
Environmental Science
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/2

1/
20

26
 9

:5
3:

40
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
The application o
aDepartment of Chemistry, K. J. Somaiya C

Vihar, Mumbai-400077, India
bRadiochemistry Division, Bhabha Atomic R

E-mail: arijitbarc@gmail.com; arijita@barc
cHomi Bhabha National Institute, Mumbai 4

Cite this: Environ. Sci.: Adv., 2022, 1,
546

Received 11th April 2022
Accepted 15th August 2022

DOI: 10.1039/d2va00067a

rsc.li/esadvances

546 | Environ. Sci.: Adv., 2022, 1, 546
f food/agro-waste and spent
household products for the environmentally
benign separation of thorium

G. Salunkhe,a Rohit Singh Chauhan a and Arijit Sengupta *bc

The cost-effective and environmentally benign separation of thorium from an aqueous acidic medium

using spent food/agro-byproducts has been demonstrated utilizing used tea leaves, coffee powder, and

coconut leaves. The presence of carbonyl functionalities, hydroxyl moieties, and amine moieties was

found to be responsible for coordinating with Th4+ ions, while rough sorbent surfaces provide more

surface area for Th4+ ions to interact with. The Langmuir isotherm model was found to be applicable,

involving monolayer sorption, without any neighboring-group participation, and chemisorption. Pseudo-

second-order rate kinetics were revealed, with rate constants for thorium sorption of 3.4 � 10�6 mg

g�1 min�1, 2.7 � 10�5 mg g�1 min�1, and 1.9 � 10�5 mg g�1 min�1 for coconut leaves, tea leaves, and

coffee powder, respectively. The sorption process was thermodynamically favourable, having DG0 values

of �5.91 kJ mol�1, �8.60 kJ mol�1, and �7.22 kJ mol�1 for coconut leaves, tea leaves, and coffee

powder, respectively. The sorption processes were endothermic in nature (DHcoconu0t leaf ¼
3.30 kJ mol�1, DH0

tea leaf ¼ 6.33 kJ mol�1, and DH0
coffee powder ¼ 3.70 kJ mol�1). The overall enhancement

in entropy (DS0coconut leaf ¼ 0.03 kJ mol�1 K�1, DS0tea leaf ¼ 0.04 kJ mol�1 K�1, and DS0coffee powder ¼
0.04 kJ mol�1 K�1) showed the spontaneity of the process. Upon exposure to 100 kGy gamma radiation,

the Kd values for thorium were reduced to �49.9% of the original values for coconut leaves and tea

leaves, while Kd was reduced to 40.4% of the original value for coffee powder.
Environmental signicance

This manuscript demonstrates the highly efficient, cost-effective, and green separation of thorium from aqueous acidic streams using food-based agro- and
household waste. Actinides are associated with the continuous emission of radiotoxicity into the environment; therefore, there is a need to separate such
radiotoxic actinides from aqueous streams. Moreover, using liquid–liquid extraction to achieve the above purpose can generate radiotoxic organic waste, which
is difficult to manage, and volatile organic compounds are of serious environmental concern. The ligands used in those cases are not completely biodegradable
or incinerable, and hence they are not environmentally benign. These food-based agro- and household waste substances are not only cheap but they are also
completely biodegradable. Hence using such waste materials to remove radiotoxicity is cost-effective and environmentally benign.
Introduction

Nuclear energy is a viable energy resource which can drastically
reduce the greenhouse effect and other environmental issues
associated with conventional energy sources like coal, hydro-
thermal, etc.1–4 However, the success of nuclear energy highly
depends on the efficient and selective separation of ssile
materials for fuel fabrication and the management of the highly
radiotoxic waste generated during different stages of the fuel
cycle, mainly pertaining to spent fuel.5–8 The environmental
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–557
impact associated with radiotoxic waste is of high concern.
Thorium is one of the potential resources for the third stage of
the nuclear fuel cycle in India.9–12 Thorium is an abundant
material with large deposits along the south coast of India, and
it can be utilized for the generation of ssion isotopes.13–16

However, the success of the chosen nuclear fuel cycle highly
depends on the efficient and selective separation of ssile and
fertile materials.13–15 Thorium, as a tetravalent actinide, is prone
to coordinate with several functional groups. Phosphate,
phosphonate, and phosphine oxides have been widely used in
liquid–liquid separation for the efficient removal of Th4+.16–19

Phosphate-based ligands lead to environmental concerns
(CHON principle), as they are not completely biodegradable or
incinerable.20 Liquid–liquid extraction, a highly explored sepa-
ration technique, leads to the generation of a large amount of
radiotoxic organic liquid waste, which is difficult to manage due
© 2022 The Author(s). Published by the Royal Society of Chemistry
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to the mobility of the liquid phase and container compatibility.
Therefore, solid-phase extraction might be a potential alterna-
tive to avoid liquid waste storage problems.21,22

Novel acrylic acid and acrylamide graed carbon nanotubes
(CNTs) have been utilized for phenol removal.23,24 Polyethylene
graed CNTs have also been reported for the removal of phenol
from industrial wastewater.25 The graing of poly(trimesoyl, m-
phenylenediamine) on CNTs enhanced the removal of phenol.26

