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approach towards remediation of
uranium from water using carbonized arecanut
husk fiber†

V. Dhanya and N. Rajesh *

Sustainable materials for remediation of pollutants from water is the need of the hour. In this study two

carbonaceous adsorbents prepared through hydrothermal carbonisation and pyrolysis from arecanut

husk fiber, an agricultural waste material were used for the adsorption of uranium from water. Batch

adsorption data as interpreted using the Langmuir model showed adsorption capacities of 250 mg g−1

and 200 mg g−1 respectively at pH 6 for the hydrochar (AHFC) and the pyrochar (AHFT) exceeding that

reported for most of the unmodified biochars. The adsorption followed pseudo-second order kinetics

and was exothermic in nature. The high selectivity and excellent removal efficiencies on application to

environmental ground water samples and good regeneration capacity make these sorbents promising

eco-friendly materials for uranium remediation from water.
1. Introduction

Radioactivity and chemical toxicity of uranium renders it
a global health hazard when present in ground water.
Geochemical reactions, mining, natural disposition from
minerals, uranium ore processing and spent fuel disposal are
some of the ways by which the metal enters the aquatic envi-
ronment.1 The WHO has set the permissible limit for uranium
in ground water to a maximum of 30 ppb. However, many
countries including India have reported ground water contam-
ination by uranium.2 A major source of uranium contamination
in ground water includes geogenic, leaching from aquifers
containing uranium minerals and other anthropogenic activi-
ties such as the use of phosphate and nitrate containing fertil-
izers for agriculture. On oxidation, uranium transforms to
uranyl ions (UO2

2+) that easily dissolve in water where they get
stabilized in the presence of common anions like carbonate,
hydroxide and phosphate present in water.3 Therefore, it is very
important to develop purication technologies for safe drinking
water as per the sustainable development goals (UNSDG Goal 6)
of the United Nations.

Many techniques are reported for remediation of uranium
from aqueous systems. A recent review tabulated various
conventional technologies, their advantages, limitations and
also brought out the recent developments of efficient and eco-
friendly bio-sorbents for uranium remediation.4 A few of the
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technologies demonstrated include reverse osmosis, ultra/nano
ltration, ion-exchange, precipitation and setting up of
a permeable reactive barrier (PRB) using zerovalent iron.5–7

However, adsorption based techniques are known to be the
most effective and eco-friendly option for uranium removal
from aqueous systems. Several materials have been reported as
good adsorbents for uranium that include activated meso-
porous carbon, carbon nanober, graphene and their func-
tionalized counterparts, covalent organic framework, metal
organic framework, nano-silica, nano-TiO2, biochar, polymer
resins and microorganism based materials.8–19 Carbon mate-
rials are extremely promising because of chemical stability, easy
operation and recyclability.20

Currently a lot of focus is given to the development of
adsorbents from waste materials by suitable modications,
adhering to the “waste to wealth” principle.21–23 Biomass has
been identied as a green resource for the synthesis of char
based adsorbents for decontamination of water from phos-
phates,24 organic pollutants25 and many heavy metal ions.26

Biochar is produced by the thermal degradation of biomass
under oxygen limited conditions. Carbon-richness, large
surface area and abundant functional groups enable biochar to
be effectively used in carbon sequestration, environmental
remediation and wastewater treatment. Biochar production
from biowaste is considered as an appropriate technology to
produce efficient adsorbents having high surface area and
enriched functional groups at low cost.27,28 Low cost biochars
have been prepared from various sources such as rice straw, pig
manure, cow dung, plant twigs stem, leaves and root, fruits and
their peels and shells of nuts.29 These biomass materials are
either used directly in powdered form or aer carbonization
through pyrolysis and hydrothermal processes and also as
© 2023 The Author(s). Published by the Royal Society of Chemistry
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functionalized carbonaceous materials. As hydrothermal
method uses water as a reagent for hydrolysis of organic
compounds in biomass, it's carbon foot print is much low
compared to the biochar prepared through pyrolysis route.30

Among the naturally available agricultural waste materials,
arecanut husk ber (AHF) has been used as a biomass resource
for preparation of biochar for environmental applications.
Around 1.8 million tons of arecanut per year is produced
globally and 54% of this is from India alone. Most of the husk
ber waste produced is discarded by burning as it does not
decompose easily adding to air pollution. Although several
studies are reported31 on the use of areca plant materials for
waste water treatment, not much has been explored on its
applicability for uranium remediation. In this work, areca-nut
husk bre in its raw powdered form (AHF), biochars produced
through hydrothermal route (AHFC) and through pyrolysis
(AHFT) in low oxygen atmosphere are compared for adsorptive
removal of uranium from contaminated ground water. The
synthesis, characterization, isotherms, kinetic and mechanistic
interaction of dissolved uranium ions with the adsorbents,
selectivity, recyclability and application to natural and doped
ground water samples are discussed.

