
Vol.:(0123456789)1 3

Journal of Radioanalytical and Nuclear Chemistry (2019) 321:985–996 
https://doi.org/10.1007/s10967-019-06668-6

Salvadora Persica branches biomass adsorbent for removal 
of uranium(VI) and thorium(IV) from aqueous solution: kinetics 
and thermodynamics study

Mazen K. Nazal1   · Mohammad Al‑Bayyari2 · Fawwaz I. Khalili3

Received: 21 April 2019 / Published online: 22 July 2019 
© Akadémiai Kiadó, Budapest, Hungary 2019

Abstract
Adsorption isotherms of U(VI) and Th(IV) in water were obtained and removal kinetics was studied. The main functional 
groups on the surface of Salvadora Persica branches adsorbent were identified using a Fourier-transform infrared and the 
surface morphology of adsorbent was characterized by a Scanning Electron Microscope. Effects of the U(VI) and Th(IV) 
initial concentrations, contact time, the mass of adsorbent loading, pH of the solution were investigated at 25 ± 0.3 °C. The 
efficiencies with which this adsorbent removes U(VI) and Th(IV) from their solutions in water are reported. The adsorption 
isotherm fitted the Freundlich model. The adsorption of U(VI) and Th(IV) follows the pseudo-second order kinetic with 
squared correlation coefficients (R2) close to 1.0. The thermodynamic parameters (i.e. the free energy ( ΔGo

ads
 ), the enthalpy 

( ΔHo

ads
 ) and the entropy of adsorption ( ΔSo

ads
 ) for the adsorption of U(VI) and Th(IV) on the Salvadora Persica branches 

adsorbent were reported.

Keywords  Environment · Radioactive elements · Adsorption isotherms · Removal efficiency · Thermodynamic of 
adsorption

Introduction

The radioactive actinides such as uranium and thorium can 
be found in rocks, soil and groundwater. In addition, the 
main essential elements in the nuclear energy program are 
uranium and thorium. Uranium and thorium ions which exist 
in the environment are hazardous to the environment and 
human health due to their toxicity and radioactivity. The 
contaminated water with the uranium and thorium radioac-
tive elements can cause many dangerous diseases and many 
biological studies have reported that these elements are 
considered as a carcinogen for the pancreas, kidney, lung, 

liver, immune-system and neuro-system [1, 2]. Moreover, 
separation, removal and purification of uranium and tho-
rium ions from their ores and nuclear waste have become 
major topics and have attracted the attention of researchers 
in recent years. Therefore, and due to the safety regulations 
and economic benefits, the separation and removal of these 
radioactive ions are necessary and important to minimize 
their discharge into the environment. There are various tech-
niques used for the removal and separation of the U(VI) 
and Th(IV) radioactive ions, such as solvent extraction, pre-
cipitation and ion exchange [3–6] and adsorption [7, 8]. The 
adsorption technique for removal and separation of U(VI) 
and Th(IV) radioactive ions from their host media using 
adsorbents is promising because of the following reasons; 
it is simple, highly efficient, cost-effective and environment 
friendly. In the last few years, many researchers have worked 
on developing various adsorbents for removal of U(VI) and 
Th(IV) ions such as activated carbon, cement, silica, zeolite, 
coir pith, clay minerals, bayberry tannin onto bovine serum 
albumin Nano-spheres [9] and natural organic matter [10, 
11] were tested for that purpose. However, highly available 
and low-cost adsorbents with high removal capacities are 
still needed.
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Salvadora Persica branches (Miswak) are widely 
used in the Middle East and Eastern African cultures, 
as a chewing stick. It is obtained from the roots, twigs 
or stems of Salvadora Persica L trees. It is considered a 
green material and it has many biological effects, includ-
ing anti-bacterial and anti-fungal properties. The Salva-
dora Persica branches contain several functional groups 
for binding metal ions. They mainly consist of saponins, 
tannins, silica and resin [12], which are contributing in the 
removal of ions such as Th(IV) and U(VI) from aqueous 
solutions. Ileri and Erduran in 2014 studied the removal 
of heavy metals from aqueous solutions by Salvadora Per-
sica L. Branches waste [13]. Their results indicate that 
the Salvadora Persica branches waste may be used as a 
good and effective adsorbent for common heavy metals 
contaminants from the aqueous solution.