Saleh reported safe, clean, and environmentally benign tech-
nologies for sulphur removal from petroleum.27 A comprehen-
sive review has also been reported in the literature assessing
nanomaterials as environmental contaminants.28 Carbon
nanotubes, graphene oxides, and other novel materials showed
high sorption efficiencies for tetravalent actinides from
aqueous acidic waste.29–31 In addition, the selectivity can be
enhanced via augmenting functional groups to such techno-
logically important materials. Amide, amine, amidoamine,
diamide, and glycolamide moieties are some of the function-
alities that have been widely explored in the literature.32–36 It
must be noted that the laboratory-scale preparation of such
advanced sorbents and ligands is cumbersome, requiring
multistage synthesis schemes with high material synthesis
difficulty. The commercial-scale utilization of such materials
may not be viable. In light of this, a strategy has been adopted in
the present investigation where spent household and food/agro-
waste can be utilized for the sequestration of highly radiotoxic
actinides.37 This would certainly reduce the overall environ-
mental burden in a cost-effective way. Spent tea leaves and
coffee powder are some very common household items and are
some of the major components of municipal waste. On the
other hand, coconut leaves are very common waste from food/
agro-industries. It is believed that the utilization of such waste
for actinide removal would be an environmentally benign and
commercially adoptable option for actinide sequestration. Due
to the importance of Th in the nuclear industry and the
requirement for cost-effective, biodegradable, and environ-
mentally benign solid-phase separation, the present investiga-
tion was carried out. Some efforts have been documented in the
literature to achieve the efficient separation of thorium using
a carbon-nanober-modied polymer, a bentonite–gum–arabic
composite, nanomaterials, and green materials.38–41 In order to
understand the mechanism of sorption, different isotherm
models have been employed to t the experimental data. The
sorption kinetics and related thermodynamic parameters,
including changes in energy, have been monitored. The elution
of thorium from the loaded materials and radiation-induced
performance modication have also been studied to under-
stand the overall feasibility of these sorbent materials.

Experimental
Sorbent preparation

5 g of coconut leaves was collected, shredded into pieces, and
soaked in 5 L of distilled water (DI) for 72 h. This removed dust
and other micro-pollutants. Then, this was washed three to four
times with DI water (500 mL each time) until the material
became free from any dirt or colour. Subsequently, it was dried
© 2022 The Author(s). Published by the Royal Society of Chemistry
at room temperature for 48 h, followed by incineration at 60 �C
inside an oven for 5 h. Finally, the material was ground well in
a pestle and mortar for 0.5 h to obtain a biosorbent with
a uniform size distribution (within 10 mm). The tea leaves used
in the present investigation were used and not fresh. Spent tea
(5 g) leaves were washed with DI water (500 mL each time) 3–4
times until the supernatant became colourless. Then, they were
dried for 12 h at room temperature. 2.5 g of this material was
added to 250 mL of 1 M H2SO4 under continuous stirring. The
stirring was continued for 6 h. Subsequently, the solution was
ltered, and the material was collected and washed with DI
water until the material was acid-free (5 times, each time with
500 mL of DI water). Then, it was dried at 60 �C for 12 h. Finally,
the product was obtained. The biosorbent coffee powder used in
the present investigation was prepared from spent coffee
powder. 15 g of spent coffee powder was washed thoroughly
with DI water (4 times with 500 mL of DI water each time) and
dried overnight at room temperature (60 �C for 12 h). Subse-
quently, 10.2 g of this coffee powder was taken in a beaker
containing 250 mL of 0.1 M HCl, and the mixture was stirred
well for 6 h at room temperature (300 K). Then, the material was
ltered, washed with DI water until it was acid-free, and dried
overnight (at 60 �C for 12 h) for subsequent investigations.
Instrumentation

The detection and estimation of thorium were carried out via
energy-dispersive X-ray uorescence (EDXRF) spectroscopy
using 5 mL of the aqueous phase in a Teon container with
a transparent bottom window made of Mylar lm. Aer excita-
tion and other subsequent photophysical phenomena, the
resulting X-rays were measured using the detector. The spec-
trometer was procured from Jordan Valley, EX 3600, Israel. The
spectrometer has a 12.5 mm Be window, a Rh source, and a Si–
Li detector with a resolution of 139 eV for theMn-Ka peak. It can
cover an energy range up to 40 keV. The optimized instrumental
and experimental parameters have been summarized else-
where.42–44 Sorption experiments were carried out in a water
bath with a thermostat, which was procured from Lab Enter-
prise, Mumbai, India. The shaker had a capacity of 108 L with
outer dimensions of 700 mm � 500 mm � 900 mm. The
working temperature range was from ambient temperature to
90 �C, with precision of 0.1 �C. The centrifuge machine used for
complete phase separation was also procured from Lab Enter-
prise, Mumbai India. The maximum RPM achievable was 5200
RPM, the capacity was 16 � 15 mL, and a rotor head with a low
AC induction motor (ELTEK MODEL: TC-650F+ TC 657) was
included. FTIR spectroscopic analysis was carried out using
a BRUKER Alpha T Module spectrometer with spectral resolu-
tion of 2 cm�1 and a spectral range of 6000–500 cm�1 with ZnSe
optics. The signal-to-noise ratio is 55 000 : 1. FTIR spectra from
solid samples were taken in ATR mode, i.e., total attenuated
reection mode. 5 mg of sample was placed on the diamond
window and spectra were recorded from 25 scans. Scanning
electron microscopy (SEM) images were taken using a Philips
XL30 ESEM spectrometer operating with an accelerating voltage
of 30 kV.
Environ. Sci.: Adv., 2022, 1, 546–557 | 547
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Fig. 1 (a) FTIR spectra of the biosorbents and SEM images of (b) coffee
powder, (c) tea leaves, and (d) coconut leaves.