2. Experimental
2.1. Materials and methods

Arecanut husk was sourced from agricultural farms of Malap-
puram district in Kerala, India. Orthophosphoric acid, HNO3

and NaOH and ammonium dihydrogen phosphate were ob-
tained from SRL Chemicals, India. For all dilutions, Millipore
water was used. Stock solution of uranium (2000 mg L−1) was
prepared using UO2(NO3)2$6H2O purchased from SRL Chem-
icals, India.

250 g of ammonium dihydrogen phosphate was dissolved in
500 mL Milli-Q water followed by addition of 60 mL ortho-
phosphoric acid and made up to 1000 mL for preparing uo-
rescence enhancing buffer (pH 2) used in spectrouorimetric
determination of uranium.

2.2. Quantication of uranium by spectrouorimetry

Quantication of uranium in aqueous solutions was done using
a Spectramax iD3 spectrouorimeter. An excitation wavelength
of 300 nm was chosen for this work due to its high intensity and
relatively lesser quenching effects even though the absorption
spectrum of uranium spreads from 200 to 420 nm. The uo-
rescence measurements were done at 516 nm, it being the most
intense peak among the three distinct peaks at 490 nm, 516 nm
and 540 nm characteristic of the uranium uorescence spec-
trum. A 40% (v/v) of the uorescence enhancing buffer was
maintained in all solutions equilibrated to 20 °C prior to uo-
rescence intensity measurement.

2.3. Synthesis of adsorbents

Hydro thermal carbonisation and pyrolysis were carried out in
an autoclave using an oven (Bio-Technics India) and a tubular
furnace with N2 ow (Nabertherm) respectively. Arecanut husk
© 2023 The Author(s). Published by the Royal Society of Chemistry
ber (AHF) was cleaned with distilled water, dried in a hot air
oven for 24 hours and powdered. The powder was sieved to get
uniform size particles. The powder and deionized water were
mixed in the ratio 1 g : 10 mL and sonicated for 15 minutes. This
mixture was then added to Teon lined autoclave and hydro-
thermal carbonization was carried out by heating at 180 °C for
24 hours in an oven. The hydrochar (AHFC) thus obtained was
cooled, washed ve times with 10% NaOH and deionized water,
ltered using Whatman 40 lter paper and dried. Dried
hydrochar was nely powdered using mortar and pestle and
weighed. The yield obtained was noted to be 50%. The
powdered arecanut husk ber was also pyrolysed in a tubular
furnace at 300 °C for 2 hours under N2 atmosphere to get the
carbonized form (AHFT). The carbon obtained was washed with
deionized water, dried and nely powdered. Batch adsorption
studies were carried out with both the adsorbents.

2.4. Characterization of adsorbents

A Shimadzu IRAffinity-IS model spectrometer was used for
recording the FT-IR spectra of adsorbents in the range 400–
4000 cm−1. Raman spectra of the adsorbents were recorded
using UniRAM-3300 Micro Raman Mapping Spectrophotometer
for which the excitation source was a solid state laser at 532 nm.
Malvern Zetasizer Nano ZS was used to measure the zeta
potential of the adsorbents at varying pH values. Surface
morphology studies and elemental mapping of the adsorbents
were conducted using Apreo LoVac, FEI scanning electron
microscope coupled with an EDX analysis system (Oxford X-
Max). The oxidation states of uranium on the sorbents were
identied with the help of K-alpha, Thermo Fisher Scientic
XPS instrument with aluminium monochromator. A Quan-
tachrome, St 2 on NOVA touch 4LX instrument was used to
measure the surface area, pore size and pore volume of the
adsorbents using Brunauer–Emmett–Teller method. The
thermal stability of the adsorbents was analysed using a Shi-
madzu (DTG-60) model thermal analyser in the temperature
range of 30–800 °C at a heating rate of 10 °Cmin−1 in a nitrogen
atmosphere.

