J Radioanal Nucl Chem (2017) 314:377-386
DOI 10.1007/s10967-017-5414-8

=
@ CrossMark

Effect of various environmental factors on the adsorption of U(VI)
onto biochar derived from rice straw

Lijia Dong' - Jianxia Yang’ - Yinyan Mou' - Guodong Sheng’® - Linxia Wang? «
Wensheng Linghu® - Abdullah M. Asiri* - Khalid A. Alamry*

Received: 31 May 2017 /Published online: 22 August 2017
© Akadémiai Kiado, Budapest, Hungary 2017

Abstract Herein, we used biochar pyrolyzed from rice
straw to adsorb uranium (U) from aqueous solutions. The
adsorption of U(VI) on biochar was strongly dependent on
pH but independent on ionic strength. HA/FA enhanced the
sorption at pH <6.8 while inhibited the sorption at pH
>6.8. The sorption reached equilibrium within 3 h, which
was not mediated by pH. The adsorption process was
spontaneous and endothermic, and enhanced at higher
temperature. However, the influence of temperature was
negligible at low initial U(VI) concentrations. Therefore,
biochar derived from rice straw may be a promising
adsorbent for the removal of U(VI).
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Introduction

Uranium (U) is the predominant fuel of nuclear energy used
in nuclear industry, which has been regarded as a potential
alternative to fossil fuels according to its economical and
clean characteristics [1-6]. However, U, existing primarily
as the UO22+ ions in aqueous solutions, starts as a source and
ends up as a final waste component in nuclear fuel cycle
[1-3]. Once the disposed U is discharged into environment, it
will be very harmful to the soils, surface water, and
groundwater. Eventually it will inevitably accumulate in the
body of human beings through food chains [7]. Due to long
half-life, natural radioactivity, extreme chemical toxicity,
and strong complexation affinity for organic ligands, excess
exposure to U can cause serious diseases, even death [2, 7]. In
consideration of this toxic characteristic, it is vital to seek
methods for U(VI) removal or remediation from wastewater
and groundwater [2-7].

Until recently, dozens of treatment methods such as
extraction [8], ion-exchange [9], chemical precipitation
[10], membrane dialysis [11], adsorption [12-14], have
been employed to preconcentrate and separate uranium
component. Among the methods, sorption technique is
widely used for the remediation of contaminated environ-
ment on account of its high efficiency, low cost, environ-
mental friendliness, and large-scale practicability [15]. A
great number of adsorbents, such as bentonite [16], acti-
vated carbon [17], graphene oxides [18], bio-nanocom-
posites [19], carbonaceous nanofibers [3], zerovalent iron
nanoparticles [5], titanate nanotubes [6], amine-function-
alized MCM-41 [20], Fe;0,@Gelatin [21], were proved to
be capable in the decontamination of U(VI)-bearing
effluents.

Biochar synthesized through pyrolysis of plant-based
biomass is a stable carbon-rich adsorbent. In contrast with
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activated carbon, biochar pyrolyzed at relatively low tem-
perature (<700 °C) has been found owning more functional
groups and mineral ash [22], which endows biochar with a
potential sorbent for lots of hazardous cations/anions
[23-25]. For example, dairy-manure biochar removed
nearly 100% Pb with the initial concentration of 100 mg
L' [23]. Similarly, by using biochar derived from invasive
water hyacinth, nearly 100% Cd with the initial concen-
tration equal to or less than 50 mg L™" was removed from
aqueous solution [25]. These results implied a promising
application of biochar in removal of toxic and even
radioactive metal elements from aqueous solution.

In this study, we converted rice straw into biochar to
investigate its practical application in the adsorption of
U(V]) in aqueous solution. Therefore, the objectives of this
work were: (1) to characterize biochar to clarify its surface
properties; (2) to investigate the adsorption of U(VI) on
biochar; (3) to study the effect of pH, ionic strength, humic
acid (HA)/fulvic acid (FA), contact time, temperature, and
initial concentration on U(VI) adsorption; (4) to calculate
the thermodynamic data from the temperature-dependent
sorption isotherms.

Experimental
Materials

The rice straw was collected from Shaoxing city in Zhe-
jiang province, China. The dried plants were crushed and
ground to <1.0 mm particle size. Then the ground particles
were pyrolyzed at 700 °C in a pyrolyzer under no supply of
air. Slow pyrolysis was conducted at a rate of 7 °C min~"
and a holding time of 2h was set for complete
carbonization.