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/2

1/
20

26
 9

:5
3:

40
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Methods
Sorption

The biosorbent sorption efficiency for thorium was investigated
based on the partition coefficient Kd

45,46 using the formula:

Kd ¼ ðC0 � CeÞ
Ce

V

W
(1)

where C0 and Ce are the initial concentration and concentration
aer equilibrium of Th4+, V is the aqueous phase volume, andW is
the weight of sorbent material. The Kd values were monitored as
a function of the nitric acid concentration in the aqueous phase.
The aqueous feed acidity was varied from 0.01 M HNO3 to 6 M
HNO3. 20 mg of sorbent was allowed to equilibrate with the
aqueous phase with different levels of feed acidity (a volume of
1.5mLwith an initial thorium concentration of 2mgmL�1). Then,
the biphasic system was allowed to equilibrate for 4 h at 303 K.
Aer that, centrifugation was carried out for 2 min to achieve
phase separation. Suitable aliquots (1 mL) of the aqueous phase
were collected and analyzed via EDXRF for thorium. 1 mg of
Th(NO3)4 dissolved in 4 M HNO3 was taken as the initial stock
solution for thorium. In the next set of sorption experiments, the
amount of biosorbent was varied from 10 mg to 50 mg. The nitric
acid concentration in the aqueous phase was kept at 3 M, and
1.5 mL of aqueous phase containing 10 mg mL�1 thorium was
allowed to equilibrate for 4 h at 200 rpm, followed by 2 min of
centrifugation. Suitable aliquots (1 mL) were collected for thorium
estimation via EDXRF. The experimental data thus obtained were
tted to linear regression equations from different isotherm
models. To study the kinetics of sorption, the equilibration time
was varied from 5 min to 4 h, keeping the other experimental
parameters constant. The feed acidity was kept at 3 M HNO3. The
sorbent amount was 20 mg. The temperature was kept at 303 K.
The thorium concentration was kept at 10 mg mL�1. 2 min of
centrifugation was carried out for complete phase separation.
Finally, suitable aliquots (1 mL) were used for Th estimation via
EDXRF. In order to calculate the thermodynamics of the sorption
process, the temperature of phasemixing was varied from 303 K to
333 K. The sorbent amount was kept at 20 mg, the initial Th
concentration was kept at 10 mg mL�1, and the time of equili-
bration was kept at 4 h, with a further 2 min of centrifugation. To
understand the radiation-induced performance deterioration of
the biosorbent, the materials were exposed inside the gamma
chamber at BARC to different doses, from 25 kGy to 100 kGy. Using
these irradiated sorbents, the Kd values for thorium were calcu-
lated and compared with those obtained using unirradiated
materials. The volume of the aqueous phase was kept at 1.5 mL,
with 3 M HNO3 and 10 mg mL�1 Th. The sorbent amount was
20 mg, the equilibration time was 4 h, and there was an additional
2 min of centrifugation. Experiments were carried out at ambient
temperature. For stripping studies, two consecutive experiments
were performed. The rst step was the extraction of thorium and
the second step was elution from the loaded solid phase. Extrac-
tion was performed using 3 M HNO3, 20 mg of sorbent, 10 mg
mL�1 Th, and 4 h of equilibration. In the subsequent step, 1.5 mL
of 0.5Mof oxalic acid and 0.5MNa2CO3were employed for elution
with an equilibration time of 30 min using the loaded sorbent
548 | Environ. Sci.: Adv., 2022, 1, 546–557
materials (20 mg). Aer phase disintegration, the aqueous phase
was analyzed for thorium and the stripping percentage was
calculated. For reporting data from sorption experiments, tripli-
cate measurements were carried out, and the average of these
triplicate measurements was reported. The error associated with
the data was calculated based on three times the standard devia-
tion, i.e., a 99.7% condence limit. The relative standard devia-
tions of the triplicate measurements were well below 10%.
Results and discussion
Surface characterization

The surface functionalization of the biosorbents was monitored
via FTIR spectroscopy [Fig. 1(a)]. The FTIR spectra of the tea leaves
and coffee powder were found to be very similar, while that of the
coconut leaves was found to differ. In all the spectra, a prominent
and broad peak was observed in the range of 3300 cm�1 to
3600 cm�1, which was attributed to hydroxyl groups at the surface
of the sorbents.47 In the case of coffee powder, the peak at
3340 cm�1 was ascribed to C–H stretching from CH3 groups. The
peak at 3100 cm�1 was attributed to aromatic –CH stretching. The
peak at 2850 cm�1 corresponds to –CH stretching. The peak at
1701 cm�1 was attributed to carbonyl stretching.48 The peaks at
1639 and 1484 cm�1 were ascribed to C]C and C–C stretching,
respectively. The peaks at 1547 cm�1 and below 1484 cm�1 were
attributed to C–N stretching.49 In the case of tea leaves, the peaks at
2920 cm�1 and 2851 cm�1 were ascribed to C–H and CH2 vibra-
tions pertaining to aliphatic hydrocarbons. The peaks at
1609 cm�1, 1515 cm�1, and 1450 cm�1 corresponded to aromatic
ring stretching. The peak at 1036 cm�1 was attributed to C–O
stretching. The presence of carbonyl and hydroxyl functional
groups might be useful for coordinating with thorium ions from
aqueous acidic waste solution.

The surface morphology of a sorbent material is important
when evaluating the sorption properties of the material. The
rougher the surface, the higher the effective surface area. This
increases the chances of interaction with metal ions and, hence,
the separation efficiency will be higher.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1(b)–(d) shows SEM images of coffee powder, tea leaves,
and coconut leaves, respectively. The SEM image of the coffee
powder showed a very smooth surface with a spheroidal nature,
although some bulges were also seen on the spheroids. In the
case of the tea leaves, the SEM image showed an oval-shaped
material with a rougher surface compared to coffee powder.
For coconut leaves, many particles with different geometrical
shapes were observed. In fact, the SEM image showed an
irregularly shaped rough surface. Based on the SEM images, it
can be inferred that coconut leaves and tea leaves would provide
a more effective surface area for interactions with thorium
compared to coffee powder. Silica combined with 2% multi-
walled carbon nanotubes was utilized for the sorption of Hg2+.
The researchers conrmed the incorporation of SiO2 on CNTs
based on the appearance of a peak at 700 cm�1 in the FTIR
spectrum, which was attributed to Si–O–Si moieties.50 Saleh
et al. reported a shi in the carbonyl peak from 1710 cm�1 to
1630 cm�1 between oxidized nanotubes and a nanocomposite,
revealing bond formation between alumina and CNTs.51 The
oxidation of multiwalled carbon nanotubes (MWCNTs) using
mixtures of HNO3 and H2SO4–HNO3 was qualitatively charac-
terized based on the appearance of a carbonyl peak in FTIR
spectrum, which became more prominent at higher tempera-
tures.52 To achieve high efficiency in the hydrodesulphurization
of thiophene, CNTs were introduced to the catalyst. SEM
imaging was utilized to evidence the modication.53,54

