these binding sites is reached and the adsorption capacity 
decreases [37].

Fig. 7. Distribution of uranyl species in solution as a function 
of pH (Figure taken from reference [31]).
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Fig. 9. Effect of adsorbent dosage on the adsorption of (a) U(VI) 
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Fig. 8. Distribution of thorium species as a function of pH 
(Figure taken from reference [34]).
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Correlation coefficients, R2, obtained from pseudo-
second- order model are higher than that obtained from 
pseudo- first-order model, also qe experimental agrees with 
qe calculated from the pseudo-second-order kinetic model 
rather than calculated from pseudo-first-order model. 
Therefore, the biosorption process by H. helix leaves follows 
the pseudo-second-order kinetic model (Fig. 12) and the 
results are presented in Table 1.

3.6. Effect of initial concentration

The percentage of U(VI) and Th(IV) uptake by H. helix 
leaves powder decreased with increasing initial concen-
tration (10, 20, 30, 40, and 50 ppm) and the variation was 
from 69.4% to 27.9% for U(VI), and from 79.0% to 36.6% for 
Th(IV) at 25.0°C. However, the uptake rate was over 70% for 
the lowest initial metal ions concentration (10 ppm), which 

means that H. helix leaves powder has a high adsorption 
affinity to the low concentration of the metal ions. This can 
be interpreted by the fact that at low concentrations, the 
ions contact with the adsorbent sufficiently, and all of the 
ions can interact with the H. helix leaves. While the amount 
of adsorption per unit weight of the adsorbent (qe) increased 
with increasing of the initial metal ions concentrations at 
the range of the experimental concentration.

3.7. Adsorption isotherms

The adsorption isotherm is the primary source of infor-
mation on the adsorption process and forms an important 
tool in designing the adsorption system, express adsorbents 
capacities and surface properties, and for optimization 
mechanism pathways of the adsorption process [38]. The bio-
sorption by H. helix leaves experiments were carried out by 
shaking a suspension of 0.1000 g H. helix leaves in 25.0 mL of 
metal ion solutions of different concentrations ranging from 
10 to 50 ppm at pH 3.0 for each metal ion for 24 h. Fig. 13 
shows the biosorption capacities (qe) vs. (Ce).

Experimental data of adsorption isotherms are well 
described by different models, such as Langmuir, Freundlich, 
and Dubinin–Radushkevich models. The results are summa-
rized in Table 2.

As seen from Table 2, the R2 values for Langmuir and 
Freundlich models are very high. A possible explanation 
is that the surface of H. helix leaves is a mixture of homo-
geneous and heterogeneous sites, the biosorbents involve 
various building blocks that are consist of diverse mole-
cules, which display various binding sites [39]. This sug-
gests that the biosorption of metal ions on H. helix leaves 
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Fig. 10. %Uptake of U(VI) and Th(IV) by Hedera helix leaves at 
different temperatures (pH 3.0, 25.0°C, initial concentration 
30 ppm and adsorbent dosage 0.1000 g/25.0 mL).
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with time at pH 3.0 and 25.0°C.

Table 1
Parameters of pseudo-first-order and pseudo-second-order kinetic models of U(VI) and Th(IV) biosorption by Hedera helix leaves at 
pH 3.0 and 25.0°C

Parameters U(VI) Th(IV)

Pseudo-first-order Pseudo-second-order Pseudo-first-order Pseudo-second-order

R2 0.886 0.998 0.991 0.998
qe (mg/g) calculated 1.17 3.29 1.28 4.17
qe (mg/g) experimental 3.28 3.28 4.18 4.18
k2 (g/mg min) × 10–3 – 3.76 – 3.44
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surface is complex, involving more than one mechanism. 
Similar observations have been reported by Zou et al. [24] 
for uranium biosorption on grapefruit peel; by Parab et al. 
[36] for uranium biosorption using coir pith. The RL values 
obtained from Langmuir parameters for U(VI) are between 
0.078 to 0.059 and between 0.081 to 0.065 for Th(IV). All RL 
values are between 0 and 1, suggesting that the adsorption 
process of metal ions by H. helix leaves is favorable.

Also, the values of the constant n calculated from the 
Freundlich model were always greater than 2; indicat-
ing that the adsorption of U(VI), and Th(IV) by H. helix 
leaves is favorable. The Langmuir and Freundlich con-
stants (KL, qm and KF) increased with increasing tempera-
ture, these results indicated that U(VI) and Th(IV) ions can 
be easily removed by H. helix leaves from aqueous solutions.