U(VI) stock solution was prepared by dissolving
UO,(NOs),-6H,0 into double distilled water purged by N,
gas and then diluted to the required concentration. All
chemicals were commercially purchased as analytical
reagents and used without further purification.

HA and FA were extracted from the soil in Hua-Jia
county (Gansu province, China), and their physicochemical
properties had been studied in detail previously [4, 26-28].

Characterization of biochar

The SEM and TEM images were obtained using a field
emission scanning electron microscope (JSM-6360LV,
Japan) and a transmission electron microscope (JEM-1011,
Japan) instrument, respectively. The FT-IR spectra of the
biochar was recorded with a FT-IR spectrometer (NEXUS,
America) in the range of wavelength 4000-400 cm™" to
characterize its surface functional groups. The spectral
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resolution was set to 2 cm™ ' and the range of energy ratio
was 25-40%.

Batch adsorption experiments

Batch adsorption experiments of U(VI) on biochar derived
from rice straw were conducted in polyethylene tubes
under N, conditions at three different temperatures, i.e.,
293, 313 and 333 K. Briefly, the stock suspensions of
biochar, NaClO,, HA/FA, UO3" solution, and Milli-Q
water were added in above-mentioned tubes to achieve the
desired concentrations of different components. The ratio
of the biochar amount to the solution volume was
0.66 g L', The pH values of the adsorption systems were
adjusted with negligible volumes of 0.1 or 0.01 mol L'
HNO; and/or NaOH solutions. Herein, the deviation for the
ratio of the amount of U(VI) to the solution volume is less
than 1% duo to the pH adjustment. To ensure adsorption
equilibrium, the mixed solutions were gently shaken for
24 h. Then the samples were subjected to separated solid
and liquid phases through centrifugation at 9000 rpm for
30 min.

The U(VI) concentration in the supernatant was ana-
lyzed by spectrophotometry at 681 nm. The U(VI) removal
percent from aqueous solution (U(VI) removal
% = (Cy — C.)/Cy x 100%) and sorption amount onto
biochar (g. = (Cy — C.) x V/m) were calculated from the
initial U(VI) concentration (Cp, mol L"), the final U(VI)
concentration (C,, mol Lfl), the biochar mass (m, g), and
the suspension volume (V, L).

All batch experiments were conducted in duplicates and
each data point was measured in triplicates in order to
ensure the experimental repeatability and improve data
accuracy. The relative errors of the experimental data were
less than 5%.

Results and discussion
Characterization

The SEM, TEM, and FT-IR characterization of biochar
derived from rice straw are shown in Fig. 1. We can
observe from the SEM image (Fig. 1a) that the stratified
structure of biochar is formed and randomly accumulated
in loose state. Furthermore, both of the surface and edge of
biochar are rough. This structure may provide more space
for the contact between metal ions and biochar. The TEM
image (Fig. 1b) indicates that the aggregation of biochar
particles is heterogeneous and loose in aqueous solutions,
which increases the surface area of biochar. In other words,
the stratified structure of biochar and loose distribution of
biochar particles may endow the biochar derived from rice
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Fig. 1 SEM (a), TEM (b), and FT-IR spectrum (c) of biochar
derived from rice straw

straw with excellent adsorptive ability. The FT-IR spec-
trum shows functional groups on biochar (Fig. 1c). The
band at 3440 cm ™" is assigned to O-H stretching vibration
of biochar [29-31]. The band at 2361 cm™ ' is assigned to
C=C and -C=N triple bonds or accumulates in C=C=C-

and —N=C=0 double bonds [31, 32]. In the middle
wavenumber range, FT-IR spectra of biochar shows aro-
matic C=C (1624 cm™"), carboxyl O=C-O (1384 cm™ ),
and alkoxy C-O (1037 cm™') stretching vibrations,
respectively [18]. In the low wavenumber range, the bands
at 794, 521, and 468 may be assigned to the integrated
crystalline structure of biochar [33].