Extraction characteristics

Fig. 2(a) shows the variations in the Kd values for thorium as
a function of the nitric acid concentration in the aqueous phase,
Fig. 2 (a) The variations in the Kd values of thorium as a function of the
nitric acid concentration in the aqueous phase; sorbent amount:
20 mg, aqueous phase volume: 1.5 mL, initial Th concentration: 2 mg
mL�1, equilibration time: 4 h, centrifugation time: 2 min, temperature:
303 K. (b) The variations in the extent of the sorption of thorium as
a function of the equilibration time; sorbent amount: 20 mg, aqueous
phase volume: 1.5 mL, Th initial concentration: 2 mg mL�1, aqueous
phase acidity: 3 M HNO3, time of centrifugation: 2 min, temperature:
303 K. (c) The probable coordination of tannin with Th4+ in ML3
fashion. (d) The probable coordination of tannin with Th4+ in ML2
fashion. (e) The probable coordination of caffeine with Th4+.

© 2022 The Author(s). Published by the Royal Society of Chemistry
keeping a xed equilibration time of 4 h, while Fig. 2(b) shows
the variations in the extent of extraction as a function of the
equilibration time. In 0.01 M HNO3, the Kd values for thorium
using coconut leaves, tea leaves, and coffee powder were found
to be 1.31 � 104, 5.75 � 104, and 1.29 � 104, respectively. Upon
increasing the acid concentration, the Kd values for coconut
leaves were enhanced up to 1 M HNO3, with a maximum value
of 2.07 � 104. From 1 M HNO3 to 6 M HNO3, the Kd values were
constantly reduced, and at 6 MHNO3, Kd was 1.04� 104. For tea
leaves, the Kd values also were enhanced up to 1 M HNO3, with
a maximum value of 8.37 � 104, followed by a reduction up to
6 M HNO3, with a value of 1.76 � 104. In the case of coffee
powder, the enhancement in the Kd values was seen up to 2 M
HNO3, with a value of 2.54� 104, while beyond that, a reduction
in Kd values was noticed up to 6 M HNO3, with a value of 1.24 �
104. In the case of tea leaves, the major constituent was tannin
or tannin-derived products. At higher nitric acid concentra-
tions, the carboxylic acid groups in tannin moieties can become
protonated and hence their coordination with thorium ions can
be hampered. Several phenolic groups can also be responsible
for binding with thorium ions, resulting in very high Kd values.
The coffee powder contained caffeine as a major ingredient
along with other derived compounds. This material generally
exhibited imidazole-derived heterocyclic aromatic moieties that
were slightly basic in nature. Thorium extraction took place
either through cation–pi interactions or via the coordination of
carbonyl groups with metal ions. Similar to tea leaves, higher
acidity also led to competition between H+ ions and Th4+ for
coffee powder, hence reducing the extraction efficiency. The
coconut leaves contained 90% saturated fatty acids and 10%
unsaturated fatty acids. The protonation/deprotonation equi-
librium of these acids was responsible for the higher thorium
extraction at lower feed acidity. The study clearly indicated that
maximum sorption took place in the acidity range of 0.1 M
HNO3 to 2.5 M HNO3. Based on Fig. 2(b), the extent of Th
sorption was found to increase for all the sorbents with an
initial increase in the equilibration time. Although more than
98%mass transfer was achieved within 1 h, a plateau was found
to appear in the f (mass transfer fraction) vs. equilibration time
curves beyond 1 h for tea leaves, 2 h for coffee powder, and 4 h
for coconut leaves. Hence, these times were considered as the
times taken to achieve equilibrium.

3 MHNO3 is not where the maximum Kd values are achieved,
as clearly seen in the curves in Fig. 2. However, above 3MHNO3,
the Kd values were only slightly reduced for all the biosorbents.
Since the peaks of the Kd vs. [HNO3] plots are at different acidity
levels for different biosorbents, we believed it might be
confusing to use different acidity levels for different biosorbents
when studying the subsequent kinetics, isotherms, and ther-
modynamics of the sorption processes. Hence, to use the same
experimental parameters for all the biosorbents, 3 M HNO3 has
been chosen for subsequent investigations (not for obtaining
maximum Kd values). In addition, to calculate Kd values, the
initial Th concentration in the aqueous phase and the nal Th
concentration in the aqueous phase aer extraction were
analyzed using EDXRF.
Environ. Sci.: Adv., 2022, 1, 546–557 | 549
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In the case of very high Kd values, the Th counts in the
aqueous raffinate aer extraction would be very small. Hence,
there would be large error in estimating Th in the aqueous
raffinate aer extraction. Due to the above facts, 3 M HNO3 was
chosen for subsequent sorption investigations.

Fig. 2(c)–(e) shows the probable coordination of tannin and
caffeine with Th4+. Th4+ generally exhibits a coordination
number of eight or higher. With the species being neutral, four
nitrate ions are likely to coordinate with Th4+, maintaining
charge neutrality. They can be coordinated in monodentate
fashion. Consequently, for coordination saturation, four or
more monodentate sites are required from the ligand moieties.
Four tannin, phenolic –OH, or benzoic acid groups can coor-
dinate with Th4+. Under acidic conditions, the formation of
phenolate or benzoate ions is very much unlikely. Therefore, the
lone pair of electrons of phenolic –OH groups or C]O(OH)
groups can directly coordinate with Th4+. This coordination can
occur in two different ways. The rst case might show the
involvement of three tannin molecules. One tannin molecule
utilizes its two adjacent –OH groups, forming a ve-membered
ring. The other two tannin molecules can coordinate with Th4+

through –OH or –COOH groups [Fig. 2(c)]. This would achieve
a coordination of eight for Th4+. The latter two tanninmolecules
may coordinate in a multi-dentate way. Since several water
molecules are present in the system, water coordination may
also be involved. However, the enhancement in entropy, as seen
from thermodynamic analysis, points towards the release of
water molecules during complexation. Hence, water coordina-
tion has not been shown. In the second case, two tannin
molecules may be involved. Both of them utilize their ortho
phenolic –OH groups for coordination with Th4+, forming two
ve-membered chelate rings [Fig. 2(d)]. The formation of ML4
and other higher stoichiometric complexes may be less prob-
able from steric and thermodynamic points of view.