2.5. Sorption experiments

A stock solution of 2000 mg L−1 of uranium was prepared by
dissolving uranyl nitrate (UO2(NO3)2$6H2O) in Millipore water.
Isotherm study at room temperature was conducted with solu-
tions of concentrations 2, 5, 10, 20, 50, 100, 200, 300, 350, 400,
450 and 500 mg L−1. An initial concentration of 10 mg L−1 of
uranium was used for the optimisation of the pH of adsorption
at 6 by adding 0.1 M NaOH and 0.1 M HNO3 solutions. Equi-
librium was attained by agitating 10 mL of uranium solutions of
varying concentrations with 10 mg of sorbents for 1 hour at 30 °
C and 120 rpm in an orbital incubator shaker (Bio Technics,
India). The solutions were then ltered using (Whatman 45)
lter paper. Any precipitation at pH 6 and the adsorption on to
the lter paper were checked using uranium solution without
the adsorbents in the control experiments and were found to be
minimal. A spectrouorimeter calibrated using a series of
standards containing 0.1, 0.5, 1.0, 5.0 mg L−1 uranium was used
RSC Adv., 2023, 13, 4394–4406 | 4395
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for the determination of concentration of uranium before and
aer adsorption maintaining 10 mL uorescence enhancing
buffer in 25 mL solution.

The percentage removal of uranium was calculated using the
eqn (1)

UðremovalÞ% ¼ C0 � Cf

C0

� 100 (1)

The equilibrium adsorption capacities (qe) were calculated
using eqn (2)

qe ¼ ðC0 � CeÞV
m

(2)

where Co, Cf and Ce are the initial, nal and equilibrium
concentrations (mg L−1) of U(VI) respectively, V is the volume of
solution (L) and m is the mass of adsorbent (g) used.

The experimental data was tted with Langmuir and
Freundlich isotherm models.
3. Results and discussion
3.1. Preparation of adsorbents

The raw arecanut husk ber was washed, dried and powdered
and this powder was used for adsorption of uranium which
showed 70% removal efficiency from 10 ppm uranium solution
at pH 6 with an adsorbent dosage of 10 mg. Hydrothermal
carbonization was performed separately by mixing the powder
with water as well as with acetic acid. Interestingly the adsorp-
tion efficiency remained almost the same (90%) for the hydro-
chars obtained by both ways and it was decided to use water
only as the medium. Washing of the hydrochar with 10% NaOH
solution and subsequently with deionized water was done till
the ltrate turned colorless. The temperature and time for
pyrolysis were optimized to be 300 °C and 2 hours checking the
completion of carbonization at varying conditions for the
preparation of the pyrochar. The pH of water aer adding both
the adsorbents was found neutral and were then used in
powdered form for batch adsorption of uranium. The trial
Fig. 1 SEM images of (a) AHF, (b) AHFC and (c) AHFT.

4396 | RSC Adv., 2023, 13, 4394–4406
adsorption study with the hydrochar and pyrochar showed 85%
and 87% removal efficiency from 10 ppm solution of uranium
which was much higher than that of AHF. Hence further
adsorption studies were conducted with AHFC and AHFT.
3.2. Characterization of the adsorbent

3.2.1. SEM and EDX analysis. The morphologies and
elemental distribution of the adsorbents were interpreted using
SEM and EDAX data (Fig. 1, 2 and 3). The SEM images clearly
depicted the elongated, cylindrical, brous and porous struc-
ture of AHF, AHFC and AHFT. The surface of AHF was smoother
whereas some ssures were observed on the surface of AHFC
and AHFT which could be due to the disintegration of hemi-
celluloses and cellulose from the lignocellulosic matrix on
hydrothermal carbonization and pyrolysis.32 The porosity
increased in AHFC and AHFT compared to the raw ber and the
pores were clearly visible in both the hydrochar and the pyro-
char with the appearance of droplet like depositions. The SEM
images of adsorbents aer adsorption (AHFCU and AHFTU)
showed the lling of the pores with the metal ion. The
elemental composition before and aer adsorption was deter-
mined using EDX data (Table 1) which revealed a signicant
increase in the weight percentages of carbon in both the
adsorbents as compared to the raw ber. Elemental mapping
depicted the presence of uranium on the surface of the
adsorbents.

