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Abstract

In recent years, biochar based adsorbents have been given more attention for organic and inorganic pollutants removal.
Therefore, in this study, a new low-cost biochar adsorbent derived from Salvadora persica branches (BSP) was prepared,
characterized and investigated for removal of U(VI) and Th(IV) radioactive elements from water. The effects of batch
adsorption conditions were studied. The maximum removal efficiencies are around 99% for each of U(VI) and Th(IV), with
adsorption capacities 85.71 mg g~! and 84.97 mg g~! respectively. It has been found the adsorption process of U(VI) and
Th(IV) is spontaneous, exothermic and follows pseudo-second-order kinetics.
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Introduction

Water treatment and removal of radioactive elements have
been given high attention. Among these elements, uranium
and thorium are found in rocks, soil and groundwater. Also,
they are the main elements in the nuclear energy program.
Although the concentrations of radioactive elements are
low in the aquatic environment, the harmfulness and risk
of these elements to the human, animals and plants are very
high. Therefore, they are considered a serious threat to the
ecosystem. Many biological studies reported that uranium
and thorium cause dangerous diseases and they are carcino-
gen for kidney, liver, lung and pancreas [1, 2]. Therefore,
effective removal of these radioactive ions from water is
highly important. These facts have attracted the attention
of many researchers and many methods were developed to
remove U(VI) and Th(IV) ions from water, such as precipi-
tation, ion exchange and extraction [3-6] and adsorption
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[7-11]. Among these methods, adsorption is one of the most
widely used methods for the removal of metal ions from
water. Adsorption method has several advantages such as
it is a quite simple, efficient, relatively low cost, available,
not producing sludge and capable of removing most forms
of inorganic and organic material [9, 10]. The adsorption
process depends mainly on the type of adsorbent. This gave
the researchers more interest to investigate different adsor-
bents such as activated carbon, powdered activated carbon,
activated alumina, charcoal, brick powder, activated sludge,
zeolites and biomass [12—-14]. Each of these materials has
its advantages and disadvantages. However, looking for
abundant, low-cost and highly efficient adsorbents still is
required and of utmost importance. The biomass is renew-
able, abundantly available and considerably cheaper than the
commercially available materials. The naturally available
Salvadora persica plants biomass have many advantages.
Their structure and components contain tannins, saponins,
flavonoids, alkaloids and resin [15]. These components have
different functional groups (e.g. carboxylic acid, hydroxyl,
and amine) that may contribute to the final structure of a
treated Salvadora persica as an adsorbent, and provide
more efficient adsorption sites for U(VI) and Th(IV) ions.
In recent years, the biochar based adsorbents have been
given more attention for organic and inorganic pollutants
removal. The biochar is a carbon rich material and it can
be produced from several raw materials among them Salva-
dora persica branches. There are three preparation methods
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of biochar (i.e. pyrolysis, hydrothermal carbonization and
microwave carbonization). The pyrolysis method is the most
common one and it is known as the thermal decomposition
under oxygen-free conditions. The properties of biochar
play a significant role in removal of contaminants, which is
mostly governed by feedstock type and pyrolysis tempera-
ture. For instance, using pyrolysis temperature higher than
500 °C produces fully carbonized biochar which has more
affinity for organic contaminants due to high hydrophobic-
ity, microporosity, surface area and low dissolved organics.
Oppositely, using pyrolysis temperature lower than 500 °C
produces partially carbonized biochar which is more appro-
priate for inorganic contaminants removal due to the high
content of dissolved organic carbon and oxygen-containing
functional groups [16]. Considering the wide and high avail-
ability of feedstock, favorable chemical and physical proper-
ties and low-cost, the biochar shows promising performance
to efficiently remove water organic and inorganic pollutants
[17].