In this study, the adsorption capability of Salvadora Per-
sica Branches material was investigated for the removal of 
the U(VI) and Th(IV) ions from aqueous solutions. Then 
to understand the adsorption behavior of these ions on the 
Salvadora Persica branches, the following parameters were 
studied; (i) the effect of pH, (ii) contact time, (iii) adsorbent 
dosage and (iv) initial ion concentrations. Different adsorp-
tion isotherms namely; the Langmuir, Freundlich, Temkin 
and Dubinin–Radushkevich (D–R) models were tested for 
fitting the experimental results. The kinetic and thermody-
namic parameters of adsorption were also calculated.

Experimental

Treatment and characterization of adsorbent

Branches of Salvadora Persica were purchased from a local 
market in Saudi Arabia. The branches were crushed then 
the resulted powder was cleaned and washed by removing 
soluble and colored compounds using hexane, ethanol and 
hot DI water for 1 hour until a colorless solution of Miswak 
powder was observed. Without any further modification, the 
cleaned Miswak powder was dried overnight in an oven at 
105 ± 0.3 °C then stored in a clean glass vial to be used 
later in the adsorption experiments. FTIR (Nicolet 6700 
Thermo Electron) instrument was used for the functional 
groups characterization, the thermal stability of the material 
under air and nitrogen was tested using the thermal gravi-
metric analysis (TGA Q500, TA Instruments, USA), and the 
adsorbent surface morphology and its elemental composi-
tion were characterized using the Scanning Electron Micro-
scope (SEM) and Energy Dispersive X-ray Spectroscopy 
(EDX) respectively. The automated gas sorption analyzer 
(Autosorb iQ Quantachrome USA) was used to analyze the 
surface area and porosity of the adsorbent.

Preparation of solutions

Indicator solution

A 0.1% of Arsenazo (III) indicator solution was prepared 
by dissolving 0.1 g in deionized water (100 mL) for spec-
trophotometric determination of U(VI) and Th(IV) before 
and after the adsorption.

Thorium (IV) and Uranium (VI) Stock Solutions

A stock solution of U(VI) and Th(IV) ions were prepared 
separately by dissolving an exact amount of uranyl nitrate 
hexahydrate or thorium nitrate tetrahydrate salt in deion-
ized water to get a concentration of 2000 μg/mL for each 
metal. Later these two stock solutions were used to prepare 
a different concentrations series (5.0–80 μg/mL) of U(VI) 
and Th(IV) in 1.0 × 10−4 M HCl. These diluted solutions 
were used to construct two separated standard calibration 
curves for U(VI) and Th(IV) concentration determination 
(shown in Fig. 1) using a UV-spectrophotometer (Spec-
troscan DU). The spectrophotometric method of deter-
mination of U(IV) and Th(IV) was described elsewhere 
[14]. Briefly, for U(VI) ions determination, a 0.5 mL of 
Arsenazo (III) indicator was added to 25 mL volumetric 
flask contains 2.0 mL of uranium solution and 10 mL of 
0.01 M HCl then the volume was completed to the mark 
with deionized water. A few milliliters of solution were 
used in the spectrophotometric measurement which was 
carried out at 25 ± 0.3 °C and at 650 nm wavelength. For 
Th(IV) ions determination, 0.5 mL of Arsenazo (III) indi-
cator was added to a 0.5 mL Th(IV) solution and 10 mL 
of 9 M HCl in a 25 mL volumetric flask then the volume 
was completed by deionized water. All the spectrophoto-
metric measurements were carried out at 25 ± 0.3 °C and 
at 660 nm wavelength.

Fig. 1   U(VI) and Th(IV) standard calibration curves
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Batch adsorption experiments