The maximum U(VI) or Th(IV) ions biosorption capac-
ities, qm, of the present study are compared with the other 
agricultural adsorbents reported in the literature (Table 3). 
The results indicate that H. helix leaves show good sorption 
capacity compared to the other agricultural adsorbents, 
however, such comparison between different adsorbents 
materials is not accurate, due to different experimental 
conditions applied such as the adsorbent mass used, the 
volume of metal ion solution and the initial concentration 
of metal ion that affect the value of qm.

The magnitude of E from Dubinin–Radushkevich 
isotherms for U(VI) and Th(IV) adsorbed onto H. helix 
leaves are less than 8 kJ/mol (Table 2), which is indicating 
that physical forces may affect the adsorption process [43].

3.6.1. Thermodynamics of biosorption by H. helix leaves

In order to understand the biosorption involved in 
the removal process, thermodynamic parameters of the 
system, including changes in Gibbs free energy (ΔG°), 
change in enthalpy of adsorption (ΔH°) and changes in the 
entropy of adsorption (ΔS°), were calculated using the fol-
lowing equations:

∆G RT Kd° = − ln  (8)

lnK S
R

H
RTd = ° − °∆ ∆  (9)
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Fig. 13. Adsorption isotherm of U(VI) or Th(IV) with Hedera 
helix leaves at pH 3.0 and 25.0°C.

Table 2
Langmuir, Freundlich and Dubinin–Radushkevich isotherm parameters for biosorption of U(VI) and Th(IV) by Hedera helix leaves at 
different temperatures

T (°C) Langmuir isotherm Freundlich isotherm Dubinin–Radushkevich

R2 qm (mg/g) KL (L/mg) RL R2 n (L/mg) KF (mg/g) R2 β (mol2/kJ2) qm (mg/g) E (kJ/mol)

U(VI)

25.0 0.998 3.86 0.23 0.08 0.979 3.53 1.31 0.918 1.28 3.20 0.63
35.0 0.992 4.24 0.25 0.07 0.960 3.62 1.49 0.905 0.92 3.49 0.74
45.0 0.994 4.46 0.32 0.06 0.972 3.75 1.69 0.881 0.59 3.74 0.92

Th(IV)

25.0 0.995 5.16 0.23 0.08 0.994 3.15 1.58 0.861 0.79 4.03 0.80
35.0 0.997 5.56 0.28 0.07 0.986 3.21 1.82 0.882 0.55 4.42 0.95
45.0 0.989 5.92 0.29 0.07 0.994 3.39 2.03 0.845 0.34 4.61 1.22

Table 3
Comparison of the sorption capacity for U(VI) and Th(IV) by various agricultural waste biomass

Metal ion Biosorbent qmax (mg/g) Optimum pH Reference

U(VI) Rice husk 14.86 3.0 [17]
Orange peel 16.12 4.0 [40]
Poplar leaf 2.30 4.0 [41]
Poplar ranches 0.40 4.0
Hedera helix leaves 3.86 3.0 This study

Th(IV) Rice husk 24.08 4.0 [42]
Hedera helix leaves 5.16 3.0 This study
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The Kd (distribution coefficient) was calculated from the 
intercept of ln(qe/Ce) vs. qe, values of Kd are summarized in 
Table 4. Results showed that Kd increases as the tempera-
ture increases. These results indicated the endothermic 
nature of adsorption of U(VI) or Th(IV) onto H. helix leaves 
powder. The values of enthalpy (ΔH°) and entropy (ΔS°) 
were obtained from the slope and the intercept of the plot 
of lnKd vs. 1/T for each metal ion (Fig. 14), respectively, 
while ΔG° was calculated at 25.0°C using equation 1.2. 
The results are shown in Table 5.

