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Abstract

The radioactive uranyl and thorium ions discharged into freshwater have been the imperative environmental issue arousing
great concern. Biochar, owing to its low cost, operational ease, and high efficiency, is touted as the promising sorbent for
the U(VI) and Th(IV) removal in aqueous solutions. This study employed several characterization techniques and batch
experiments to investigate mechanisms of U(VI) and Th(IV) adsorption on biochar. The kinetic results exhibited the fitness
of the pseudo-second-order model. Both U(VI) and Th(IV) removals were influenced by pH, while only the ionic strength
effects on U(VI) adsorption were observed. The adsorption of either the U(VI) or the Th(IV) fitted to the Langmuir and
Freundlich model well. Natures such as endothermicity, increasing randomness, feasibility, spontaneity, and temperature
favor of the adsorption reaction could be found in U(VI) and Th(IV) adsorption (U: AH,=36.28, AS,=108.84 and AG,<O0;
Th: AHy=63.42, AS;=134.12 and AG(<0). Our results highlighted the importance of biochar as the potentially green

adsorbent and provided a practical strategy for radioactive contaminant remediation.
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1 Introduction

With the rapid development of the nuclear power industry,
the radioelement contaminants discharged into freshwater
have aroused great concern due to their toxicity and car-
cinogenicity to human health [1-4]. The risks of radionu-
clide wastes stored for the long-term depend on their fate
and transport in the geosphere [2, 5]. The mobility of com-
mon radionuclides such as Uranium and Thorium is always
depicted by the adsorption of aqueous U(VI) and Th(IV)
exposed in the environment respectively [2, 6]. Adsorp-
tions of the U(VI) and Th(IV) radioelements are regarded as
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promising approaches to limit the dispersal of radionuclide
pollution in the hydrosphere and pedosphere [7-9]. The
interactions between these radionuclides and their potential
adsorbents remained to be investigated [10—18]. Thus, the
discovery of a low-cost, highly effective, and easy-to-oper-
ate adsorbent material is considered the key barrier for the
development of radionuclide contaminant remediation and
nuclear waste disposal.

Biochar, as the emerging green material, is placed great
expectation of the promising prevalent adsorbent for U(VI)
and Th(IV) removal. Biochar is the carbonaceous residue
derived from a pyrogenic process using carbon-rich bio-
mass as the feedstocks in an oxygen-limited environment
[19-23]. Biochar is ubiquitous in the ecosphere and inter-
connects with numerous contaminants. It could regulate
the transport, fate, and bioavailability of contaminants in
the environment [21, 22, 24-26]. The adsorption of posi-
tive ions such as heavy metals or rare earth elements is
found on the negative surface of biochar with electronic
attractions [15, 19, 25, 27-30]. These contaminants could
also be transformed into composites and precipitates due
to the ligands and functional groups on the biochar surface
[31-33]. Similar parameters such as high micro-porosity,
surface heterogeneity, and superficial area are found on
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biochar and activated carbon, which is the most prevalent
carbonaceous sorbent prepared by pyrolysis as well [34,
35]. Nevertheless, biochar could be amended as the adsor-
bent directly without the thermal or chemical modifica-
tion on its surface like activated carbon [31, 34, 36]. This
optional ease is attributed to the various physical, chemi-
cal, and mechanical characteristics of biochar originating
from the diversification of preparing conditions such as
feedstock type, pyrolysis temperature, and retention time.
These features made biochar acquire flexibility for exten-
sive applicability of environmental remediation through
optimizing it into the most efficacious properties. Only a
few studies have paid attention to the adsorption capacity
of radionuclides using this economical and effective sorb-
ent biochar. Biochar with the modification of potassium
permanganate, polyethyleneimine, and ferriferous oxide
was employed for the radionuclide removal [37-39]. How-
ever, most of these sorbents took the bacteria biomass and
aerial root rather than the easily available biowaste as the
feedstock. Especially, the practice of the direct amend-
ment of biochar for U(VI) and Th(IV) without any modi-
fication removal is urgently needed to utilize the optional
ease and low-cost trait of biochar. In addition, although the
co-occurrence of U(VI) and Th(IV) is prevalent, knowl-
edge about the comparison between the adsorption of them
remains unknown. Hence, it is essential to understand the
processes mechanism of aqueous U(VI) and Th(IV) elimi-
nation using the raw biochar derived from easily available
straw.