3.2.2. FTIR and Raman spectra analysis. FTIR spectra of
AHF, AHFC and AHFT were studied for a comparison of the
functional groups present in them (Fig. 4a). The raw husk ber
gave a strong band at 3443 cm−1 corresponding to pure lignin
O–H which was not found in AHFC and AHFT indicating the
removal of lignin during the carbonization and the treatment
with NaOH solution.33 The peak in AHF at 1653 cm−1 corre-
sponds to carboxyl groups conjugated with aromatic rings and
the one at 1421 cm−1 is due to methoxyl group both of which
were missing in AHFC and AHFT. Prominent changes in the
chemistry of the material aer the carbonization process could
be inferred from these results which resulted in improved
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of (a) AHFT (b) AHFTU (c) EDAX spectrum of AHFTU, elemental mapping images depicting distribution of (d) carbon, (e)
oxygen and (f) uranium.

Fig. 3 SEM images of (a) AHFC (b) AHFCU (c) EDAX spectrum of AHFCU, elemental mapping images depicting distribution of (d) carbon, (e)
oxygen and (f) uranium.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 4394–4406 | 4397
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Table 1 Elemental composition of AHFU, AHFCU and AHFTU

Material

Weight (%) [EDAX analysis]

C O U

AHFU 50.73 48.95 0.32
AHFCU 61.90 36.30 1.80
AHFTU 50.54 47.68 1.77

Fig. 5 Raman spectra of AHFC, AHFCU, AHFT and AHFTU.

Table 2 BET parameters of AHF, AHFC and AHFT

BET parameters AHF AHFC AHFT

Total pore volume [cm3 g−1] 0.014 0.024 0.016
Pore diameter [nm] 1.530 3.415 3.067
Surface area [m2 g−1] 132.375 38.065 111.125
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adsorption efficiency. New peaks at 1770 cm−1 and 1736 cm−1

respectively in AHFC and AHFT indicates the presence of C]O
group. The peaks at 661 cm−1 and 671 cm−1 in AHFCU and
AHFTU indicated the presence uranium bonded to oxygen on
the adsorbents (Fig. 4b).34 The Raman spectra of the adsorbents
were analyzed to understand the nature of the carbon skeleton
in the adsorbents (Fig. 5). The appearance of an intense G band
in AHFC and AHFT indicated the presence of sp2 carbon in
graphitic layered structure.35 Intensity of the G band for AHFT
was slightly less compared to that of AHFC indicating a change
in structure of the carbons obtained through hydrothermal and
pyrolytic modes of synthesis. A distinct D band was observed in
the case of AHFCU which was absent in AHFC showing the
introduction of defects in the carbon skeleton aer adsorption.
D band was observed in both AHFT and AHFTU as well but with
lesser intensities and with no signicant change before and
aer adsorption. This striking difference in appearance of D
bands correlates with the better adsorption capacity shown by
AHFC in comparison with AHFT.

3.2.3. BET analysis. The Brunauer–Emmett–Teller (BET)
analysis showed a drastic decrease in the surface area from
132.375 m2 g−1 of AHF to 38.065 m2 g−1 for AHFC whereas it
decreased slightly to 111.125 m2 g−1 for AHFT. This could be
due to the disintegration of the wall structure at the high
temperature and pressure conditions used in hydrothermal
carbonisation or due to the modication of the surface chem-
istry of the hydrochar leading to less affinity for N2 adsorption.36

The N2 adsorption desorption curves indicated type IV adsorp-
tion typical of porous materials (Fig. S1 in ESI†). The pore
Fig. 4 FT-IR Spectra of (a) AHF, AHFC and AHFT (b) AHFCU and AHFTU

4398 | RSC Adv., 2023, 13, 4394–4406
volume and pore size increased on carbonisation and both
AHFC and AHFT showed mesoporous structure with numerous
pores on the surface (Table 2). From the data it could be
interpreted that AHFC had better porosity than AHFT resulting
in its better adsorption efficiency.