Therefore, a biochar derived from Salvadora persica
branches biomass was prepared at temperature lower than
500 °C, and its adsorption performance for uranium and tho-
rium ions from water was investigated. Effects of pH, adsor-
bent mass, and U(VI) and Th(IV) ions concentrations on the
adsorption efficiency were studied. Also, the experimental
results at equilibrium were fitted with the most frequently
used adsorption isotherms and kinetics models. The thermo-
dynamics parameters of U(VI) and Th(IV) ions adsorption
were also calculated.

Experimental
Materials and methods

Salvadora persica branches were purchased from a local
market in Saudi Arabia. The analytical grade chemicals
were purchased as follows: thorium nitrate tetrahydrate
from BDH, uranyl nitrate hexahydrate from (BDH) and
Arsenazo(III) indicator from (Fluka), sodium nitrate, sodium
hydroxide and hydrochloric acid from Sigma Aldrich, nitric
acid (69%) from TEDIA. Deionized water was used to make
up aqueous solutions and for washing all glassware. The
concentrations of U(VI) and Th(IV) before and after the
adsorption experiment were determined using a double-
beam spectrophotometer (Spectroscan DU).

Preparation and characterization of adsorbent
The Salvadora persica branches were crushed and thor-
oughly washed then dried in an oven at 105+0.3 °C. A bio-

char derived from Salvadora persica (BSP) was prepared
through thermal pyrolysis of the dried branches, without any
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chemical treatment, inside a tube furnace (Lenton Furnace)
at 400 °C with heating rate 10 °C/min for three hours, under
a nitrogen atmosphere. The resulted biochar was washed
thoroughly using deionized water and dried overnight in
oven at room temperature. Without any further modification,
the prepared biochar adsorbent was stored in glass vial later
to be characterized and investigated for adsorptive removal
of U(VI) and Th(IV) ions. The adsorbent surface’ functional
groups were characterized using Fourier-Transform Infrared
(FTIR) (Nicolet 6700 Thermo Electron). The point of zero
charge pH (pH,,.) is generally described as the pH at which
the net charge of absorbent’s surface is equal to zero. In
order to determine the pH,,,, a 50 mg adsorbent were mixed
with a 20 mL of 0.5 M of sodium nitrate solutions having
different pH values ranging from 2 to 10 then the final pH
values were measured using OAKTON PC2700 pH meter.
The adsorbent surface morphology and elemental compo-
sition were characterized using Field Emission-Scanning
Electron Microscope (FE-SEM) coupled with Energy Dis-
persive X-ray Spectroscopy (EDX) (Jeol 6700LV) instru-
ment. The CHNO Elementar analyzer was used to determine
the exact percentage of carbon, nitrogen and hydrogen ele-
ments in the prepared adsorbent. An automated nitrogen gas
adsorption—desorption analyzer (Autosorb iQ Quantachrome
USA) was used to determine the surface area (SA) and total
pore volume (V) of the prepared adsorbent.

Batch adsorption experiments

The effect of batch adsorption conditions namely: pH of
solution, weight of the prepared adsorbent, concentration
of adsorbates ions, shaking time and adsorption temperature,
on the removal of U(VI) and Th(IV) ions from water was
studied. To study the effect of pH on the removal efficiency
(Eq. 1), a 60 mg L~! of each U(VI) and Th(IV) ions solu-
tions having different pH (2-5) were prepared and mixed
with a fixed adsorbent dosage (1 g L™ and agitated, in
water bath shaker (Memmert GmbH Instrument, Germany)
for 4 h at room temperature (25.0+0.3 °C).

(Co B Ce)
(o

o

Removal % = x 100% (D

where C, and C, in mg L™" are the adsorbate initial and
equilibrium concentration respectively.

The effect of adsorbent dosage was studied by varying
the added mass of adsorbent (10-200 mg) to a 50 mL solu-
tions which have fixed pH (4.0), adsorbate concentration of
60 mg L~! and temperature (25.0 +0.3 °C) then agitated for
4 h. The U(VI) and Th(IV) ions adsorption isotherms on
the prepared adsorbent were investigated by studying the
effect of their concentrations (i.e. 30, 40, 50, 60, 70 and
80 mg L™!) on the adsorption capacity (g,) (Eq. 2) of the
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prepared adsorbent. A fixed adsorbent dose (1 g L™1), solu-
tion pH (4.0) and shaking time (4 h) time were used and the
most frequently adsorption isotherm models were tested and
shown in Table 1.