Effect of contact time

Figure 2 shows that the sorption kinetics of U(VI) on
biochar under 0.01 mol L™' NaClO,4 and three pH values
conditions, i.e., pH 4.48, 5.26, 6.15. The percentage of
U(VI) removal rapidly increases in the first 1 h, and then
slowly increases until the sorption process achieves equi-
librium after 3 h (Fig. 2a). This tendency is similar under
three pH values conditions, i.e., each U(VI) removal in
each pH condition reaches high-level within 3 h (Fig. 2a).
The initial fast removal rate can be attributed to a large

A 100
. ¥ 3
80 -
"c\ 4
X
et T
= Y
> 4
g 60-
=
>
N’
D 4
40
] ® pH=6.15
v pH=526
m pH=448
20 . . . .
0 1 2 3 4 5
Time (h)
B
2.5x10°
2.0x10°
—’\
2 1.5x10°
2
©b
£ 1.0x10°
=
=
-

0.5x10° 6.15

0.0

3

Time (h) : 1

Fig. 2 Effect of contact time on U(VI) removal percentage (a) and
U(VI) sorption (b) onto biochar with different pH values. I
(NaClO,) = 0.01 mol L™", T = 293 K, Cyvinita = 2 X 107 mol
L™, m/V=066gL™"

@ Springer



380

J Radioanal Nucl Chem (2017) 314:377-386

number of adsorption sites available, which implies that the
sorption is dominated by chemical adsorption or surface
complexation rather than physical adsorption [21, 34, 35].
With the gradual occupancy of these sites, the sorption
efficiency becomes less efficient. Therefore, in the fol-
lowing experiments, we selected a contact time of 24 h to
ensure complete adsorption equilibrium.

The above results suggest that the contact time of U(VI)
adsorption on biochar may not mediated by the pH value.
However, it is observed that the removal percent evidently
increases with an increase of pH values (Fig. 2d). There-
fore, we can conclude that the binding time of U(VI) with
the surface sites of biochar is slightly affected by pH values
of solutions, although the quantity of binding was strongly
affected by pH values.

The sorption rate is mainly dependent on the surface
characteristics and diffusion resistance of sorbents.
Therefore, appropriate kinetic models, either pseudo-first
order or pseudo-second order models, generally provide
useful information for determining the underlying uptake
mechanisms [18, 21]. In view of this, both pseudo-first and
-second order models were applied to the kinetic data of
U(V]) on biochar. Finally, the pseudo-second order kinetic
was found to better describe the sorption process, which is
calculated by the following expression [36, 37]:

t 1 t

o % a. M
where g. and ¢, refer to the uptake capacity of U(VI)
(mol g~') at equilibrium time and time 7 (h), respectively;
k (g (mol h)_l) is the rate constant. The three-dimensional
linear plot of #/qt versus ¢ under three pH values conditions
is shown in Fig. 2b. The corresponding vales of k and ¢,
are shown in Table 1. From this table, we can see that the
correlation coefficient for each line is up to 0.999, which
suggests that the kinetic uptake process in three pH values
can be well described by the pseudo-second-order model.
Once again, this phenomenon indicates that the sorption
process is chemical but not physical sorption [37].

Table 1 Kinetic parameters of U(VI) adsorption on biochar derived
from rice straw with three different pH values (4.48, 5.26, and 6.15). 1
(NaClO4) = 0.01 mol L™, T = 293 K, Cycvpinitias = 2 X 107> mol
L™, m/V=066gL™"'

pH values  Pseudo-second-order parameters

ge (mol g_l) K (g mol ™! h_l) P P value
4.48 2799 x 107 2.160 0.999  <0.001
5.26 3.008 x 107>  2.829 0.999  <0.001
6.15 3375 x 107° 2441 0.999  <0.001

@ Springer

Effect of pH and ionic strength

Figure 3 shows the effect of pH on the adsorption of U(VI)
onto biochar in three different electrolyte concentrations
(ie., I (NaClO,) = 0.1, 0.01, 0.001 mol L™"). It is clear
that pH significantly influences the sorption behavior of
U(VI). Specifically, the removal percentage of U(VI) sig-
nificantly increases from 31.67 to 99.17% with increasing
pH values from 3.0 to 6.8, whereas the high-level adsorp-
tion and decreased adsorption are observed in the pH range
of 7.3-9.2. Similar results were observed for U(VI) sorp-
tion to carbonaceous nanofibers [3], titanate nanotubes [6],
MCM-41-NH, [20], Fe;0,@Gelatin [21], SiO, [38], etc.
The reasons for the increasing sorption can be attributed to
a decrease in the competition between protons (H") and
U(VI) for surface sites of biochar with an increase in pH
values [27, 39-41]. Because UO3" or (UO,);(OH)? and
(UO,)4(OH)T are the dominant species at low pH (pH
<8.0), while both H' and these positive U(VI) ions can
generate electrostatic repulsion on biochar surface
[3, 4, 42]. The adsorption and subsequent precipitation
process, such as the formation of schoepite, may result in
the high-level removal of U(VI) on biochar at pH 6.8 [3].
The dramatic decrease in U(VI) adsorption at pH >7.3 may
be due to the occurrence of dissolved inorganic carbon or
the formation of negative U(VI) ions at high pH values,
such as (UO,)3(OH)7, UO,(CO5)3~, UO(CO;)5~. These
ions are difficult to be retained on the negatively charged
surfaces of sorbents because of electrostatic repulsion
[3, 4, 43, 44].