This study aims to investigate the capacity and mecha-
nism of biochar adsorption for U(VI) and Th(IV) and the
discrepancy between these sorption processes. To achieve
these objectives, biochar derived from straw was char-
acterized by SEM, EDS, TEM, XPS, FTIR, and Raman
spectra respectively. Adsorption processes with the various
contact time, temperatures, and pH were carried in batch
mode to clarify the kinetics, thermodynamic, and mecha-
nism of the U(VI) and Th(IV) elimination.

2 Method and material
2.1 Biochar preparation

The biochar was originated from straws of wheat (7riti-
cum aestivum) as the feedstock. The air-dried wheat straws
were put in a stove at 60 °C for 24 h. All the biochar was
produced by pyrolysis through thermal decomposition
with the oxygen-insulated condition. The temperature is
400 °C and the retention time is 2 h respectively. The pyrol-
ysis process was performed in a custom-made stainless-
steel furnace. The derived biochar particles were sieved
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with 0.2-mm sieves for the subsequent characterizations
and batch experiments.

2.2 Biochar characterization

The morphological images were obtained using a scan-
ning electron microscope (SEM, 15 JSM-6360LV) and
a transmission electron microscope (TEM, JEM-1011).
Fourier transform infrared spectroscopy (FTIR, Thermo
Nicolet, 8700, Madison, WI, USA) with the scan range of
4000—400 cm™! and Raman spectra (Mettler Toledo, Zurich,
Switzerland) were employed to determine the functional
groups on the biochar surface. Taking the monochromatized
Al K alpha X-ray (hm = 1486.6 eV) as the radiation source,
an element analysis was carried out by using the X-ray
photoelectron spectroscope (XPS, Thermo ESCALAB250
analyzer) at a constant pass energy of 20 eV. After the cali-
brated binding energies of the photoelectrons, C 1 s and O
1 s peak occurred at 284.6 eV and 532.7 eV respectively.
The specific surface area of the biochar was recorded based
on the Brunauer—Emmett-Teller (BET) adsorption/desorp-
tion curves in the nitrogen atmosphere to verify the porosity
of the biochar [40].

2.3 Batch experiment

The batch experiments for the analogue processes of biochar
adsorption processes to eliminate the aqueous Uranium and
Thorium radionuclides were conducted in polyethylene cen-
trifuge tubes. No attempt was applied to regulate the ambient
air condition among all the treatments. Various treatments
with the variant contact time, initial concentration, pH, ion
strength, and temperature were conducted to investigate
their influence on biochar adsorption for U(VI) and Th(IV)
removal. NaNOj solution mixed with biochar was prepared
for pre-equilibrium as the background electrolyte. The
desired initial concentration of analogue contaminant was
obtained by adding the U(VI) and Th(IV) stock solutions
into the biochar electrolyte suspension. Then, to achieve the
target pH value in a suitable range for U(VI) and Th(IV)
adsorption, a NaOH or HCI solution was added with a neg-
ligible volume of 0.01 and 0.1 mol/L. Biochar particles were
added into the radionuclide solutions to obtain the suspen-
sions with the solid-to-liquid ratio of 0.5 g/L. Shaking of the
polyethylene test tubes was performed in an end-over-end
tumbler to reach the adsorption equilibrium. The test tubes
were shaken with the conditions of various times (10, 20,
30, 40, 50, 60, 70, 80, 90, 100, 110, and 120 min), and the
temperature (293 K, 313 K, and 333 K) to clarify the kinet-
ics and isotherms. The kinetic investigation also took 10, 25,
50, and 70 g/mL as the initial concentration of radionuclide
ion when the pH value was 5.0 and the temperature was
293 K. After separating the liquid and solid phase of the
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suspension with centrifugation at 9000 rpm for 40 min, the
U(VID) and Th(IV) concentrations were measured using a
spectrophotometry tool. Taking the U(VI) and Th(IV) loss
on the centrifuge tube wall into the consideration, identical
control treatments without biochar were also carried out sep-
arately to obtain the calibration curves. The adsorbed mass
of U(VI) and Th(IV) was subsequently computed according
to the deduction of the solution mass from the mass spike.
The concentrations of U(VI) and Th(IV) were measured by
using a UV—vis spectrophotometer at 652 nm and 660 nm
respectively [41, 42]. The sorption-related parameters were
calculated as the following equations:

sorption percentage = (C, — C,)/Cy x 100 1)

C, represents the initial metal concentration (g/L). C,
indicates the metal concentration at equilibrium (g/L). All
the experimental data were collected based on the average
of the triplicate by repeated measurements. The fractional
errors of the data were limited to 5%.