Fig. 2(e) depicts the coordination of caffeine with Th4+. The
coordination of four nitrate ions in a monodentate way satises
the electrical neutrality of the system. Caffeine has two carbonyl
groups. The lone pair of electrons present on O can be utilized
for coordination towards Th4+. The simplest form of coordina-
tion is the formation of an ML2-type complex, wherein each
caffeine molecule provides two carbonyl oxygen atoms for
coordination with Th4+ (a total coordination number of four is
obtained with two caffeine molecules). Two six-membered
chelate rings are formed. In this case, also, water molecules
can coordinate. However, as discussed earlier, water coordina-
tion has not been shown when considering the formation of an
Table 1 Analysis of the Langmuir, Freundlich, D–R, and Temkin isotherm

Biosorbent

Langmuir Freundlich

q0 (mg g�1) KL (L mol�1) n Kf (mg g�

Coconut leaves 303.5 3.1 11.0 282.7
Tea leaves 324.7 4.5 22.0 317.8
Coffee powder 308.5 3.6 15.0 296.5

550 | Environ. Sci.: Adv., 2022, 1, 546–557
inner-sphere complex upon the release of water molecules from
the primary coordination sphere of Th4+. Although nitrate is
a weakly coordinating anion, it is preferred over water mole-
cules with Th4+ for maintaining charge neutrality. Such
complexes have been widely reported in the literature.19,35,36,55–57

This structure elucidation is purely speculative in nature.
Evidencing the same is beyond the scope of this manuscript.

Sorption mechanism

In order to understand the nature of sorption and the mecha-
nism responsible for mass transfer, different isotherm models
were employed. The experimental results were tted to the
linear equations of different isotherm models, namely the
Langmuir isotherm, Freundlich isotherm, Dubinin–Radushke-
vich (D–R) isotherm, and Temkin isotherm. Based on regression
analysis, it was revealed which isothermmodel best represented
the sorption behavior. The Langmuir isotherm is based on ideal
sorption behavior, i.e., that sorption proceeds via monolayer
coverage. There is no inuence from neighbouring functional
sites on actual sites during sorption. Practically, this situation
occurs only in the case when the sorbent has a very low surface
density of active sites. The linear equation for the Langmuir
isotherm is as follows:56

ce

qe
¼ 1

q0KL

þ ce

q0
(2)

where Ce is the equilibrium concentration of thorium ions, qe is
the amount of thorium adsorbed on the sorbent material at
equilibrium, and q0 is the capacity of sorption. The higher the
KL value, the higher the qe value. As seen from Table 1, in 3 M
HNO3, the Kd values for Th followed the trend: tea leaves >
coffee powder > coconut leaves. A similar trend is also seen for
the q0 values obtained from Langmuir isotherm analysis. This
isotherm only represents the ideal sorption behaviour. More-
over, monolayer sorption results in a drastic reduction in the
entropy of the molecular system, bringing the 2nd law of ther-
modynamics into play. The surface roughness and inhomoge-
neity are not accounted for using this isotherm model. In view
of this, the Freundlich isotherm model was also employed to
explain the nature of sorption. This empirical model attributes
changes in the equilibrium constant during the binding process
to the heterogeneity of the surface and variations in the heat of
adsorption. The linear equation for the Freundlich isotherm
model can be expressed as follows:57

ln qe ¼ ln kf þ 1

n
ln ce (3)
models (triplicate measurements with less than 10% RSD)

D–R Temkin

1) E (kJ mol�1) Xm (mg g�1) b (L mg �1) AT (L mg �1)

8.6 323.3 88.9 11.9
17.1 500.3 115.2 18.2
9.9 414.6 96.7 15.6

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The linear fitting of experimental data to (a) Langmuir, (b) D–R,
(c) Temkin, and (d) Freundlich isotherm models; aqueous phase
volume: 1.5mL, initial Th concentration: 2mgmL�1, equilibration time:
4 h, centrifugation time: 2 min, temperature: 303 K, aqueous phase
acidity: 3 M HNO3.

Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/2

1/
20

26
 9

:5
3:

40
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
where kf is the Freundlich isotherm constant and ‘n’ is the
sorption intensity. If n is evaluated as being equal to 1, sorption
is independent of the Th4+ concentration. When n is evaluated
as being more than 1, then sorption is ideal in nature. In the
case of n being estimated as being lower than 1, then sorption
proceeds through a cooperative mechanism. The Dubinin–
Radushkevich (D–R) isotherm model is represented by three
types: H-, L-, and S-shaped curves. The model can be expressed
using the following expression:58

ln qe ¼ ln xm + b32 (4)

where xm signies the sorption capacity of a D–Rmonolayer, 3 is
the Dubinin–Radushkevich isotherm constant, and b is asso-
ciated with the sorption energy as follows:

E ¼ 1ffiffiffiffiffiffiffiffi�2bp (5)

The D–R isotherm is based on a pore lling mechanism, and
it is a semi-empirical formula best tted to physical adsorption.
3 is the Polyani potential and it can be estimated as follows:

3 ¼ RT ln

�
1þ 1

Ce

�
(6)