The effect of pH, adsorbent dosage, contact time and the con-
centration of U(VI) and Th(IV) ions on the uptake of U(VI) 
and Th(IV) ions by the Salvadora Persica branches adsorbent 
were studied in a batch mode at 25 ± 0.3 °C. To evaluate the 
effect of pH on the adsorption process, 60 μg/mL of metal 
ions concentration were prepared in solutions had different pH 
values (i.e. 0.5, 1, 2, 3 and 4). A 1.25 g of the adsorbent was 
added to 50 mL of the solution, then agitated at 150 rpm using 
water bath shaker (Memmert GmbH Instrument Germany) for 
4 h then allowed to settle. The effect of adsorbent dosage on 
the removal of the U(VI) or Th(IV) solution has pH 4 and 
containing 60 μg/mL of each of them was studied at constant 
temperature of 25 °C by varying the added mass of adsorbent 
from 0.01 to 2.00 g and shaking the mixture for 4 h. The effect 
of U(VI) or Th(IV) concentration (i.e. 20, 30, 40, 50, 60, 70 
and 80 μg/mL) in 50 mL solution on their removal by 1.25 g 
of adsorbent was investigated at 25 ± 0.3 °C. For studying the 
U(VI) and Th(IV) ions adsorption kinetic using 1.25 g adsor-
bent, a 50 mL of solutions has a pH 4 and containing 60 μg/mL 
of U(VI) or Th(IV) were studied by agitation these solutions 
at 150 rpm and 25 ± 0.3 °C for different time intervals of 15, 
30, 45, 60, 120, 240, 480, 960 and 1440 min. The thermody-
namic adsorption of 60 μg/mL U(VI) or Th(IV) on 1.25 g of 
adsorbent was studied by agitating these solutions for 4 hours 
at different temperatures (i.e. 25, 30, 35 and 40 ± 0.3 °C).

In all the adsorption experiments, the solutions were filtered 
and the concentration of U(VI) and Th(IV) at equilibrium (Ce) 
was measured using the previously described spectrophoto-
metric method in Sect. 2.2.2. The adsorbed amount of U(VI) 
and Th(IV) by Salvadora Persica branches powder (qe) in the 
mg/g unit was calculated using the following Eq. (1);

where C0 is the initial concentration (μg/mL) of U(VI) or 
Th(IV) ions, Ce is the concentration (μg/mL) of U(VI) and 
Th(IV) at equilibrium, V is the volume (L) of the solution 

(1)qe =
(C

0
− Ce)

m
× V

and m is the mass (g) of adsorbent in g. The percentage of 
removal (%) was calculated using Eq. 2

Adsorption isotherms

The equilibrium data of U(VI) and Th(IV) ions adsorp-
tion on the adsorbent was tested by various frequently used 
adsorption isotherms models (summarized in Table 1). 
Freundlich isotherm [15] is an empirical model has been 
established by assuming the surface of the adsorbent is het-
erogeneous and the adsorption sites have different affinities 
to the adsorbate molecules. It also describes the multilayer 
adsorption and assumes the adsorption process is revers-
ible. The Langmuir isotherms [16] describe the relationship 
between the adsorbed analyte molecules and the concentra-
tion of that analyte at certain conditions. In the Langmuir 
model, a monolayer of adsorbate is formed on the surface 
of adsorbent, whereas it is assumed there is no any inter-
action or steric hindrance between the analyte molecules, 
as well as all the adsorption sites on the surface of adsor-
bent are identical with the same activation energy adsorp-
tion. Temkin is another model contains a factor describing 
the interaction between the adsorbate and adsorbent [17]. 
The forth adsorption isotherm model used in this study is 
Dubinin–Radushkevich isotherm [18]. This isotherm model 
is generally applied to express the adsorption mechanism 
with a Gaussian energy distribution onto a heterogeneous 
surface of adsorbent.

In these isotherm models (Freundlich, Langmuir, Temkin 
and Dubinin–Radushkevich (RD)), qe is the adsorption capac-
ity at equilibrium in mg/g, Ce is the concentration of U(VI) 
or Th(IV) in the solution at equilibrium in μg/mL, Q0 is the 
maximum monolayer adsorption capacity in mg/g, and b is 
Langmuir constant in the Langmuir model. KF and n are the 
Freundlich parameters where n is a measure of the heteroge-
neity of the surface of the adsorbent. In Temkin isotherm, bT 
is the Temkin constant, R and T are the ideal gas constant in 

(2)Removal % =
C
0
− Ce

C
0

%

Table 1   The original and linear 
forms of the most common four 
isotherm models mathematical 
equations

Isotherm Non-Linear Linear Plot

Freundlich qe = KFC
1∕n
e ln (qe) = ln (KF) +

1

n
(Ce)

ln (qe) vs ln (C
e
)

Langmuir qe =
(Q

0
bCe)