3 Results and discussion

The straw-derived biochar was employed for radionuclide
removal through adsorption processes. The biochar prepared
from straw pyrolysis consisted of irregular stacks with the
deposition of stable aromatic rings [21, 43] (Fig. 1). The
biochar surface shaped favorable environments for the for-
mation of functional groups such as carbonyl, carboxyl,
and hydroxyl groups. These alkaline or oxygen-containing
functional groups provided the potential of biochar as the
promising adsorbent for the U(VI) and Th(IV) contaminants
in aqueous solutions [21, 44]. The unstable surface of sorb-
ent might also combine with nuclide ions to form the pre-
cipitation. In this study, the solid phase was removed from
the suspension employing biochar as the adsorbent by the
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Fig. 1 Biochar preparation and U(VI) and Th(IV) adsorption mecha-
nism on biochar

filtration. Both the nuclide contaminants either combined on
the biochar surface or were taken into the precipitation with
separation from the radionuclide solutions after the adsorp-
tion processes.

3.1 Characterization
3.1.1 SEM, TEM, and EDS

The SEM and TEM images of the biochar before and
after the U(VI) and Th(IV) uptake were obtained to
reflect the biochar structure explicitly. Figure 2 shows
the porous structure and opening shape of biochar,
which were the vital characteristics for the aqueous
adsorption. The permeable structure with plenty of
intra-pores made biochar continuously combine with
U(VI) and Th(IV) ions after the functional groups on
the biochar surface were occupied. The raw biochar
without radionuclide adsorption possessed smooth pore
walls on the internal and external surfaces. After U(VI)
and Th(IV) adsorption reached equilibrium, the biochar
surface and the intra-pores became coarse and bumpy.
This roughness might be caused by the coating of the
radionuclide ions and corrosion of the biochar [30].
The EDS spectrum after U(VI) and Th(IV) adsorp-
tion demonstrated new peaks of U(VI) and Th(IV)
respectively, which were not found on the raw biochar
(Fig. S1 & Fig. S2). These results pointed out that the
adsorptions were attributed to ion exchange, and bind-
ings on biochar surface might explain the main form of
the aqueous radionuclide removal.

3.1.2 FTIR and Raman spectrum analysis

Figure 3 depicts the FTIR and Raman spectra of biochar
before or after the radionuclide adsorption to character-
ize the functional groups on the surface of biochar. The
FTIR data of raw biochar and biochar after U(VI) and
Th(IV) removal in the wave region of 500-4000 cm™" are
presented in Fig. 3A. The FTIR results indicated the pres-
ence of functional groups on biochar surfaces such as O-H,
C-H, C-O, and C-C to engage in the U(VI) and Th(IV)
adsorption. The broadest peaks occurred at 1095.57 cm™!,
which could be assigned to the strong C-O vibration rep-
resenting two hydroxyl groups; the peaks at 1430.35 and
796.30 cm™! were regarded as C-H bending vibrations
related to aliphatic and aromatic hydrocarbon and alkene;
peaks at 465.64 cm™~! exhibited the presence of C—C skeleton
vibration corresponding to hydrocarbon from phenol and
branched alkanes; at 3318.57 cm™!, peaks representing the
O-H stretching vibration attributed to hydroxyl groups in
ethanol or phenol could be found [30, 45]. After U(VI) and
Th(IV) adsorption, an obvious increase in the intensities of
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all these peaks could be observed compared to that of the
raw biochar. This finding revealed the depth participation
of these functional groups in the radionuclide adsorption
reactions. Figure 3B shows the Raman spectra results of
biochar before or after the U(VI) and Th(IV) adsorption in
the wavelength region of 600—2000 cm™!. After the radio-
nuclide removal processes, a significant change of G bands
could be observed to prove the engagement of sp? carbon
atoms in the adsorption. sp> carbon could be attributed to n
electron interaction mechanisms and demonstrated the dou-
ble bonds and graphitic nature of biochar. Meanwhile, the D
band intensity varied before or after the U(VI) and Th(IV)
adsorption. Correspondingly, the D/G ratio also altered with
the adsorption processed. These changes were imputed to
the breathing modes of disordered graphite rings on the
biochar surface [46, 47].