3.2.4. XPS analysis. The high resolution C1s XPS spectra of
the adsorbents before and aer adsorption uranium are shown
in Fig. 6a and b. The peaks at 284.74 eV, 286.47 eV and 288.34 eV
correspond to C]C, C–O and C]O in AHFC whereas in AHFCU
the corresponding peaks were obtained at 284.81 eV, 286.49 eV
and 288.34 eV. In AHFT, the C1s peaks were obtained at
.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 High resolution XPS spectra of (a) C1s of AHFC and AHFCU (b) C1s of AHFT and AHFTU (c) O1s of AHFC and AHFCU (d) O1s of AHFC and
AHFCU (d) O1s of AHFT and AHFTU (e) U4f of AHFCU and AHFTU (f) XPS survey scan spectra of AHF, AHFC, AHFT and AHFTU (g) XPS survey scan
spectra of AHFU, AHFCU, and AHFTU.
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284.76 eV (C]C), 286.49 eV (C–O) and 288.34 eV (C]O) while
AHFTU showed peaks at 284.81 eV (C]C), 286.52 eV (C–O) and
288.34 eV (C]O).37 The slight shi in binding energies
observed could be attributed to the interaction of the metal ions
with the functional groups on the surface of the adsorbents. The
O1s spectra (Fig. 6c and d) showed peaks at 533.03 eV (C–O) for
both the adsorbents before and aer adsorption and at
531.94 eV and 531.98 eV respectively for AHFC and AHFT cor-
responding to C]O.38 The survey scan spectra aer adsorption
showed the presence of uranium on AHFCU and AHFTU (Fig. 6f
and g). The two distinct peaks at 382.23 eV and 393.09 eV for
U4f7/2 and U4f5/2 respectively conrmed the presence of
uranium in its hexavalent oxidation state.39 The binding energy
© 2023 The Author(s). Published by the Royal Society of Chemistry
values and the intensities of the C1s and O1s peaks of the
adsorbents did not change much aer adsorption indicating
the adsorption by AHFC and AHFT to be majorly driven by
a physicochemical mechanism with diffusion of the adsorbate
through the porous layers being the major driving force as
compared to the strong covalent bonding interactions.

3.2.5. TGA analysis. The TGA curves (Fig. S2 in ESI†) for the
materials indicated AHF to be more thermally labile than AHFC
and AHFT decomposing at about 200 °C. AHFT was comparably
more stable decomposing gradually above 350 °C while AHFC
showed a drastic weight loss at 300 °C indicating the volatili-
zation of the char at this temperature.40
RSC Adv., 2023, 13, 4394–4406 | 4399
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Fig. 7 (a) Effect of pH on adsorption of U(VI) by AHFC and AHFT (b) zeta potential in the pH range 1–8 for AHFC and AHFT.
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3.3. Batch adsorption of uranium

3.3.1. Effect of pH on adsorption. Adsorption of uranium
from aqueous solution is highly pH dependent. The adsorption
behavior of AHFC and AHFT were evaluated in the pH range of 3
to 8 and it was found that the adsorption is maximum at pH 6
for both the adsorbents (Fig. 7a). Infact the removal percentage
of uranium remained above 90% in the pH range of 5 to 7 for
AHFC whereas it increased steadily to reach a maximum at pH 6
for AHFT. Both the adsorbents showed reasonably good
adsorption efficiency at near neutral pH and this is crucial in
application to ground water contaminated with uranium. The
surface zeta potential of both the adsorbents were found to be
negative and became increasingly negative with increase in pH
suggesting successive deprotonation of the adsorbents (Fig. 7b).
This made it convenient for the uranyl species, UO2

2+, UO2OH
+

and (UO2)2(OH)2
2+ predominantly present in the pH range

below 6.65 to get adsorbed on to the surface through electro-
static interactions.41 As the pH increases to the alkaline range,
different anionic species like ((UO2)3(OH)7)

− and UO2(OH)3
− are

formed due to hydrolysis and also possible complexation with
dissolved CO2 leads to formation of [(UO2)2CO3(OH)3]

− and
[UO2(CO3)3]

4− leading to repulsion by the negatively charged
adsorbents and hence the decreased adsorption of the metal.42

The surface zeta potential of AHFC and AHFT was measured in
the pH range of 1 to 8. It was found that the zeta potential
Fig. 8 Adsorption kinetics of U(VI) removal by AHFC (a) pseudo-first ord

4400 | RSC Adv., 2023, 13, 4394–4406
became increasingly negative for both the adsorbents with
increase in pH of the solution. The negative potential values
remained almost constant in the pH range 5 to 7 facilitating
easy adsorption of the positively charged uranium species on
the surface of the sorbents. Thereaer the potential became
more negative but adsorption efficiency decreased as the
negatively charged uranium ions at alkaline pH got repelled by
the surface. The surface negative charge of AHFC was found to
be more negative than that of AHFT at the optimised pH of 6
which is in favour of the better adsorption capacity of AHFC as
calculated from isotherm studies.