.= v(c,-c,) @
m

where V (L) and m (g) are the solution volume and adsorbent

mass respectively.

For studying the effect of shaking time on the adsorp-
tion, a 1 g L™! of BSP adsorbent dose was mixed with
U(VI) and Th(IV) ions solutions having fixed concentra-
tion (60 mg L™') and pH (4.0) and kept for shaking at
different time intervals (i.e. 15, 30, 45, 60, 120, 240, 480,
960, 1440 min) and fixed temperature (25.0+ 0.3 °C). The
obtained adsorption data were tested for different kinetics
models (presented in Table 2).

In order to study the effect of temperature and obtain-
ing the thermodynamics parameters of adsorption, a
60 mg L~! concentration of U(VI) or Th(IV) were mixed
with 1 g L™! of BSP adsorbent for 4 h at a fixed pH (4.0)
and different temperature (i.e. 25, 30, 35 and 40+0.3 °C).
The adsorption distribution coefficient (K) is calculated
using the following equation:

Table1 Linear forms of the most frequently used adsorption iso-
therms models

Isotherm  Linear equation Plot References
Langmuir & _— _1 C G o [18]

s = o T o . Vs G
Freundlich 1n(g,) =In(K;) + 1 In (C,) In(q,) vs. In(C,) [19]
Temkin ¢, = % In (Ag) + ':—TT n(C,) g, vs. In(C,) [20]

Where Q. (mg ¢ 1) is the maximum monolayer adsorption capac-
ity in Langmuir model and b is the Langmuir constant. K; (mg g~')
(L mg‘l)”" and n (dimensionless) are the Freundlich model param-
eters. Ay (L g71) is the equilibrium binding constant in Temkin model
related to the adsorption capacity, by (J mol™") is the Temkin constant
related to the heat of adsorption, R (J K~! mol™!) is the ideal gas con-
stant and 7T (K) is the temperature in Kelvin

Ki== 3)

The adsorption enthalpy (AH) and entropy (AS) are
calculated from the slope and intercept of the van t’Hoff
equation as follows:

AS°  AH°

Lnk, = =2 —
R RT

“

while the adsorption free energy (AG) is calculated
using Eq. 5.

AG®° = AH — TAS (5)

Results and discussion
Characterization of BSP adsorbent

Figure 1 shows the FTIR spectrum of BSP adsorbent.
The absorption stretching bands at around 3550 cm™! and
3330 cm™' indicate the presence of O—H and N-H related
to alcohol and amine functional groups respectively. The
medium peak at 2910 cm™' is due to stretching of C-H
associated with alkane. The strong stretching peaks at
1680 cm™" and 1600 cm™! corresponding to C=0 and C=C
in the conjugated ketone. Stretching peaks at 1110 cm™" and
1010 cm™! indicate the presence of C—O in ether and alco-
hol functional groups respectively [24]. Evidently, differ-
ent functional groups are available which provide different
potential adsorption sites for U(VI) and Th(IV) ions with.
However, it is noticed that during biochar preparation the
formation of the carboxylic acid is limited.

The biochar adsorbent’s surface morphology is shown
in Fig. 2a. It showed a complex irregular structure because
of the decomposition and volatilization of Salvadora per-
sica branches structural components (e.g. tannins, saponins,
flavonoids and alkaloids). During the thermal pyrolysis of
Salvadora persica at 400 °C, the volatile matter flows from
the Salvadora persica branches structural components very
fast in a short period which leads to splitting and shrinking
of the surface as a result, formation of pores with different

Table 2 Linear equations of the
tested kinetics models

Kinetics model Linear equation Plot References
Pseudo-first order (PFO) In (g, —q,) =In(q,) -kt In(q,—q,) vs. t [21]
Pseudo-second order (PSO) A Lovs.t [22]