3.1.3 XPS analysis

Figure 4 exhibits the XPS spectra of Cls and Ols groups
on the biochar surface before and after the radionu-
clide adsorption. The broadest peaks representing C—-C
(spz-carbon) and C-C (sp3-carb0n) were classified at the
binding energy of 284.4 eV and 284.8 eV (Fig. 4A). After
U(VI) and Th(IV) adsorption, only the peaks of C-C

>
w

(sp>-carbon) were observed at 284.8 eV, and these peaks
showed an increase of intensity compared to raw biochar
(raw biochar: 42.56%, biochar + U: 57.43%, biochar + Th:
47.15%) (Fig. 4B & C). Peaks corresponding to carbonyl
groups C—O-C showed acute elevation after U(VI) and
Th(IV) adsorption processes (raw biochar: 5.94%, bio-
char+ U: 36.90%, biochar + Th: 38.25%). The peak at
285.4 eV representing C-O groups decreased significantly
after U(VI) adsorption, while it remained similar propor-
tion with raw biochar (raw biochar: 18.06%, biochar + U:
5.68%, biochar + Th: 14.59%) [30, 48]. With respect to the
O1s XPS spectra, the broadest peaks at 531.5 eV could
be ascribed to carbonyl C = O stretching vibration, which
indicated the presence of the carbonyl, ketone, lactone,
and quinine groups. These C=0 groups decreased sig-
nificantly after U(VI) and Th(IV) adsorption (raw bio-
char: 39.51%, biochar + U: 21.92%, biochar + Th: 22.50%).
However, the relative percentage of the carboxylic
C-O=C increased after the radionuclide removal (raw bio-
char: 45.16%, biochar + U: 60.85%, biochar + Th: 55.20%).
The peak elevation was also observed at 533.5 eV, which
indicated the increase of the carbonyl bond C-O (raw bio-
char: 15.33%, biochar + U: 17.23%, biochar + Th: 22.24%)
(Fig. 4) [15, 49]. These findings revealed that the U(VI)
and Th(IV) adsorption was completed through the redox
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chemical reaction with various carbonic and oxygenated
groups on the complex surface of biochar.

3.1.4 BET analysis

To monitor the porosity characteristic of the sorbent,
Brunauer—Emmett—Teller (BET) adsorption/desorption
curves were employed in the nitrogen atmosphere to cal-
culate the specific surface area of the biochar. This study
recorded an Sy value of 25.666 m?/g according to the
biochar pyrolyzed with 400 “C for 2 h, which was obvi-
ously lower than the previously reported biochar derived
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Fig.5 Adsorption capacity and percentage of U(VI) (A, C) and
Th(IV) (B, D) on biochar as a function of contact time. Adsorption
capacity indicates the removed amounts of the contaminants when
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from other straws as the feedstocks under the condition of 600
°C and 3 h [2]. Notably, the Sgr of biochar pyrolyzed from pop-
lar shaving wood with 600 “C for 3 h did not distinguish from
the biochar employed in this study. Lignin possessed higher
contents of phenolic and aromatic carbons than cellulose to
produce stiff bonds among cross-links. The molecular flexibil-
ity decreased, and the decomposition temperature was elevated
by these stiff bonds during the pyrolysis [50, 51]. Therefore,
the straw-derived biochar with higher cellulose percentage was
more sensitive to the pyrolysis temperature and retention time
than the wood-derived biochar with higher lignin percentage
[40].
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the adsorption process reached the equilibrium. Adsorption percent-
age indicates the removed percentages of the contaminants when the
adsorption process reached the equilibrium
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3.2 Adsorption kinetics