3.3.2. Adsorption kinetics. Studying the kinetics of the
interaction between the adsorbate and the adsorbent is crucial
in establishing the mechanism of adsorption.43 A solution with
an initial uranium concentration of 50 mg L−1 at pH 6 with an
adsorbent dosage of 0.02 g in a sample volume of 0.05 L was
used for the kinetic study. The equilibrium was attained in sixty
minutes. The data obtained (Fig. 8 and 9) was tted to pseudo-
rst order, pseudo-second order and intra-particle diffusion
models according to the equations below.

log(qe − qt) = log qe − (K1/2.303)t (3)

t

qt
¼ t

qe
þ 1

K2qe2
(4)
er, (b) pseudo-second order and (c) intra-particle diffusion model.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Adsorption kinetics of U(VI) removal by AHFT (a) pseudo-first order, (b) pseudo-second order and (c) intra-particle diffusion model.
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qt = t1/2Ki + C (5)

where K1 (min−1) and K2 (g mg−1 min−1) are the adsorption rate
constants of the pseudo rst order and pseudo second order
kinetics respectively, t (min) is the adsorption time, qe (mg g−1)
and qt (mg g−1) are the adsorption quantities at equilibrium and
at time t respectively. Ki is the intra-particle diffusion rate
constant (mg g−1 min−1/2) and C is the intercept that gives
information on the thickness of the boundary layer.
Fig. 10 Adsorption isotherms of uranium on AHFC and AHFT (a) Langm
isotherm of AHFC (d) Freundlich isotherm of AHFT.

© 2023 The Author(s). Published by the Royal Society of Chemistry
The adsorption of uranium by both AHFC and AHFT fol-
lowed pseudo-second order kinetics as indicated by the R2

values given in Table S1 in ESI.† The removal efficiency steadily
increased and reached up to 90% in 50 minutes and the equi-
librium was attained at one hour for both the adsorbents. The
values obtained for the second order rate coefficients for both
the adsorbents were found to be the same indicating similarity
in the mechanism of adsorption process. The linearity of intra-
particle diffusion plots indicates the adsorption to be
uir isotherm of AHFC (b) Langmuir isotherm of AHFT (c) Freundlich
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Table 3 Comparison of adsorption capacity with a few recently re-
ported biochar based adsorbents for remediation of uranium from
water

Adsorbent
qmax

(mg g−1) pH References

Pyrochar from animal manure 221 4.5 48
HNO3 modied biochar
from wheat straw

355 4.5 49

MnO2 modied algal biochar 100 6.0 50
Magnetic water melon rinds biochar 323 4.0 51
Magnetic rice husk biochar 118 7.0 52
Biochar from Tribulus terrestris
plant biomass

49 6.0 53

Biochar from eucalyptus wood 27.2 5.5 54
Hydrochar from arecanut husk ber 250 6 This study

Fig. 11 Schematic representation of adsorption of uranium on
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a diffusion controlled rate limiting process.44 The Ki values
gradually decreased as adsorption reached saturation whereas
the values of C decreased pointing to the rapid mass exchange
in the initial phase of adsorption while diffusion through the
pores being the driving force near saturation. This observation
could be closely correlated to the porous and layered structure
of the adsorbents which facilitates the intake of the metal ion.

3.3.3. Adsorption isotherm studies. Batch adsorption
experiments were conducted using AHFC and AHFT from 10mL
solution containing 10 mg L−1 of uranium with an adsorbent
dosage of 10 mg at pH 6. The adsorption data obtained was
tted graphically for varying uranium concentrations to the
linear Langmuir and Freundlich isotherm eqn (6) and (7).

Ce

qe
¼ Ce

qmax

þ 1

qmaxKL

(6)

where Ce is the equilibrium concentration of uranium in solu-
tion (mg L−1), qe is the amount of U(VI) adsorbed at equilibrium
per unit weight of the adsorbent (mg g−1), qmax is the maximum
adsorption capacity for monolayer coverage (mg g−1) and KL (L
mg−1) is the Langmuir constant which correlates with surface
area and pore volume. From the linear Langmuir plot of Ce/qe
against Ce, the slope gives 1/qmax.