The Temkin isotherm model is associated with the
assumption that the adsorption heat of all thorium ions
decreases linearly with an enhancement in the coverage of the
biosorbent surface. Adsorption is characterized based on
a uniform distribution of binding energy. The Temkin isotherm
model can be given as follows:59

qe ¼ RT

b
ln AT þ RT

b
ln ce (7)

where AT and b are constants pertaining to the Temkin isotherm
model. B is related to the heat of sorption. Using these isotherm
models, experimental data were plotted as follows: Langmuir

isotherm,
ce
qe

vs. Ce; Freundlich isotherm, ln qe vs. ln Ce; D–R

isotherm, ln qe vs. 32; and Temkin isotherm, qe vs. ln Ce. The
data were subjected to linear regression analysis, and the
predominance of an isotherm model was determined based on
the regression coefficients. Fig. 3 shows the linear tting of the
experimental parameters to the different isotherm models. The
tting parameters indicated that Langmuir, Temkin, and
Freundlich isotherms were rather equally possible, and no
preference could be proposed. However, for the Langmuir
model, the regression coefficients were closer to 1; hence, the
Langmuir model might be favoured over the other models.
Table 1 summarizes the results from the linear regression
analysis of the different isotherm models.

The estimated thorium sorption capacity values were
303.5 mg g�1, 324.7 mg g�1, and 308.5 mg g�1 for coconut
leaves, tea leaves, and coffee powder, respectively, with the
Langmuir isotherm model. The experimentally obtained sorp-
tion capacities were found to be 300.2 mg g�1, 329.4 mg g�1,
and 310.9 mg g�1 for coconut leaves, tea leaves, and coffee
© 2022 The Author(s). Published by the Royal Society of Chemistry
powder, respectively. The constant b is the Langmuir isotherm
constant and it signies the affinity of binding sites. The
b values for the sorption processes indicated that Th4+ has the
strongest affinity towards the binding sites of tea leaves, fol-
lowed by coffee powder, while the lowest binding affinity was
toward coconut leaves. In the case of tannin (a major constit-
uent of tea leaves), three phenolic –OH groups and one
carboxylic group provided a more suitable electron cloud for
coordination with Th4+ compared with the two carbonyl oxygen
atoms present in caffeine (a major constituent of coffee
powder). However, in the case of coconut leaves, there were no
coordination sites that were specic to Th4+. The predominance
of the Langmuir isotherm model indicated the sorption
processes to involve chemisorption, which was further
conrmed by the sorption energy values obtained from D–R
isotherm analysis. The maximum sorption energy was obtained
for Th sorption onto tea leaves (17.1 kJ mol�1), whereas the
values for coconut leaves and coffee powder were 8.6 kJ mol�1

and 9.9 kJ mol�1, respectively. Since the sorption energy values
were well above 8 kJ mol�1, which is equivalent to typical bond
energy, chemical interaction was involved during the sorption
and mass transfer of thorium onto these biosorbents. The Xm

values from the D–R isotherm model, which are also a measure
of the sorption capacity, followed a similar trend to those ob-
tained using the Langmuir isotherm model; however, the
maximum sorption capacity values were found to be over-
estimated compared to both the experimentally obtained
capacities and those calculated using the Langmuir isotherm
model. The n values calculated via the Freundlich isotherm
model were found to be more than 1, indicating normal sorp-
tion and an ideal nature, agreeing well with the predominance
of the Langmuir isotherm. The values of b from the Temkin
isotherm model indicated that the Th4+ heat of sorption values
followed the trend: tea leaves > coffee powder > coconut leaves,
Environ. Sci.: Adv., 2022, 1, 546–557 | 551
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Fig. 4 Non-linear fitting of the experimental data to the Langmuir
isotherm model: (a) coconut leaves, (b) tea leaves, and (c) coffee
powder.
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which was similar to the trend obtained for the Kd values and
sorption capacity values.

Fig. 4 depicts the tting of the experimental data to the non-
linear Langmuir equation for all biosorbents. The regression
coefficients for tting were found to be 0.9989, 0.9993, and
0.9962 for coconut leaves, tea leaves, and coffee powder,
respectively. The estimated q0 values (q0,coconut leaf¼ 305mg g�1,
q0,tea leaf ¼ 330 mg g�1, and q0,coffee powder ¼ 312 mg g�1) were
comparable to those obtained via linear regression analysis and
to the experimentally obtained values. The b values followed
a similar trend: bcoconut leaf (3.3 l mol�1) < bcoffee powder (3.9 l
mol�1) < btea leaf (4.9 l mol�1).
Sorption kinetics

The time required to attain equilibrium, or the rate of mass
transfer, is a very important aspect pertaining to the sorption
process. As discussed above, complete mass transfer of thorium
could be achieved within 4 h of equilibration and, hence,
kinetics experiments were done up to 4 h. Three different
kinetics models were considered in the present case, and linear
regression analysis was performed on the experimental data
upon tting to these models to identify the nature of the
kinetics of sorption. According to Lagergren pseudo-rst-order
rate kinetics, the rate of change of thorium sorption with time
is directly proportional to the difference between the saturation
Table 2 Analysis of the kinetics of the sorption processes using Lager
measurements with less than 10% RSD)

Biosorbent

Lagergren rst-order model

kL1 (min�1) qe (mg g�

Coconut leaves 0.01 1.80
Tea leaves 0.02 9.90
Coffee powder 0.02 3.71

552 | Environ. Sci.: Adv., 2022, 1, 546–557
concentration and the amount of thorium adsorbed over time.
Generally, the initial stage of an adsorption process matches
this assumption. The linear rate equation can be expressed as
follows:60

logðqe � qÞ ¼ log qe � kL1t

2:303
(8)

where kL1 is the rate constant for Lagergren pseudo-rst-order
kinetics. Since there is a large number of active sites
compared to the concentration of thorium ions, the rate of
sorption is only dependent on the concentration of one of the
components, i.e., the amount of sorbent.