To investigate the kinetics of the U(VI) and Th(IV)
removal, the adsorptions on the biochar were determined
as the contact time went by (Fig. 5). Results demonstrated
the acute rise of adsorption quantities for both U(VI) and
Th(IV) sequestration in the initial 75 min. These trends
displayed the highly efficient sorption mainly derived by
the abundant functional groups on the biochar surface in
the initial time. Subsequently, the increasing curve was
flattened and adsorption was maintained at a high level.
This indicated that the functional groups on the biochar
surface were gradually occupied so that the adsorption
processes reached equilibrium. Simultaneously, the
adsorption quantities of the radionuclide always increased
with the increasing initial pollutant concentration. The
kinetics of adsorption percentage for U(VI) and Th(IV)
showed a similar tendency to adsorption capacity. A cer-
tain amount of initial contaminant was essential to provide
the driving force to overcome all mass transfer resistance
of radionuclides between the aqueous and solid phases
for completing the maximum adsorption [52, 53]. Nota-
bly, the radionuclide removal with the initial U(VI) and
Th(IV) concentration of 60 mg/g reached the maximum
adsorption percentage. When the initial Uranium and Tho-
rium concentration exceeded the optimal value, energeti-
cally less favorable sites become involved owing to the
saturation of the biochar surface. The interaction between
radionuclide ions and biochar was also weakened because
of the lower mobility of ions compared to the diluted solu-
tion [42, 54]. For these observations, the straw-derived
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biochar showed superior capacity and reached equilibrium
with the retention of U(VI) and Th(IV) after 75 min. The
straw-derived biochar showed superior capacity in U(VI)
and Th(IV) adsorption process compared to the previously
used sorbents (Table S1).

Two prevalent kinetics models, pseudo-first-order kinetic
model and pseudo-second-order kinetic model, which were
popularly used to clarify the mechanism of the granular ion
adsorption process in aqueous solution, were employed in
these biochar sorptions (Tan et al. 2014). The two prevalent
kinetic models pseudo-first-order kinetic model and pseudo-
second-order kinetic model were generally expressed below
respectively:

In(g, — q,) = Ing, — kyt 2)
r_ 1 + L 3
a9 kgl q. )

Both U(VI) and Th(IV) adsorption fitted better to the
pseudo-second-order kinetic model than to the pseudo-
first-order kinetic model (Table S2). This finding was con-
sistent with the previous study about radionuclide adsorp-
tion in aqueous solutions [4, 16, 55]. After the adsorption
processes, contaminant ions were heterogeneously dis-
tributed on the biochar surface. The electrons sharing
and exchanging adsorbate and adsorbent accompanying
valence forces in the chemical sorption and chemisorption
on the biochar surface might explain this phenomenon.
The elimination of U(VI) and Th(IV) and the complexa-
tion between the radionuclides and functional groups were
also observed on the biochar surface [28, 56-60].
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Fig. 6 Effect of pH and foreign ions on U(VI) (A) and Th(IV) (B) adsorption on biochar
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3.3 Effect of pH and ionic strength

Another two factors, pH and ionic strength, which were
important to optimize the adsorption process, were
employed for the assessment of their influence on the
U(VI) and Th(IV) removal capacity. The results depicted
that the U(VI) adsorption percentage grew drastically with
a pH value in the range of 2.0-7.0, while the reverse ten-
dency occurred in the pH range of 7.0-11.0 (Fig. 6A). As
for the Th(IV) removal, the adsorption percentage grew
with the pH from 2.0 to 4.0, and a steep increase could be
observed near pH=4.0. Then, the curve was flattened and
maintained at the same level in the pH range of 4.0-9.0
(Fig. 6B). The increasing tendency of adsorption percent-
age at a very low pH range might be mainly attributed to
the functional groups such as carboxylate and hydroxyl on
the biochar surface. The biochar surface became positively
charged since these groups were protonated in the proton-
rich acidic solution. The radionuclide cations were there-
fore electrostatically repulsed by the positively charged
biochar surface. When the pH value increased, the elec-
trostatic repulsion changed to electrostatic interaction. For
instance, in strongly acidic solutions, Uranium was mainly
presented in the form of divalent uranyl ion UO,>* [13].
Under the weak acidic condition, the dominant forms of
U(VI) came into UO,(OH)*, (UO,),(OH),?* dimer, and
(UO,);(OH)s** trimer through the hydrolysis of UO,**
ions. The electrostatic interaction between these positive
ions and negatively charged biochar surfaces facilitated the
U(V]) adsorption [61, 62]. Apart from this electrostatic
effect, the aqueous cation such as H* and H;O0* might
compete for the available sorption sites on the biochar
surface with the radionuclide cations. As the pH value of
the aqueous solution increased, more binding sites were
released and the cation competition was consequently
eliminated. Moreover, the deprotonation of functional
groups also alleviated the proton formed in the acidic
solutions, and the radionuclide ions converted to anion
forms again [63]. The steep increase of Th(IV) adsorp-
tion near pH 4.0 is a case in point for these deprotonation
effects. This result was owed to the deprotonation of the
carboxylic moieties on the biochar surface. The proceed-
ing Th(IV) hydrolysis and polynucleation brought about
the Th(OH), precipitation eventually [4, 64]. Referring to
the reduction of U(VI) adsorption percentage in the pH
range of 7.0-11.0, it coincided with the previous results
indicating that the aqueous adsorption might be impaired
through the formation of hydroxide complexes. Thus, the
optimal pH values of U(VI) and Th(IV) removal capacity
were 7.0 and 11.0 respectively.