1+bCe

Ce

qe
=

1

bQ
0

+
Ce

Q
0

Ce

qe
vs Ce

1

qe
+

1

Q
0

+
1

bQ
0
Ce

1

qe
vs

1

Ce

qe = Q
0
−

qe

bCe

1

qe
vs

qe

Ce

qe

Ce

= bQ
0
− bqe

qe

Ce

vs qe

Temkin qe =
RT

bT
lnATCe qe =

RT

bT
lnAT +

RT

bT
lnCe

qe vs ln Ce

Dubinin–Radushkevich 
(R–D)

qe = Qmaxe
−� �2 ln qe = lnQmax − � �2 ln qe vs ln �2
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J K−1 mol−1 and the temperature in Kelvin (K) respectively, 
and AT is the isotherm binding constant in L/g. In D–R model, 
Qmax in mg/g is the maximum adsorption capacity of metal 
ions in the total specific micropores volume of the adsorbent, β 
is D–R isotherm constant (mol2 kJ−2) and ε is the D-R constant 
which is described by Eq. 3.

This model gives an understanding about the mean free 
energy (E) of molecules adsorption (kJ/mol) and it is calcu-
lated by Eq. 4;

Adsorption kinetics

To study the U(VI) and Th(IV) adsorption kinetics on Sal-
vadora Persica branches adsorbent, a 50 mL of an aqueous 
solution with an initial concentration of 60 μg/mL of U(VI) 
or Th(IV) was added to 1.25 g of the adsorbent in a vial that 
was capped then shaken continuously for fixed time intervals 
(i.e. 15, 30, 45, 60 120, 240, 480, 960 and 1440 min). The 
adsorption results were fitted using the kinetic models reported 
by Lagergren and Ho [19, 20] that led to Eqs. (5) and (6) for, 
respectively, a pseudo-first order adsorption rate,

and a pseudo-second order adsorption rate,

(3)� = RT ln

(

1 +
1

Ce

)

(4)E =
1

√

2�DR

(5)ln (qe − qt) = ln (qe) − k
1
t

(6)
t

qt
=

1

q2
e
k
2

+
t

qe

where qe is the adsorption capacity at equilibrium in mg/g, 
qt in mg/g is the adsorption capacity at a time t (min), 
k1 (min−1) is the pseudo-first order rate constant and k2 
(g mg−1 min−1) is the pseudo-second order rate constant.

Results and discussion

Characterization of Salvadora Persica branches 
adsorbent

The FTIR experiment was performed to characterize the sur-
face’s functional groups of the adsorbent. Figure 2 shows 
the IR spectrum for the adsorbent. The absorption between 
3600 and 3000 cm−1 is due to the stretching, vibration and 
angular vibration of Hydroxyl (OH) and amine (NH2) func-
tional groups. The broad peak at around 3300 cm−1 was due 
the stretching vibration of the OH in the polysaccharide. 
The characteristic sharp peaks due to the stretching vibra-
tion of aliphatic C–H and the aromatic C=C are obvious at 
2925 and 1618 cm−1 respectively. The peak between 2200 
and 2400 cm−1 is due to the stretching vibration of C≡C and 
C≡N. The stretching of the C–O group gave a sharp peak at 
1107 and 1022 cm−1. This is all in line with the published 
literature [21].

Thermal analysis of adsorbent was performed using tita-
nium pan with a sample weight of 10 mg under air and nitro-
gen at a flow rate of 30 mL/min and heating rate of 10 °C/
min. Figure 3 shows three weight loss phases under air. The 
first phase took place at 207 °C with a loss of 9.4% of its 
mass, which was attributed to the volatile solvent and mois-
ture removal. The second phase is due to the decomposing of 
Salvadora Persica branches material at 321 °C with a 54.6% 

Fig. 2   FTIR spectrum of Salvadora Persica branches adsorbent
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loss in mass and the third phase at 459 °C with 88.2% of 
loss is attributed to the oxidation of the adsorbent material. 
However, under nitrogen the thermal analysis shows two 
major mass loss phases at 319 °C and 900 °C with 51.24% 
and 84.5% weight loss, respectively, due to the decomposing 
and breaking down of the adsorbent material.

Figure 4a shows the surface morphology of the adsor-
bent powder. This material has rounded ends with a spongy 
structure. This structure in the adsorbent helps capturing 
the U(VI) and Th(IV) radioactive ions. These findings are 
in agreement with a study done by Nadia Halib et al. [22]. 
The EDX spectrum in the Fig. 4b shows the elemental com-
position of the adsorbent to be 58.5% carbon (C), 36.5% 
oxygen (O), 2.1% calcium (Ca), 1.5% potassium (K) and 
1.4% sulfur (S).