Gibb’s free energy indicates the spontaneous nature 
of the adsorption process; where a more negative value of 
ΔG° reflects more energetically favorable metal adsorp-
tion onto the adsorbent [17,43]. The negative values of 
ΔG° obtained in this study for H. helix leaves indicate that 
the adsorption of each metal ion is favorable and the pro-
cess is spontaneous as shown in Table 5. Positive values of 
enthalpy change ΔH° indicate the endothermic nature of 
the adsorptions of metal ions by H. helix leaves. A possible 
explanation of the endothermic nature of the enthalpy of 
adsorption is stated by Alkaram et al. [44] as follows: “The 
endothermic enthalpy gives a clear indication of strong 
interaction between adsorbate and adsorbent. This can be 
explained by the fact that each molecule of adsorbate has 
to displace more than one molecule of solvent. This dehy-
dration process of ions requires energy” (adapted from 
Alkaram et al. [44]) In other words U(VI) and Th(IV) ions 
are well solvated and in order for each metal ions to be 

adsorbed on the H. helix leaves surface they have to lose 
part of their hydration sphere, this dehydration requires 
energy and this energy supersedes the exothermicity 
of the ions getting attached to the surface [43].

The positive values of ΔS° indicate increased random-
ness at the solid/solution interface during the adsorption 
process, which was the driving force for adsorption. Such 
positive entropy of adsorption reflects the affinity of the 
H. helix leaves toward the metal ions. A possible explana-
tion is that the adsorbed water molecules on the H. helix 
leaves surface, which is displaced by the metal ions, gain 
more translational energy than is lost by the adsorbed 
metal ions, thus increasing the randomness of the system. 
Also, the dehydration of metal ions increases the random-
ness of the system. The increase in the adsorption capac-
ity of adsorbents at higher temperatures may be due to the 
strong interaction between adsorbate and adsorbent [10].

3.7. Desorption experiments

In order to estimate the reversibility of U(VI) or Th(IV) 
sorption onto H. helix leaves, desorption experiments using 
1.0 or 0.1 M HNO3 of nitric acid as a desorption solution 
were performed. The maximum desorption of U(VI) or 
Th(IV) from H. helix leaves was observed using 0.1 M 
HNO3 within the first stage of desorption (Table 6). The 
%Recovery was decreased continuously with increasing the 
recovery stages for both metal ions by the two concentra-
tions of the desorption reagent (HNO3). The best percent 
recovery of U(VI) loaded on H. helix leaves was obtained 
when 0.1 M HNO3 was used, while that of Th(IV) loaded 
on H. helix leaves was obtained when 1.0 M HNO3 as 
shown by the cumulative percent after four recovery stages.

From the results of U(VI) and Th(IV) desorbed from 
loaded H. helix leaves the fraction of adsorbed metal ions 
that were not recovered by the desorption reagents (incom-
plete desorption), probably represents metal ions that are 
strongly adsorbed onto H. helix leaves powder through 
various complex mechanisms [45].

4. Conclusions

H. helix leaves are cheap and easily available material 
that can be used as a low-cost and biodegradable adsor-
bent for U(VI) and Th(IV) removal from aqueous solu-
tions. The biosorption of U(VI) and Th(VI) by H. helix 
leaves was investigated by batch technique. Performances 
of biosorption process are strongly affected by pH, tem-
perature, contact time, initial U(VI) and Th(IV) concen-
tration and H. helix leave dose. The biosorption followed 
the pseudo-second-order kinetic model and the obtained 

Table 4
Distribution coefficient of adsorption of U(VI) and Th(IV) onto 
Hedera helix leaves at different temperatures

Metal ion T (°C) Kd lnKd

U(VI)
25.0 1.235 0.211
35.0 1.406 0.341
45.0 1.747 0.558

Th(IV)
25.0 1.283 0.249
35.0 1.589 0.463
45.0 1.889 0.636

Table 5
Thermodynamic parameters for biosorption of U(VI) and Th(IV) 
by Hedera helix leaves at 25.0°C

Metal ion ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol K)

U(VI) –0.52 13.62 47.33
Th(IV) –0.62 15.27 53.31
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Fig. 14. Plots of lnKd vs. 1/T at pH 3.0 and 25.0°C.
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biosorption equilibrium data fitting very well with 
Langmuir and Freundlich adsorption isotherms. The ther-
modynamic parameters obtained showed that the adsorp-
tion processes of U(VI) or Th(IV) ions by H. helix leaves are 
favorable and spontaneous, and the biosorption by H. helix 
leaves is an endothermic process and entropy-driven for 
both U(VI) and Th(IV) ions. The highest percent cumulative 
recovery for U(VI) was achieved using 0.1 M HNO3 (~75%), 
while for Th(IV) it was achieved using 1.0 M HNO3 (~88%), 
after four recovery stages, for both metal ions.
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