log qe ¼ log KF þ 1

n
log Ce (7)

where KF is the adsorption capacity (mg1−1/n g−1 L1/n) and n
represents the Freundlich coefficient. KF, qe and n values are
calculated through linear regression analysis. The adsorption
data (Fig. 10) tted well with both Langmuir and Freundlich
models and the maximum adsorption capacities calculated for
AHFC and AHFT were found to be 250 mg g−1 and 200 mg g−1

respectively. From the R2 values obtained it is evident that the
adsorption follows Freundlich model suggesting the adsorption
process to bemultilayer and heterogenous in nature which could
be attributed to the porosity and the graphitic layered structure
of the carbonaceous adsorbents (Table S2 in ESI†). The separa-
tion factor RL given by eqn (8) indicates the nature of adsorption
with RL = 1 indicating linear, RL = 0 as irreversible, RL > 1
unfavorable and 0 < RL < 1 as favourable.45 The calculated RL
4402 | RSC Adv., 2023, 13, 4394–4406
value for an initial uranium concentration of 10 mg L−1 is 0.797
and 0.777 respectively for AHFC and AHFT which conrms the
favourable nature of adsorption on both AHFC and AHFT.

RL ¼ 1

1þ CoKL

(8)

The values of n obtained from Freundlich plot are 1.527 and
1.620 respectively for AHFC and AHFT, both of which fall in the
range 1 to 10 indicating the effective adsorption of uranium on
the adsorbents. Comparatively AHFC shows better adsorption
capacity than AHFT which could be attributed to the functional
groups present and the better porosity of the hydrochar.

A comparison of the adsorption capacities reported for
different biochars are compiled in Table 3. It is evident that
among the unmodied biochars, the adsorbents reported in
this work show much better adsorption capacity at near neutral
pH and are promising materials for removal of uranium from
water.

3.3.4. Thermodynamic study. The effect of temperature on
the adsorption of uranium by AHFC and AHFT was evaluated.
The diffusion rate of the metal species through the pores of the
sorbents vary with temperature and hence the adsorption
capacities.46

The linear form of van't Hoff equations plotted using the
adsorption data at different temperatures were used to calculate
the thermodynamic state functions DH° (kJ mol−1), DG° (kJ
mol−1) and DS° (J mol−1 K−1).

lnKeq ¼ �DH�

R

�
1

T

�
þ DS�

R
(9)

DG˚ = −RT lnKeq (10)

where Keq is the equilibrium constant obtained from the ratio of
concentration of uranium ions on the adsorbent surface to that
in the solution phase. The enthalpy and entropy changes during
adsorbents.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Reusability of (a) AHFC and (b) AHFT for U(VI) adsorption.
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adsorption were calculated using the slope and intercept values
obtained from ln Keq against 1/T plot (Fig. S3 ESI†). The negative
DG° values obtained at different temperatures for both the
adsorbents indicated the spontaneity of the adsorption process.
The adsorption process is predominantly controlled by phys-
isorption for both AHFC and AHFT as is indicated by the
negative enthalpy change values (Table S3 in ESI†).
3.4. Mechanism of interaction between uranium and the
adsorbents

The data obtained from the detailed characterization of the
adsorbents before and aer adsorption and other parameters
indicate that the adsorption by AHFC and AHFT is physico-
chemical in nature and is an energetically favorable process.
The oxophilicity of uranyl ions and the presence of oxygen
containing functional groups like C]O and C–O on the
adsorbents helped the binding of the ions on the surface of the
adsorbents. The appearance of new peaks at 661 cm−1 and
671 cm−1 AHFCU and AHFTU corresponding to U–O bonding
interaction suggested the binding of uranium on to the
Fig. 13 Selectivity of AHFC and AHFT to uranium over other ions at init

© 2023 The Author(s). Published by the Royal Society of Chemistry
adsorbents. As indicated by the BET and SEM-EDAX data, the
nature of the adsorbents in terms of porosity, surface area and
good pore volume could be the major driving force for the
effective adsorption of the metal ions. Also the surface negative
charge of the adsorbents as indicated by the zeta potential
values facilitated the electrostatic interactions between the
positively charged ions and the adsorbents. At the optimized pH
of 6, the metal ion majorly exists in UO2

2+, UO2OH
+ and

(UO2)2(OH)2
2+ forms which assist the electrostatic interactions.

The isotherm studies showed that the adsorption adhered more
with Freundlich model for both the adsorbents suggesting
a multilayer process. This along with the inference from Raman
spectra on the graphitic layered arrangement of carbon atoms
contributed to the diffusion of adsorbate into the adsorbent.
Overall, the adsorption by AHFC and AHFT is favoured by the
synergistic inuence of these factors (Fig. 11).
3.5. Desorption and regeneration of the adsorbents

The sustainability and utility of a material as an adsorbent
depends greatly on its regeneration capacity and reusability.
ial concentrations of 1.0 mg L−1.