Webber and Morris proposed an intraparticle diffusion
model, which has also been applied to explain the experimen-
tally obtained kinetics data. Based on this, the rate equation can
be formulated as follows:61

q ¼ kIPDt
0.5 + C (9)

where kIPD is the intraparticle diffusion rate constant. According
to this, thorium sorption on biomaterials consists of the
following small steps: (i) the diffusion of Th4+ from bulk solu-
tion to a liquid lm on the adsorbent surface; (ii) the diffusion
of Th4+ across the liquid lm on the adsorbent surface; (iii) the
adsorption of Th4+ on active sites on the surface; and (iv) the
diffusion of Th4+ through pores of different sizes in the bio-
sorbent material. The experimental data were also tted to
pseudo-second-order rate kinetics with the following linear
expression:62

t=q ¼ 1

kP2ndqe2
þ t

qe
(10)

where kP2nd is the rate constant for the pseudo-second-order
reaction. The regression coefficients were estimated for plots
of log(qe� q) vs. t, and they were found to be 0.9916, 0.9299, and
0.8579 for coconut leaves, tea leaves, and coffee powder,
respectively. Plots of t/q vs. t provided regression coefficients of
1.0011, 0.9984, and 0.9999 for coconut leaves, tea leaves, and
coffee powder, respectively. Based on the analysis, sorption was
found to proceed via pseudo-second-order rate kinetics. The
rate constants for sorption were estimated to be 3.4 � 10�6, 2.7
� 10�5, and 1.9 � 10�5 for coconut leaves, tea leaves, and coffee
powder, respectively. The rate constants followed the trend ex-
pected from the results obtained for the time required to reach
equilibrium. Table 2 summarizes the results obtained from
analysis of the kinetics models, while Fig. 5 shows the linear
tting.
gren first-order and pseudo-second-order kinetics models (triplicate

Pseudo-second-order model

1) KP2nd (mg g�1 min�1) qe (mg g�1)

3.4 � 10�6 244.41
2.7 � 10�5 515.30
1.9 � 10�5 325.92

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The Weber–Morris intraparticle diffusion model for the
adsorption of Th4+ on biosorbents: (a) coconut leaves, (b) tea leaves,
and (c) coffee powder.

Fig. 5 Linear regression analysis of the kinetics data using (a)
Lagergren first-order kinetics and (b) pseudo-second-order rate
kinetics; sorbent amount: 20mg, aqueous phase volume: 1.5mL, initial
Th concentration: 2mgmL�1, centrifugation time: 2min; temperature:
303 K, aqueous phase acidity: 3 M HNO3.

Fig. 7 The variation in equilibrium sorption constants as a function of
the reciprocal of the temperature (1/T, K); sorbent amount: 20 mg,
aqueous phase volume: 1.5 mL, initial Th concentration: 2 mg mL�1,
equilibration time: 4 h, centrifugation time: 2 min, aqueous phase
acidity: 3 M HNO3.
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Fig. 6 shows the tting of the experimental kinetics data to the
Weber–Morris intraparticle diffusion model.63,64 The overall
thorium sorption process on coconut leaves could be divided into
two steps, while for tea leaves and coffee powder it could be
divided into three steps. Based on work by Fierro et al.,65 the rst
step for Th sorption on coconut powder was assigned to mass
transfer, whereas the subsequent step was attributed to intra-
particle diffusion. In the initial 2 h, mass-transfer kinetics played
a signicant role in the overall kinetics of sorption, while beyond
2 h, the rate was governed by a diffusion process, which was
slower than the former process. The rate constants for these two
steps were 280mg g�1min�1 (c2¼ 0.9974) and 222mg g�1min�1

(c2 ¼ 0.9999), respectively. In the case of tea leaves and coffee
powder, the rst step was in the initial 15min and was attributed
to the effects of a boundary layer. Th4+ ions diffused towards the
binding sites of the biosorbent (tannin and caffeine) and adsor-
bed readily. The second step was in the time range of 15 to
60 min, where the kinetics became slower. This phase was
assigned to the diffusion of Th4+ ions towards the internal
binding sites of the biosorbents. Aer 1 h, equilibrium was
© 2022 The Author(s). Published by the Royal Society of Chemistry
reached, and intraparticle diffusion further slowed down. This
was attributed to the unavailability of active sites to bind to Th4+

ions. The rate constants for the three steps of Th4+ sorption on tea
leaves were estimated to be 595.3 mg g�1 min�1 (c2 ¼ 0.9856),
571.8 mg g�1 min�1 (c2 ¼ 0.9962), and 553.3 mg g�1 min�1 (c2 ¼
0.9958), respectively, while the values for coffee powder were
382.6 mg g�1 min�1 (c2 ¼ 0.9915), 349.9 mg g�1 min�1 (c2 ¼
0.9854), and 321.4 mg g�1 min�1 (c2 ¼ 0.9846), respectively.

Sorption thermodynamics

The energetics involved in the sorption of thorium onto these
biosorbents have been investigated in accordance with the Van't
Hoff equation:66,67

d ln Kex

dT
¼ DH0

RT2
(11)

ln
KT1

KT2

¼ �DH0

R

�
1

T1

� 1

T2

�
(12)

The change in Gibb's energy was found to be related to the
equilibrium constant as follows:

DG0 ¼ �RT ln Kex (13)

The changes in Gibb's energy and enthalpy are associated
with the change in entropy as follows:

DG0 ¼ DH0 � TDS0 (14)