Pk q, 9
Intra-particle diffusion g, =k " +C q, vs. 1% [23]

where ¢, in mg g~ is the adsorption capacity at certain time ¢ in minutes, k; (min~') and k, (g mg™" min~")
are the rate constants in pseudo-first order and pseudo-second order kinetics models respectively. k;y (mg
¢! min~%3) is the intra-particle diffusion rate constant, and C (mg g~!) is a constant related to the thick-
ness of boundary layer in Weber—Moris equation [23]
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Fig.2 a FE-SEM image of BSP adsorbent surface and b EDX spectrum

sizes and shapes [25]. This is in agreement with the assump-
tion that morphological changes in the original materi-
als occurred to some extent during the biochar formation
reactions [26]. The elemental analysis results obtained by
the CHNO analyzer show that the prepared adsorbent has
74.24% of carbon, 4.04% of hydrogen, 0.59% of nitrogen
and 21.13% of oxygen. The percentages of carbon and oxy-
gen elements are very close to the results of EDX (shown
in Fig. 2b). It has been found that carbon and oxygen are
the major elements of the adsorbent while some mineral
fractions of Ca (0.8%) and K (0.5%) were also detected.
This indicates that the carbon and oxygen are the skeleton of
the BSP adsorbent which may come from the organic com-
pounds having oxygen-containing functional groups such as
hydroxyl, ether and ketone.

For further characterization, the proximate and surface
area analyses are conducted. It has been found that BSP
adsorbent has 5.18% of moisture (M), 20.12% of volatile
matter (VM), 70.01% of fixed carbon (FC) and 5.36% of ash.
The surface area, total pore volume and pore radius are 9.05
m? ¢!, 0.011 mL g™" and 8.9 A respectively.

@ Springer

pH effect

The pH of solution influences the metals speciation as well
as the active adsorption sites available on the surface of
the adsorbents. In the effect of pH study and as shown
in Fig. 3, it has been found that the removal percentages
of U(VI) and Th(IV) increase and reach the maximum
at pH 3.0. This may be attributed to the change of the
adsorbent surface charge, from positive to negative, at
pH higher than the adsorbent pH,,,. (2.79). This leads to
increase the electrostatic interaction between U(VI) and
Th(IV) ions and the negatively charged adsorbent surface.
Moreover, at pH less than 3, the concentration of H* ion 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 adsorbent [27]. Also, at pH between 3 and 4,
the extractable species of U(VI) (e.g. UO,>*, (UO,(OH)*
and (UO,),(OH),*")) and Th(IV) (e.g. Th**, Th(OH)>*,
Th(OH),** and Th(OH);™) are formed and dominant [28,
29]. Hence, a pH equal 4.0 + 0.1 was chosen later in the
adsorption experiments.
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Fig.3 Effect of pH on the percentage removal of U(VI) (60 ug mL™!)
and Th(IV) (60 pg mL™) using BSP adsorbent (1 g LY at
25+0.3 °C and contact time 240 min

Effect of adsorbent dose

Figure 4 shows the effect of the loaded BSP adsorbent dose
on the removal efficiency of U(VI) and Th(IV) ions. It has
been found that the maximum removal efficiency of 99%
is obtained using 1 g L™! of adsorbent. This is attributed
to the increase of active adsorption sites by increasing the
adsorbent mass.

Effect of initial concentration

Figure 5 shows the concave to the axis adsorption isotherms
of U(VI) and Th(IV) which match type I adsorption iso-
therm. This indicates the adsorption sites distributed homog-
enously on the surface of adsorbent [30]. Different isotherm
models were tested for U(VI) and Th(IV) adsorption onto
BSP adsorbent. The plots of the linear forms of the tested
adsorption isotherm models are presented in Fig. 6.