RSC Adv., 2023, 13, 4394–4406 | 4403
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Desorption experiments were performed with both the adsor-
bents using 0.5 M HNO3 solution and the results are tabulated
in Fig. 12. A nearly hundred percent desorption (99.9%) of the
adsorbed uraniumwas observed for AHFCU and that for AHFTU
was about 99% aer the rst cycle of regeneration. The subse-
quent use of the regenerated adsorbents for adsorption–
desorption cycles showed an adsorption efficiency of 80% and
78% respectively for AHFC and AHFT up to 4 cycles. Hence, it is
envisaged that these ecofriendly materials could be effectively
used for remediation of uranium from aqueous systems.
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3.6. Selectivity of the adsorbents to uranium

The selectivity of the adsorbents to uranium was evaluated in
the presence of other divalent metal ions (Ba, Cd, Co, Cr, Cu,
Mo, Ni, Pb, Sr, V and Zn) from 20 mL of 1.0 mg L−1 metal ion
solution using 20 mg of the adsorbents at pH 6 (Fig. 13). The
efficacy of removal was found to follow the order Pb > U > Cu >
Cd > Zn > Ni > Co > Cr > Ba > V > Sr > Mo for AHFC and Pb > Cu >
Cd > U > Zn > Ba > Ni > Co > Sr > V > Cr > Mo for AHFT.

In the case of AHFC, only lead was slightly more adsorbed
(99.7%) than uranium (98.9%) while all other metal ions were
adsorbed to a lesser extend conrming the high selectivity of
the adsorbent towards uranium. AHFT also showed very good
selectivity over most of the metal ions which have a probability
of coexisting with uranium in aqueous environments. The
selectivity towards adsorption of uranium was signicantly
higher than that for vanadium which is usually found along
with uranium in sea water indicating the usefulness of the
adsorbents for decontamination of uranium from seawater.47

Among the concomitant ions, molybdenumwas adsorbed to the
least by both the adsorbents. The study clearly indicated the
good adsorption efficiency of the sorbents not just towards
uranium but for other common heavy metal pollutants in water
like Pb, Cd, Cu etc and hence could prove versatile in environ-
mental applications.
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3.7. Application to groundwater samples

Both AHFC and AHFT were used for adsorptive removal of
uranium from ground water samples collected from different
borewells in and around Hyderabad and one sample from
Bhatinda, Punjab, India. Each of these environmental samples
were doped with uranium (1000 ng mL−1) much above the
permissible limit for drinking water. The Table 4 compiles the
data obtained from analysis of various physico-chemical
parameters of the water samples. The pH of all the samples
lied between 7 to 8. Under this pH conditions uranium is known
to be present as its bicarbonate complex. Soluble Na and K ions
generally do not affect the adsorption efficiencies. AHFC
showed superior adsorptive capacity compared to AHFT for all
the samples. The adsorption was inuenced by the varying
concentrations of the ions present in the samples. The analysis
showed a removal efficiency of around 88% for AHFC and
around 83% for AHFT in presence of HCO3

− (av. 400 ppm); F−

(av. 2 ppm); SO4
2− (av. 200 ppm) and other complexing ions.
4404 | RSC Adv., 2023, 13, 4394–4406 © 2023 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

Two novel ecofriendly adsorbents (AHFC and AHFT) for
uranium remediation from aqueous systems were synthesized
through simple hydrothermal carbonization in aqueous
medium and pyrolytic pathways from arecanut husk ber, an
agricultural waste material. A comprehensive characterization
of the adsorbents before and aer the adsorption indicated the
porosity, surface area, layered structure and functional groups
on the adsorbents attributed to the binding of the metal ion.
Maximum adsorption capacities of 250 mg g−1 and 200 mg g−1

were obtained for AHFC and AHFT respectively at an optimized
pH of 6. The results from selectivity studies and the application
to ground water samples indicate the possibility of these low
cost, non-toxic materials to be upgraded to lter materials by
appropriate modications for the removal of uranium from
contaminated water. The highlight of the work is the cradle to
cradle approach adopted in alignment with the GOAL-6 (clean
water and sanitation) of UNSDGs – 2030.
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