The measured surface area and pore volume of the Sal-
vadora Persica adsorbent are small (2.2 m2/g) and the pore 
volume is 0.002 mL/g with a half pore width 16.57 Å. These 
finding can explain the relatively low adsorption capacity of 
the Salvadora Persica adsorbent for U(VI) and Th(IV) ions.

Effect of pH

The effect of pH is one of the significant factors that influ-
ence the adsorptive removal of metal ions from aqueous 
solutions. It influences the metals speciation as well as the 
active adsorption sites available on the surface of the adsor-
bents. The removal percentage values at 25 ± 0.3 °C were 
plotted against the corresponding initial pH values. Figure 5 
shows that, as the pH increases from 0.5 to 3.0 the removal 
percentage of U(VI) and Th(IV) increases and reaches the 
maximum efficiency at pH 3.0. This can be attributed to 
the following two main reasons; (i) at pH less than 3, the 
concentration of H+ ions is high and these ions compete 
with U(VI) and Th(IV) ions for the interacting with the 
active adsorption sites on the surface of Salvadora Persica 
adsorbent [23]. (ii) more extractable species of U(VI) and 
Th(IV) are formed at pH between 3 and 4 [24], whereas they 
show little tendency to be hydrolyzed. Therefore, a pH equal 
4.0 ± 0.1 was chosen later in the adsorption experiments of 
U(VI) and Th(IV).

Fig. 3   Temperature versus wt.% 
loss of Salvadora Persica mate-
rial under a air and b nitrogen

Fig. 4   a SEM image of Salvadora Persica adsorbent and b EDX spectrum
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Effect of adsorbent dosage

The effect of adsorbent mass on the removal of the U(VI) 
or Th(IV) solution at pH 4 and containing 60 μg/mL ini-
tial concentration was studied at constant temperature of 
25 ± 0.3 °C by varying the added mass of Salvadora Per-
sica adsorbent from 0.01 to 2.00 g and with contact time for 
4 h. As shown in Fig. 6, the removal percentage of U(VI) 
and Th(IV) increased with the increase in the dosage of 
adsorbent. High removal percentage of U(VI) (around 85%) 
was found at adsorbent mass of 0.1 g, while the maximum 
removal of Th(IV) (80% removal) was found at the adsorbent 
dosage 0.5 g. The density of adsorption (qe) showed opposite 
trend with adsorbent mass. This is attributed to the increase 
of adsorption sites with the increase of the adsorbent mass.

Table 2 shows a comparison between the adsorption 
capacity of the Salvadora Persica branches adsorbent for 
U(VI) and Th(IV) ions with the previous studies [25–37]. 
The Salvadora Persica branches adsorbent exhibited adsorp-
tion capacities 24.85 and 21.21 mg/g for U(VI) and Th(IV) 
ions respectively, that was by using 0.1 g adsorbent mass 
which exhibited the highest removal efficiency (shown in 
Fig. 6) Although the exhibited adsorption capacities by the 

Salvadora Persica branches adsorbent are relatively low, 
they are comparable with a number of reported values in 
the literature.

Adsorption of U(VI) and Th(IV)

Figure 7 presents the respective Freundlich and Temkin 
adsorption isotherms at 25 ± 0.3 °C for U(IV) and Th(IV) on 
the adsorbent. It is clearly shown in Fig. 7 that the deviation 
between the experimental and the calculated qe is lower in 
the case of fitting by Freundlich isotherm than Temkin iso-
therm fitting. The results of the linearized isotherms adsorp-
tion models (mentioned in Table 1) are represented in Fig. 8.