The models’ parameters for U(VI) and Th(IV) adsorp-
tion onto BSP are summarized in Table 3. These parameters
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Fig.4 Effect of BSP adsorbent dose on the removal of U(VI) (60 mg
L") and Th(IV) (60 mg L™!) at 25 +0.3 °C and contact time 240 min

Fig.5 Adsorption isotherms curves of U(VI) and Th(IV) onto BSP
adsorbent at 25 +0.3 °C and contact time 240 min

were calculated from the slope and the intercept of the cor-
responding adsorption isotherm model linear form. It has
been found that Langmuir and Temkin isotherms are the
best fit to the experimental adsorption results of U(VI) and
Th(IV) ions with squared correlation coefficients (R?) higher
than 0.99. As a result, we are expecting that the BSP adsor-
bent’s surface is almost homogenous and the chemisorption
mechanism is predominant. The obtained separation factor
(Ry) from Langmuir constant (b) is calculated using Eq. 6.
The value of R, between zero and one, shows the favora-
bility of U(VI) and Th(IV) ions adsorption. The maximum
monolayer adsorption capacity of BSP for U(VI) and Th(IV)
ions are 85.71 and 84.97 mg g™, Positive by value obtained
from Temkin model indicates that the adsorption process
is exothermic. Therefore, the proposed interactions mecha-
nism between these ions and BSP surface mostly involve an
ion-exchange interaction. In Freundlich, the n and K; val-
ues which are higher than 1 indicate that the adsorption of
U(VI) and Th(IV) ions onto BSP is favorable. The higher
magnitude of these values corresponds to higher adsorption
capacity [31].

Ro=Y1+0c) ©)

In Table 4, the maximum adsorption capacity of the pre-
pared adsorbent in this study for U(VI) and Th(IV) ions are
compared with other published results. It has been found that
the BSP has high adsorption capacity and it is comparable
with many adsorbents reported in the literature.

Effect of contact time and adsorption kinetics

The contact time is a vital parameter affecting on the
removal efficiency. As shown in Fig. 7, the BSP removal
efficiencies for U(VI) and Th(IV) increase rapidly in the
first 1 h which is attributed to the maximum availability of
unoccupied adsorption sites on the surface of adsorbent.
Then they reach equilibrium within 2 h. Figure 8 shows the
plots of the linearized kinetics models (i.e. PFO and PSO).
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Fig.6 Linear least squares fit of a Freundlich model, b Langmuir model and ¢ Temkin model for U(VI) and Th(IV) adsorption onto BSP at

25+0.3°C

Table 3 Freundlich, Langmuir and Timken isotherms models param-
eters and correlation coefficient for U(VI) and Th(IV) adsorption on
Biochar Salvadora persica branches adsorbent at 25+0.3 °C

UvI Th(V)

Freundlich

K; (mgg™") (L mg™H'" 44.18 38.93

n 2.81 2.74

R 0.9675 0.9709
Langmuir

Q,(mgg™) 85.71 84.97

b 1.21 0.87

R? 0.9968 0.9961

R, 0.014 0.019
Temkin

AT (L g™ 1.40 1.34

by (J mol™) 137.14 135.91

R 0.9945 0.9931

The adsorption kinetics’ parameters are calculated from the
slope and the intercept of the corresponding linear plot and
summarized in Table 5. The obtained squared correlation
coefficients (R?) are 1 and the g, experimental (g, exp.) and g,
calculated (g, ., ) values are very close to each other in PSO
for both ions. This clearly indicates the adsorption of U(VI)
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and Th(IV) onto BSP adsorbent follows the PSO kinetics,
which is in role shows involvement of chemisorption in the
rate-determining step in the adsorption mechanism [45].