Meanwhile, as shown in Fig. 3, pH effects on the
adsorption of U(VI) are similar in each NaClO, concen-
tration. This result indicates that U(VI) sorption is inde-
pendent on ionic strength, implying that the sorption of
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Fig. 3 Percentage removal of U(VI) from solutions with different
pH by biochar derived from rice straw at three concentrations of
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U(VI) on biochar derived from rice straw is mainly dom-
inated by inner-sphere surface complexation. Generally
speaking, when the adsorption is dependent on pH but not
on the ionic strength, the sorption is mainly controlled by
inner-sphere surface complexation; the opposite situation
indicates that the sorption is mainly controlled by outer-
sphere surface complexation or ion exchange [18, 45—47].
In view of these conclusions, we can infer that the
adsorption of U(VI) on biochar is predominated by inner-
sphere complexation.

Effect of humic substances

Humic substances play an important role in controlling the
transformation and migration behaviors of radionuclides
and heavy metal ions. Hence, to study the effect of humic
substances on adsorption is vital for understanding sorption
characteristics of adsorbents. The pH dependence of U(VI)
sorption on biochar in the absence and presence of HA/FA
is shown in Fig. 4. The presence of HA/FA enhances the
uptake of U(VI) at pH <6.8, while inhibits the sorption at
pH >6.8. Simultaneously, there is no significant gap
between HA and FA addition at the whole pH range. The
results are similar to the effect of HA/FA on the sorption of
Eu(Ill) on graphene oxide, and of U(VI) on MX-80 Ben-
tonite [18, 48]. Generally, there is strong interaction
between HA/FA and U(VI) due to rich “adsorbed” groups
included in HA/FA. And the complexation between HA/
FA and U(VI) is stronger than U(VI) and adsorbents.
Therefore, the negatively-charged HA/FA can be easily
adsorbed on the positively-charged biochar at low pH
values. At the same time, the positively-charged U(VI) ions
can easily form complexes with FA/HA adsorbed on the
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Fig. 4 Percentage removal of U(VI) from solutions with different
pH by biochar at three treatments of FA addition, HA addition and no
HA/FA addition. I (NaClO,) = 0.01 mol L™', T =293K,
Cucvinitial = 2 X 107> mol L™, m/V = 0.66 g L™!

surface of biochar, which enhances the sorption of U(VI)
on FA/HA-biochar hybrids. At high values, the solubility
of FA/HA increases and the biochar becomes negatively-
charged, which leads to the electrostatic repulsion. Fur-
thermore, a part of free stable FA/HA-U(VI) complexes
are formed in solutions. Thus, the negatively-charged FA/
HA is weakly adsorbed on the surface of biochar, leading
to the decrease of U(VI) sorption on biochar. As the gen-
eral regards [34, 49], our results also prove that the pres-
ence of HA/FA enhances the adsorption of metal ions at
low pH values while inhibits the adsorption of metal ions at
high pH values.