Table 3 summarizes the calculated isotherms models 
parameters and the squared correlation coefficients (R2) for 
U(VI) and Th(IV) adsorption on the adsorbent. The n value 
was obtained from the slope of the linear least square fit 
of ln (qe) versus ln (Ce) , while the KF value was calculated 
from the intercept. n and KF give an idea about the degree 
of surface heterogeneity and the adsorption capacity of the 
adsorbent respectively. Larger n and KF values correspond 
respectively to greater heterogeneity on the adsorbent’s sur-
face and a higher adsorption capacity [38]. The n and KF 
values for U(VI) and Th(IV) adsorption indicate that the 
adsorbent surface heterogeneity and the U(VI) and Th(IV) 
ions tendency for adsorption are low. For the goodness of 
fit values (R2; the squares of the correlation coefficients) 
of ln (qe) versus ln (Ce) (linearized Freundlich equation) 
for U(VI) and Th(IV) ions were better than those obtained 
R2 from most of the other linearized forms (i.e. Langmuir, 
Temkin and R–D isotherms equations). On the other hand, 
the experimental data for U(VI) and Th(IV) adsorption on 
Salvadora Persica adsorbent fit the Freundlich adsorption 
isotherm (see Fig. 7a). This indicates that the adsorption 
of U(VI) and Th(IV) ions is achieved by a physisorption 
mechanism and the electrostatic interaction between the 
adsorbent surface and the U(VI) and Th(IV) ions contributed 
to the adsorption process and these ions form multi-layers 

Fig. 5   Effect of pH on the removal percentage of U(VI) (60 μg/mL) 
and Th(IV) (60  μg/mL) using 1.25  g adsorbent at 25 ± 0.3  °C and 
contact time 4 h

Fig. 6   Comparison between the 
removal percentage of U(VI) 
(60 μg/mL) or Th(IV) (60 μg/
mL) using the adsorbent at 
25 ± 0.3 °C. The secondary axis 
is the adsorption capacity (qe)
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on the adsorbents. In the Langmuir model, although it shows 
good linearity, the maximum value of adsorption (Q0) was 
negative, which reflects the inadequacy of this model for 
explaining the adsorption process, [39].

U(VI) and Th(IV) adsorption kinetics

The mechanism of adsorption can be explored by studying 
the adsorption kinetics. The results presented in Fig. 9 show 
that, the adsorption rates of U(VI) and Th(IV) reach equi-
librium within 2 h. The experimental adsorption capacities 
(qe,exp) for U(VI) and Th(IV) on the adsorbent are given in 
Table 4. It has been observed most of the U(VI) and Th(IV) 

are adsorbed in the first 1 h and slowly reach the equilibrium 
after 2 h. The initial fast adsorption is attributed to the large 
number of available active adsorption sites while the slow-
ness at which maximum adsorption is reached is due to the 
few adsorption sites and the repulsive forces between 
adsorbate ions in solution and adsorbate ions on the adsor-
bent. The linear least squares fits of ln(qe − qt) versus t (as 
shown in Fig. 10a) for the adsorption data of U(VI) and 
Th(IV) yielded relatively low correlation coefficients (R) 
those are 0.981 and 0.965 respectively. The calculated 
adsorption capacity (qe Cal) of U(VI) and Th(IV) from the 
pseudo-first order kinetics fits deviated by around 80% and 
150% for U(VI) and Th(IV) respectively from the 

Table 2   Reported adsorption capacity of different biomass adsorbents for U(VI) and Th(IV)

U(VI) Th(IV)

Adsorbent Qmax (mg/g) Reference Adsorbent Qmax (mg/g) References

Coffee residues 40.5 [25] Rice bran 49.3 [33]
Mangrove endophytic fungus Fusarium 

sp. #ZZF51
21.42 [26]

Lemon peel 24.39 [27] Wheat bran 38.7
Fresh Spirodela punctata 18.52 [28] Fusarium sp. #ZZF51 11.4 [34]
Wood fiber 3.93 [29] Marine-derived Fungus Fusarium sp. 

#ZZF51
4.72 [35]

Chitin 4.60 [30] Insolubilized humic acid originated from 
Azraq

25.32 [36]

Ethylenediamine-modified biomass of 
Aspergillus niger

4.31 (unmodi-
fied) 6.78 
(modified)

[31] Duckweed pyrolytic biochar at 300 °C 86.7 [37]

Elodea nuttallii 3.096 [32] Duckweed-based pyrolytic biochar at 
600 °C

63.5

Callitriche stagnalis L. 0.112 Salvadora Persica Branches Biomass 21.21 This work
Phragmites australis L. 0.012
Lemna gibba L. 1.10
Salvadora Persica branches biomass 24.85 This work

Fig. 7   Adsorption isotherms at 25 ± 0.3 °C for U(IV) and Th(IV) a Freundlich isotherm fitting, b Temkin isotherm fitting
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experimental adsorption capacity (qe exp). On the other hand 
linear least squares fits of t

qt
 versus t (as shown in Fig. 10b) 

yielded correlation coefficients equal or very close to 1 as 
well as the qe Cal values are very close to the qe exp (see 
Table 4) with a deviation  % less than 2.5%. This clearly 

reveals the adsorption process follows pseudo second order 
kinetics.