For further investigation of adsorption mechanism and
to know if U(VI) and Th(IV) adsorption is described as a
diffusion-controlled process, the equilibrium adsorption data
were fitted to the most widely applied intra-particle diffu-
sion model described by Weber and Morris [23]. As shown
in Fig. 9, plotting of g, versus 1° reveals two linear parts.
This indicates that U(VI) and Th(IV) adsorption governed
through two diffusion steps. The first step is fast and related
to the external mass transfer of U(VI) and Th(IV) from the
bulk solution to the available pores and adsorption sites on
the surface of the adsorbent, while the second step arises
from the pore diffusion and adsorption of these ions onto
the adsorption sites which followed by the establishment of
equilibrium. Moreover, the plots did not pass through the
origin which indicates the intra-particle diffusion was not
the only rate determining step [46, 47]. Table 6 summarizes
the calculated intra-particle parameters.

Thermodynamics of adsorption

The adsorption enthalpy (AH) and entropy (AS) of U(VI)
and Th(IV) are calculated from the slope and intercept of
the van t'Hoff (Ln(K) vs. 1/T) (shown in Fig. 10). Table 7
summarizes the thermodynamics parameters for U(VI) and
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Table 4 Comparison of the reported adsorption capacity of different adsorbents for U(VI) and Th(IV) at the studied pH
Adsorbent pH Qo (Mg g™ Reference
U(vl)
Coffee residues 4.0 40.5 [11]
Lemon peel 8.0 24.39 [12]
Granular activated carbon modified with Nitric acid 5.0 23.81 [13]
Ethylenediamine-modified biomass of Aspergillus niger 5.0 4.31 (unmodified) [32]
6.78 (modified)
Salvadora persica branches biomass 4.0 24.85 [11]
Biochar produced by pine needles hydrothermal carbonization 6.0 62.7 [33]
Ethyl acetate treated clay (TC) 4.5 38.91 [34]
Manganese oxide coated zeolite (MOCZ) 4.0 15.1 [35]
Silica gel 5.15 97.9 [36]
Hydroxyapatite coated activated carbon powder nanocomposite (HAP-AC) - 3.83 [37]
Hydrazine-impregnated activated carbon Highly Acidic 5.91 [38]
Biochar derived from Salvadora persica branches (BSP) 4.0 85.71 This work
Th(IV)
Rice bran -0.6 493 [39]
Wheat bran -0.6 38.7
Granular activated carbon modified with Nitric acid 5.5 36.23 [13]
Insolubilized humic acid originated from Ajloun 3.0 35.71 [40]
Duckweed pyrolytic biochar at 600 °C 2.7 71.7 [41]
Salvadora persica branches biomass 4.0 21.21 [11]
Activated biochar produced from Opuntia ficusindica cactus fibres 3.0 81 [42]
1-Amino-2-naphthol-4-sulphonic coupled chitosan (ANSC) 2.5 252.57 [43]
2-Thenoyltrifluoroacetone modified Santa Barbara amorphous silica (TTA-SBA-15) 4.0 36.10 [44]
Biochar derived from Salvadora persica branches (BSP) 4.0 84.97 This work
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Fig. 7 Contact time effect on the removal efficiency of BSP for U(VI)
and Th(IV) ions at 25+0.3 °C. Concentration of each is 60 mg L,
adsorbent dosage concentration is 1 g L™!

Th(IV) adsorption onto BSP adsorbent. It has been found
that the free energy (AG) values are negative in the stud-
ied temperature range (25—40+0.3). This indicates the
adsorption process is spontaneous and thermodynamically
favorable. Increasing the AG values with increasing the
temperature and the negative values of AH for both ions
indicate that the adsorption process is exothermic. In addi-
tion, the obtained values of AH, —218.17 kJ mol~! and

—240.17 kJ mol~! for U(IV) and Th(IV) respectively, reveal
that the chemical adsorption mechanism is predominant [48,
49]. The observed exothermic effect can be explained by
the forces of interaction between the adsorbent and U(IV)
and Th(IV), which are stronger than those existing in both
adsorbent and U(IV) and Th(IV) alone, which means that it
would prefer the product than reactant [50]. The small nega-
tive entropy values in the adsorption system in this study
indicates that the randomness decreases at the adsorbate/
adsorbent interface.