Effects of initial concentration and temperature

The percentage of U(VI) removal by biochar at different
temperatures and initial concentrations is given in Fig. 5.
The amount of U(VI) sorption decreases with increasing
initial U(VI) concentration: from around 95 to 50%. The
removal percent is more than 90% at low initial concen-
tration and more than 45% at high initial concentration.
Moreover, the influence of temperature is negligible at low
initial U(VI) concentrations (Co < 1.7 x 10™> mol L")
while is significant at high initial U(VI) concentrations
(Co> 1.7 x 107> mol L™1). The result indicates that the
U(VI) removal percentage may be affected by interactions
between initial concentration and temperature. One expla-
nation is that there are enough sorption sites on the surface
of biochar at low initial concentration, while higher tem-
perature enhances the sorption through providing more
thermal energy when the sites not enough at high initial
concentration [50, 51].
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Adsorption isotherms and thermodynamic study

The adsorption isotherms describe the interactions between
adsorbates and adsorbents and provide the most import
parameter to design a desired adsorption system [52].
Figure 6 shows that the sorption isotherms of U(VI) on
biochar at 293, 313, and 333 K. The amount of U(VI)
adsorption in Co > 1.7 x 107> mol L™ increased with an
increase of temperature, suggesting that the sorption is
enhanced in higher temperature. To obtain a better under-
standing on mechanisms of U(VI) adsorption on biochar,
four equilibrium models, i.e., Langmuir [53, 54], Fre-
undlich [55], Temkin [56], and Dubinin—Radushkevich (D-
R) model [57], were selected to fit the sorption isotherms.
Linear form of these isotherm models can be expressed by
following equations.

C. 1 +Ce

€ _ 2

e KLCImax Gmax ( )

logge = logg + nlogCe 3)
RT RT

de = TIHA + TIHCe (4)

Inge = Ingmax — ﬁgz (5)

where ¢pnax (mol g_l) represents the maximum uptake
capacity of U(VI) on per weight unit of biochar; K (L
mol ™) is the Langmuir affinity parameter; K (mol' ™" L"
g~ ") and n are the Freundlich affinity-capacity parameter
and exponent, respectively; R is the universal gas constant
(8.314 T K" mol™"), T (K) is the absolute temperature in
Kelvin, b is the heat of adsorption, and A is the binding
constant; f§ is the D-R activity constant and ¢ is the Polanyi
potential, which is calculated by RT In(1 + 1/C.); From
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Fig. 6 Sorption isotherms of U(VI) adsorption onto biochar at three

different temperatures. 1 (NaClO,) = 0.01 mol L™', m/V = 0.66
—1

gL
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D-R model, bonding energy of the ion-exchange mecha-
nism (E, KJ g™') is calculated by (28)" "%

In Fig. 7, linearized Langmuir isotherm, Freundlich
isotherm, Temkin isotherm, and D-R isotherm on U(VI)
adsorption onto biochar at three temperatures (293, 313 and
333 K) are displayed. The relative parameters calculated
from the four isotherm models are listed in Table 2.
According to the values of correlation coefficients (r2), we
find that the fitting of Langmuir model is the best among
the four models (Table 2). The result suggests that the
adsorption process occurs on the functional groups/binding
sites on the surface of biochar, and is viewed as homoge-
neous monolayer coverage. The gn.x value obtained from
Langmuir model increases from 2.799 x 107> to
3375 x 107> mol g~' with the temperature increasing
from 293 to 333 K (Table 2), which suggests that high
temperature is favorable to adsorption. Except for the
Langmuir model, the Freundlich, Temkin, and D-R model
also fit the data of U(VI) sorption on biochar very well
(Table 2; Fig. 7). The n values, gained from the Freundlich
model, are less than 1, which indicates that the sorption is
favorable under different temperatures. The above results
illustrate that the biochar derived from rice straw can be
treated as a potential novel adsorbent for the removal of
U(vD.

The thermodynamic parameters (AH’, AS°, and AG®)
for U(VI) on biochar at three different temperatures can be
determined from the temperature dependence, in order to
illustrate the thermodynamic properties of adsorption.
Gibbs free energy (AG® is calculated from the
relationship:

AG’ = —RTInK® (6)

where K° is the equilibrium constant of sorption reaction,
and we got the values of InK® by plotting InK® versus C,
and extrapolating C, to zero [58]. Standard entropy (AS®)
and the average standard enthalpy (AH°) are calculated
using the following two equations [59], respectively.