On the other hand, Fig. 6 also exhibits the ionic strength
effect on the radionuclide removal. There is no strong
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correlation between Th(IV) adsorption capacity and ionic
strength. This independence of the adsorption to the back-
ground ionic strength might imply the inner-sphere surface
complexation of the adsorption [62]. This finding was also
supported by previous studies about radionuclide adsorption
[41, 63, 65, 66]. The U(VI) adsorption capacity increased
with the presence of the interfering ion Na™ in the pH range
of 2.0-7.0, yet the U(VI) adsorption capacity showed a nega-
tive correlation with Na* ion in the pH range of 7.0-11.0.
The aforementioned deprotonation effect and cation compe-
tition might be accountable for this result [63]. In the acidic
environment, the Na*t cation competed for the binding site
with the Uranium cation on the biochar surface. When the
solution became alkalic, the Uranium was deprotonated to
an anion and no longer competed with Na* ions.

3.4 Adsorption isotherms studies

Figure 7 presents the adsorption isotherms of U(VI) and
Th(IV) at various temperatures of 293 K, 313 K, and
333 K for better understanding. Both the U(VI) and
Th(IV) adsorption quantities ascended with the rising
temperature. This finding showed the high-temperature
preference of both two radionuclide adsorption processes
on biochar. To further study the mechanism and quantiza-
tion of U(VI) and Th(IV) removal, two prevalent empiri-
cal models, Langmuir and Freundlich models, were
employed to fit the data of these aqueous radionuclide
removal experiments (Tan et al. 2015). The linear form of
the Langmuir equation could be expressed as
! ! ! (mg/g) represents the maximum

9o dmax Dlma
loading quantity of the U(VI) and Th(IV) adsorbate per

unit weight of biochar; g, (mg/g) is the radionuclide
amount of unit weight of biochar at equilibrium concentra-
tion; b (L/mg) indicates the Langmuir constants depending
on adsorptive energy; and C, represents the equilibrium
concentration of U(VI) and Th(IV) anions (mg/g) [19].
Freundlich model could be described as g, = KzC", or the
modified linear form: logg, =logK; + nlogC,. K
((mg!'~".L")/g) indicates the Freundlich constant interre-
lated to the adsorption capacity; n represents the depend-
ent degree in adsorptive contaminant sorption process at
the equilibrium concentration [67]. Either Langmuir or
Freundlich model gave a great fit to both the U(VI) and
Th(IV) removal processes (Table 1). The Langmuir model
is appropriate for the sorption process on the monolayer
surface, while the Freundlich model is always applied for
the adsorption on the multi-layer surface rather than on
the restricted monolayer [10, 19, 68—72]. Since biochar
was prepared with the uncertain pyrolysis condition, the
corresponding various properties and structures made its
partial surface both homogeneous and heterogenous [73].

1
a - dmax
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Fig. 7 Isotherm and fitting results of Langmuir of U(VI) (A) and Th(IV) (C) adsorption on biochar; isotherm and fitting results of Freundlich
adsorption isotherms of U(VI) (B) and Th(IV) (D) adsorption on biochar

Table 1 Langmuir and

e Absorbate T (K) Langmuir Freundlich
Freundlich isotherm parameters
of U(VI) and Th (IV) adsorption Ginax (ME/E) b (L/mg) R? K, (mg!™L"g) n R?
on biochar
U (VD 293 1527.02 0.0009 0.9888 1.35 1.02 0.9878
313 399.85 0.0049 0.9932 3.18 1.23 0.9941
333 261.26 0.0109 0.9911 6.31 1.47 0.9975
Th (IV) 293 1158.16 0.0009 0.9884 1.01 1.01 0.9875
313 364.48 0.0038 0.9956 2.11 1.18 0.9934
333 260.98 0.0007 0.9975 3.95 1.37 0.9931