Fig. 7 shows the variations in log Kex as a function of the
reciprocal of the temperature. The linear curves revealed that the
equilibrium constant increases with an increase in temperature. In
other words, the temperature favours the equilibrium moving in
the forward direction, i.e., toward sorption. This revealed that the
sorption processes were endothermic in nature. From the slopes of
the straight lines, the DH0 values were estimated to be
3.3 kJ mol�1, 6.3 kJ mol�1, and 3.7 kJ mol�1 for coconut leaves, tea
leaves, and coffee powder, respectively. The positive signs signify
the endothermicity of sorption. The Gibb's energy changes for all
the systems were found to be negative, revealing the spontaneous
Environ. Sci.: Adv., 2022, 1, 546–557 | 553
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Table 3 The thermodynamic parameters for the sorption of thorium
on coconut leaves, tea leaves, and coffee powder (triplicate
measurements with less than 10% RSD)

Biosorbent DG0 (kJ mol�1) DH0 (kJ mol�1) DS0 (kJ mol�1 K�1)

Coconut leaves –5.91 3.30 0.03
Tea leaves –8.60 6.33 0.04
Coffee powder –7.22 3.70 0.04
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nature of sorption. The DG0 values followed the trend: tea leaves >
coffee powder > coconut leaves [Table 3]. This trend was in
accordance with the KD values for thorium on the biosorbents. The
entropy changes were found to be positive, i.e., sorption increased
the entropy of the systems. This revealed that the sorption
processes were entropically driven. Sorption might progress
through inner-sphere complexation. The overall sorption of Th4+

can be broadly divided into several steps: the dehydration of Th4+

at the solid–liquid interphase, coordination between active sites of
the biosorbent and Th4+, and, ultimately, Th4+ loading onto the
sorbent through chemical interactions. During the dehydration of
Th4+, lots of water molecules become detached and return to the
bulk liquid phase, hence enhancing the entropy of the system. The
dehydration of active sites of the biosorbent might also contribute
towards the overall enhancement in the entropy of the systems.
Radiation-induced performance deterioration

During the processing of radiotoxic elements, there can be the
continuous emission of high-energy particles, like alpha and
beta particles, and high-energy gamma radiation, depending on
the nature of the isotopes present in the system. This can ulti-
mately deposit huge amounts of energy into the system. This
energy might lead to the breaking of chemical bonds of lower
energy. In due course, this might affect the active sites of the
biosorbent that are responsible for binding with Th4+ ions.
Hence, this can lead to radiation-induced deterioration in the
performance of these materials. For coconut leaves, the unir-
radiated material exhibited a Th4+ Kd value of 2.03 � 104, and
Fig. 8 The radiation-induced performance deterioration of coconut
leaves, tea leaves, and coffee powder for thorium; sorbent amount:
20 mg, irradiated at different doses, aqueous phase volume: 1.5 mL,
initial Th concentration: 2 mg mL�1, equilibration time: 4 h, centrifu-
gation time: 2 min, temperature: 303 K, aqueous phase acidity: 1 M
HNO3.

554 | Environ. Sci.: Adv., 2022, 1, 546–557
this was reduced to 1.57 � 104 following 25 kGy irradiation.
This value was further reduced in response to gamma irradia-
tion and nally became 1.01 � 104 following 100 kGy gamma
exposure. Hence the kd value was reduced to around 50% of its
initial value. For tea leaves, the original Kd value for Th

4+ was 8.4
� 104 using unirradiatedmaterial; this gradually decreased with
an increase in gamma exposure and ultimately became 4.2 �
104 following 100 kGy irradiation. Here, the sorption efficiency
was also reduced to around 50% of the initial value in response
to 100 kGy irradiation. For coffee powder, the situation was even
worse. The Kd value of 2.1 � 104 for Th4+ became 8.7 � 103 aer
exposure to 100 kGy irradiation. The radiolytic stability of these
biosorbents was only moderate, and the least stable was coffee
powder. Fig. 8 depicts the radiation-induced performance
deterioration of these biosorbents for thorium sorption.

Conclusions

The used household items and agro-products of coconut leaves,
tea leaves, and coffee powder have been used for the efficient
separation of thorium ions from aqueous acidic solution. The
DTh values from 3 M HNO3 were evaluated to be 1.2 � 104 for
coconut leaves, 1.45 � 104 for coffee powder, and 2.1 � 104 for
tea leaves, whereas the times required to reach equilibrium were
4 h, 2 h, and 1 h for coconut leaves, coffee powder, and tea leaves,
respectively. Although it is very difficult to determine the
predominance of a particular isotherm model, the regression
coefficients for the Langmuir isotherm were found to be closer to
1; hence, the Langmuir isotherm model might be favoured over
the other isotherm models. The sorption capacities were 220 mg
g�1, 644 mg g�1, and 310 mg g�1 for coconut leaves, tea leaves,
and coffee powder, respectively. Pseudo-second-order rate
kinetics were predominantly followed, with rate constants of 3.4
� 10�6 mg g�1 min�1, 2.7 � 10�5 mg g�1 min�1, and 1.9 �
10�5 mg g�1 min�1 for coconut leaves, tea leaves, and coffee
powder, respectively. The spontaneity of the sorption processes
was quantitatively determined based on the negativeDG values of
�5.91 kJ mol�1, �8.60 kJ mol�1, and �7.22 kJ mol�1 for coconut
leaves, tea leaves, and coffee powder, respectively. The processes
were found to take heat energy (DHcoconut leaf ¼ 3.30 kJ mol�1,
DHtea leaf ¼ 6.33 kJ mol�1, and DHcoffee powder ¼ 3.70 kJ mol�1)
from the surroundings. Hence, the conditional extraction
constants were higher at higher temperatures. Radiation-induced
performance deterioration was evidenced for these sorbents.
Upon exposure to 25 kGy gamma irradiation, KDTh reductions of
22%, 15%, and 16% were observed for coconut leaves, tea leaves,
and coffee powder. Upon exposure to 50 kGy gamma irradiation,
the values were reduced by 36%, 29%, and 53%, respectively.
However, aer 100 kGy exposure, the values decreased by 50% of
the original value for coconut powder and tea leaves and by 59%
of the original value for coffee powder.
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