0AG .
<—a AT0>p —AS (7)

AH’ = TAS® + AG® (8)

The obtained thermodynamic parameters are listed in
Table 3. These parameters provide an insight into under-
standing the mechanism of the adsorptive interaction of
U(VI) with the biochar derived from rice straw. The value
of AG® is negative and become more negative as the
temperature increases, suggesting that the adsorption pro-
cess is spontaneous and more efficient at higher tempera-
ture. The possible explanation is that U(VI) is readily
desolvated and hence its sorption becomes more favorable
at high temperature [18]. The positive value of AH’
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Table 2 Isotherm parameters for U(VI) adsorption onto biochar
derived from rice straw at three different temperatures (293, 313 and
333 K). I (NaClO,) = 0.01 mol L™, Cyevpnitis = 2 X 107> mol
L™, m/V=066gL""

Temperature (K)  gpax (mol gf') K, (L molfl) P P value
Langmuir model
293 2799 x 107> 2.160 0.999 <0.001
313 3.008 x 107> 2.829 0.999  <0.001
333 3375 x 107> 2.441 0.999 <0.001
Kp (mol' ™ L" g™h n r” P value
Freundlich model
293 7.281 x 1073 0.0882 0.954 <0.001
313 8.649 x 107 0.0951 0.976 <0.001
333 1438 x 107° 0.129 0.931 <0.001
A b 7 P value
Temkin model
293 3.154 x 10'° 1.189 x 10° 0.964 <0.001
313 2.329 x 10'° 1.079 x 10° 0.980 <0.001
333 1.521 x 10'° 0.822 x 10° 0.938 <0.001
Gmax (Mol g7 EKJg™ e P value
Dubinin-Radushkevich model
293 4.191 x 107° 29.148 0.961 <0.001
313 4.655 x 107° 29.688 0.977 <0.001
333 6.196 x 107> 28.083 0.932 <0.001

Table 3 Values of thermodynamic parameters for U(VI) adsorption
on biochar derived from rice straw at three different temperatures
(293 K, 313 K, and 333 K)

TK) AG (KImol™) A I mol 'K AH° (KJ mol™h
293 —23.907 107.118 7.479
313 —25.771 6.686
333 —28.378 4.079

I (NaClO,) = 0.01 mol L™, Cyevpnitiar = 2 X 107> mol L7,
m/V = 0.66 g L™

suggests that the adsorption of U(VI) on biochar is an
endothermic process, which is an indication of a strong
interaction between U(VI) and biochar. One possible rea-
son is that the ions, such as U(VI) solvated in water, are to
some extent denuded of their hydration sheath in the pro-
cess of adsorption, and the dehydration process of ions
requires energy. Although the process of ions attaching to
the surface of adsorbents is exothermic, the endothermicity
of the desolvation process exceeds that of the enthalpy of
adsorption to a considerable extent [60, 61]. Therefore, the
adsorption process is favored at higher temperature
[58, 62]. A positive value of AS® implies some structure
changes in U(VI) and the biochar during the sorption
process, leading to an increase in the disorderness at the
biochar-solution interface [63, 64]. All the above analyses
of thermodynamic parameters indicate that the sorption
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process

of U(VD) on biochar is spontaneous and

endothermic.

Conclusions

In this study, we used biochar derived from rice straw as
an adsorbent to remove U(VI) from aqueous solutions.
From the results of batch experiments, we could obtain the
following conclusions:

D

©))
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(&)
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Although the sorption amount of U(VI) was strongly
affected by pH values, the sorption rate was slightly
affected by pH values. The velocities of U(VI)
sorption were simulated well by the pseudo-second-
order kinetic model, which implied that chemisorp-
tion was the rate-controlling mechanism.

The adsorption of U(VI) on biochar was strongly
dependent on pH in the range of 3.0-9.2, but
independent on ionic strength within the pH range.
The result indicated that the sorption of U(VI) on
biochar was mainly dominated by inner-sphere
surface complexation within the wide pH range.
The adsorption of U(VI) was significantly affected
by HA/FA, and this effect was dependent on pH
values. The adsorption was enhanced at low pH
values, but inhabited at high pH values.

The U(VI) removal percentage could be affected by
interactions between initial concentration and tem-
perature: the influence of temperature was negligible
at low initial U(VI) concentrations while significant
at high initial U(VI) concentrations.

The adsorption isotherms of U(VI) on biochar at
three different temperatures could be fitted well by
Langmuir, Freundlich, Temkin, and D-R isotherm
model, but Langmuir was the best. The sorption of
U(VI) on biochar was implied to be homogeneous
monolayer coverage and was favorable at higher
temperature.

Thermodynamic data indicated that the sorption of
process U(VI) on biochar was a spontaneous and
endothermic process.

Results of this experiment indicate biochar derived
from rice straw could be potentially used as an
efficient and promising candidate for the removal of
metal ions from aqueous solutions.
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