Mechanism of U(VI) and Th(IV) ions adsorption

The prepared adsorbent can remove uranium and thorium
ions through chelation mechanism via the unpaired electrons
at the nitrogen of amino groups and oxygen of hydroxyl and
carbonyl groups on the adsorbent surface. Also, through an
ionic interaction between the negatively charged functional
groups and the U(VI) and Th(IV) cations.

@ Springer



676 Journal of Radioanalytical and Nuclear Chemistry (2021) 328:669-678
@), (b)
3.0 | ﬂ
25 |
20 LUV
10 . OTh(IV) 20
= .
% 0.0 - _ 15 e U(VI)
g 10 o g OTh(IV)
2.0 - 10 4
-3.0 4 .
5 4
4.0
5.0 0 : . . . . . .
0 50 100 150 200 250 300 350 400 450 500 550 0 200 400 600 800 1000 1200 1400 1600
Time (min) Time (min)
Fig.8 Linear least square fit for a PFO and b PSO models for U(VI) and Th(IV) adsorption onto BSP adsorbent at 25+0.3 °C
Table 5 PFO and PSO adsorption kinetics parameters for U(VI) and Th(IV) adsorption onto BSP adsorbent
Ion 9. exp 9e cale kl (1 min_l) RZ
PFO
Ul 60.33 6.73 3.09%1072 0.6981
Th(V) 59.48 13.30 2.28%1072 0.8300
9. exp 9e cale k2 (g mg_l min_l) RZ
PSO
Ul 60.33 60.61 3.83%107° 1.0000
Th(IV) 59.48 59.88 2.20%107° 1.0000
70 6
60 s — — g 5 3 5 4 -
o ¥
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Fig.9 Intra-particle diffusion plots for U(VI) and Th(IV) ions
adsorption onto BSP adsorbent at 25 +0.3 °C

Table 6 The calculated Intra-

X Tons Intra-particle dif-
particle parameters for U(VI) fusion parameters
and Th(IV) ions adsorption onto
BSP adsorbent Kiq C

U(VI) 0.40 49.01
Th(IV) 0.50 45.16

@ Springer

Fig. 10 Plot of In K versus 1/T for U(VI) and Th(IV) adsorption onto
BSP adsorbent

Conclusion

For the first time a biochar derived from Salvadora persica
branches was prepared as an efficient adsorbent for U(VI)
and Th(IV) ions in water as well as the nature and kinetics of
their adsorption onto the prepared BSP adsorbent were stud-
ied in this work. The removal efficiency of the BSP biomass
adsorbent for U(VI) and Th(IV) reached up to 99% with
an adsorption capacity of 85.71 mg g~' and 84.97 mg g~!
respectively. The adsorption equilibrium results showed that
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Table 7 Thermodynamic parameters for the adsorption of U(VI) and Th(IV)

Temperature U(VI) Th(IV)

K

(K) AG (kJ mol™) AH (kJ mol™") AS (kJ mol"' K™1) AG (kJ mol™!) AH (kJ mol™") AS (kJ mol"' K™1)
298 —12.17 —218.17+15.19 —0.69+0.05 —11.45 —240.17+14.15 —0.77+0.05

308 -8.71 —-7.61

318 -5.26 -3.77

313 -1.80 0.07

the adsorption was obtained through a mixed mechanism
dominated by chemisorption and followed by pseudo-sec-
ond-order kinetics. The thermodynamics results revealed
that the adsorption of U(VI) and Th(IV) ions onto BSP was
spontaneous and thermodynamically favorable with a nega-
tive value of AG. Also, the adsorption process was exother-
mic with a negative AH. Additionally, the low values of AG
and the obtained values of AH disclose that the adsorption
mechanism is mixed and the chemical adsorption is pre-
dominant. The negative values of AS indicated decrease
in randomness at the liquid/solid interface. The findings in
this study showed that the biochar derived from Salvadora
persica (BSP) has a promising performance in water treat-
ment as an adsorbent for uranium and thorium radioactive
elements. Therefore, its scaling up and performance in the
column bed adsorption system and its reusability will be
investigated in another study.
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