Bearing in mind that the kinetic results fit perfectly into 
the pseudo second order adsorption kinetics model for U(VI) 
and Th(IV) on the adsorbent, the diffusion mechanism of 
these ions was tested and the influence of mass transfer 

Fig. 8   Linear least squares fit for Linearized a Freundlich model, b Langmuir linear form type 1, c Langmuir linear form type 2, d Langmuir lin-
ear form type 3, e Langmuir linear form type 3, f Temkin model, and g D-R model for U(IV) and Th(IV) adsorption on adsorbent
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resistance on their binding on the adsorbent was verified 
using intra-particle diffusion model [40] through using 
Eq. (7):

where kid is the intra-particle diffusion rate constant 
(mg/g min0.5), and C is a constant related to the thickness 
of the boundary layer (mg/g). Thus, the diffusion constant 
(kid) can be obtained from the slope of the plot of qt versus 
the square root of time.

Figure 11 shows plots of qt versus t0.5 for U(VI) and 
Th(IV) on adsorbent. These results imply that the adsorp-
tion processes involve more than a single kinetic stage or 
sorption rate [40]. Salvadora Persica adsorbent exhibited 
two stages, the first linear part (first stage) can be attributed 
to the mass transfer of the adsorbate ions across the bound-
ary layer and intra-particle diffusion, which produces a delay 
in the adsorption process. The second stage is attributed to 
the diffusion through small pores, which is followed by the 
establishment of equilibrium. The presence of micro-pores 
on the adsorbents is in line with this stage. Table 5 sum-
marizes the calculated values of the diffusion constants for 
U(VI) and Th(IV) on the adsorbent.

Thermodynamic parameters for U(VI) and Th(IV) 
adsorption

To further explore the adsorption mechanism, the thermody-
namic distribution coefficient (Kd) was calculated at different 
temperature using Eq. 8, the free energy (ΔG) was calcu-
lated using Eq. 9, the enthalpy (ΔH) and entropy of adsorp-
tion (ΔS) were calculated using Eqs. 10 from the obtained 
slope and the intercept respectively of log Kd versus 1/T 
plots (Fig. 12), the results are presented in Table 6.

The positive value of ΔG at all temperatures for the 
adsorption of U(VI) as well as Th(IV) confirms that the 
adsorption process of those ions on the adsorbent is non-
spontaneous and thermodynamically unfavorable. However, 
the negative ΔH values and the decrease of ΔG with increas-
ing the temperature indicate that the adsorption of U(VI) and 
Th(IV) is an exothermic process. The adsorption mechanism 
can be classified as chemisorption, physisorption or mixed 
mechanism based on the value of ΔH and ΔG. The adsorp-
tion process is described as physisorption when the ΔH is 
less negative than − 40 kJ mol−1 and the absolute value of 

(7)qe = k
id
t0.5 + C

(8)kd =
qe

Ce

(9)ΔG0
= RT ln kd

(10)lnKd =
ΔS0

R
−

ΔH0

RT

Table 3   Freundlich, Langmuir, Timken and R-D isotherms models 
parameters and correlation coefficient for U(VI) and Th(IV) adsorp-
tion on Salvadora Persica branches adsorbent at 25 ± 0.3 °C

U(VI) Th(IV)

Freundlich
 Kf (mg/g)(dm3/mg)1/n) (1.98 ± 0.17) × 10−2 (2.29 ± 0.19) x 10−2

 n 0.49 ± 0.04 0.57 ± 0.06
 R2 0.990 0.973

Langmuir (1)
 Q0 (mg/g) − 1.25 − 1.64
 b −  0.065 −  0.042
 R2 0.920 0.918

Langmuir (2)
 Q0 (mg/g) − 1.13 − 1.66
 b −  0.068 −  0.042
 R2 0.986 0.990

Langmuir (3)
 Q0 (mg/g) − 1.26 − 1.47
 b −  0.065 −  0.044
 R2 0.975 0.969

Langmuir (4)
 Q0 (mg/g) − 1.34 − 1.57
 b −  0.063 −  0.043
 R2 0.975 0.969

Temkin
 AT (L/g) 0.995 ± 0.004 0.997 ± 0.003
 bT (J/mol) 841 ± 43 1079 ± 54
 R2 0.947 0.890