The superficial functional groups on the surface and 3.5 Adsorption thermodynamic calculation
porous and permeable structure mediated the U(VI) and
Th(IV) adsorption biochar. Therefore, the U(VI) and  The vital thermodynamic parameters such as standard

Th(IV) adsorption by biochar both fitted well to the Lang- enthalpy (AH,), standard entropy (AS))), and standard Gibbs
muir and Freundlich models.
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Table2 Values of thermodynamic parameters for the adsorption of
U(VI) and Th (IV)on biochar

Absorbate AH (kJ/mol) AS A G (kJ/mol)
J-mol™'.K™)
293K 313K 333K
U (VD 36.28 108.84 —31.89 -34.07 -36.24
Th (IV) 63.42 134.12 —39.30 —-41.98 —44.66

free energy (AG,) were also presented to assess the adsorp-
tion thermodynamic of the U(VI) and Th(IV) adsorption
process (Table 2). These parameters were calculated based
on the following equations:

G -C v
K== @
AS®  AH®
ke =~ &r )
AG? = AH? — TAS° (6)

C, (mg/L) is the initial concentration and C, (mg/L)
indicates the equilibration concentration of the U(VI) and
Th(IV) in aqueous solution respectively; V (mL) and m
(g) are employed as the volume and mass of biochar as the
adsorbent; T (K) and R (8.314 J-mol K™ represent the
temperature in Kelvin and the ideal gas constant.

Both the values of standard enthalpy (AH®) of U(VI)
and Th(IV) removals were positive (Table 2). These posi-
tive standard enthalpy values indicated the endothermicity
of the radionuclide removal processes. The positive values
of standard entropy (AS?) reflected the increased random-
ness of the adsorption processes (Donat, 2009). The negative
values of standard Gibbs free energy (AG’) confirmed the
feasibility and spontaneity of the U(VI) and Th(IV) adsorp-
tion on biochar. Furthermore, the absolute value of stand-
ard Gibbs free energy (AG®) grew with the ascending tem-
perature. This finding further supported the assertation that
U(VI) and Th(IV) adsorption was spontaneous and this tem-
perature favor was also consistent with the isotherm results
referred to above. The endothermicity and spontaneity made
biochar a promisingly low-cost and easy-to-operate adsor-
bent for continuously carrying out the aqueous radionuclide
removal. The similar spontaneity, endothermic nature, and
temperature favor of the U(VI) and Th(IV) adsorption on
biochar were also supported by previous studies [38, 39, 74].
These might be imputed to the external energy offered by
the enhanced temperature and heat for binding the aqueous
contaminant ions on the electropolymerized surface of bio-
char [2, 56, 75]. In addition, the thermodynamic parameters
provided evidence to verify that both physical and chemical
adsorption occurred in U(VI) and Th(IV) removal processes

@ Springer

by biochar. Usually, physical adsorption takes van der Waals
force as the adsorptive attraction and the AG® of physical
adsorption was in the range of —20 to 0 and kJ/mol. As for
the chemical adsorption, chemical bonds played a major role
and AGP fell in the interval of — 400 to — 80 kJ/mol. In this
regard, the AG? of U(VI) and Th(IV) removal processes
all fell in the range of — 50 to — 30 kJ/mol, which implied
that these adsorption processes combined the physical and
chemical adsorptions.

4 Conclusion

This work investigated the U(VI) and Th(IV) removals in
an aqueous solution to better understand the mechanism of
biochar as the radionuclide adsorbent. Results exhibited fit-
ness to the pseudo-second-order and various pH effects on
U(VI) and Th(IV) adsorption capacities of biochar. Compa-
rably, only U(VI) rather than Th(IV) adsorption was influ-
enced by interfering ions. Data also fitted the Langmuir and
Freundlich model well and revealed the adsorption natures
such as endothermicity, increasing randomness, feasibility,
spontaneity, and temperature favor of U(VI) and Th(IV)
removal. This study provides systematic evidence to prove
the potential of biochar as a green sorbent for radioactive
contaminants.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13399-021-01810-5.
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