D-R
 Qmax (mg/g) 539.58 427.32
 β (mol2/kJ2) 4.55 ± 0.02 × 10−7 4.75 ± 0.03 10−7

 E (kJ/mol) 1.049 ± 0.004 1.026 ± 0.003
 R2 0.970 0.926

Fig. 9   The effect of contact time on the adsorption capacity (qt) 
of U(VI) (60  μg/mL) or Th(IV) (60  μg/mL) using the adsorbent at 
25 ± 0.3 °C. The adsorbent amount is 1.25 g
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ΔG is lower than 20 kJ mol−1. On the other hand, the process 
is classified as a chemisorption when the absolute value of 
ΔG is higher than 40 kJ mol−1 and the ΔH is lower than 
− 100 kJ mol−1. However, if ΔG is lower than 40 kJ mol−1 
and higher than 20 kJ mol−1, the adsorption mechanism clas-
sified a mixed mechanism [41, 42]. The calculated values of 

ΔG are ranging in between 3.86 and 8.26 kJ mol−1, and the 
ΔH values for the adsorption of the U(VI) and Th(IV) ions 
were found to be − 85.16 ± 3.50 and − 55.95 ± 4.41 kJ mol−1 
respectively. This suggests that the adsorption is attained 
through a mixed mechanism and dominated by a phys-
isorption mechanism. The small negative values of ΔS for 
the adsorption of uranium and thorium confirm the little 
decrease of randomness at the solid/liquid interface dur-
ing the adsorption, where the adsorbed ions displaced the 
adsorbed water molecules on the surface of adsorbent [4].

Conclusion

In this study, for the first time, the Salvadora Persica 
Branches low-cost biosorbent was investigated for the 
removal of U(VI) as well as Th(IV) from aqueous media 

Table 4   Pseudo-first order and 
Pseudo-Second order kinetics 
parameters for U(VI) or Th(IV) 
adsorption on the Salvadora 
Persica adsorbent

Pseudo-first order Pseudo-second order

qe exp. R2 qe Cal k1 R2 qe Cal k2

U(VI) 2.08 0.9818 3.74 1.06 × 10−1 0.9996 2.10 3.14 × 10−2

Th(IV) 1.93 0.9651 4.88 1.10 × 10−1 0.9970 1.98 1.68 × 10−2

Fig. 10   a) Pseudo-first order and b) Pseudo-second order sorption kinetics of U(IV) and Th(IV) onto the adsorbent at 25 ± 0.3 °C and pH = 4

Fig. 11   Plots of qt versus t0.5 showing the two diffusion stages pre-
dicted by the diffusion model for U(VI) (square and circle ligand) and 
Th(IV) (pyramidal and rhombic ligand) adsorption on the adsorbent

Table 5   Intra-particle diffusion parameters for U(VI) and Th(IV) ions 
on the adsorbent

Ions Intra-particle Diffusion Parameters

Kid C R2

U(VI) 0.0286 1.2626 0.4591
Th(IV) 0.0342 0.9533 0.4671

Fig. 12   Plots of ln Kd versus 1/T for U(VI) and Th(IV) on the adsor-
bent at pH = 4.0
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at pH 3. The results showed that the Freundlich isotherm 
model is the best to describe the equilibrium data and the 
kinetics of the adsorption follows the pseudo-second order 
and the adsorption process involves two kinetics stages (i.e. 
mass transfer across the boundary layer followed by the dif-
fusion through the micro-pores and establishing the equi-
librium). The adsorption mechanism of U(VI) and Th(IV) 
radioactive ions on the adsorbent was found to be attained 
through a mixed mechanism and dominated by a physisorp-
tion mechanism. However, the adsorption of these ions was 
non-spontaneous and thermodynamically unfavorable with a 
small positive value of ΔG. The adsorption process of these 
ions was exothermic with an enthalpy driven process with 
negative values of ΔH (− 85.16 kJ mol−1) for U(VI) and 
− 55.95 kJ mol−1 for Th(IV).
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