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Abstract

Uranium is a versatile radioactive element employed in various high-stakes applications, including nuclear power
generation, nuclear weapons, radiation therapy, geological dating, nuclear submarines, and ships, etc. However, the
escape of uranium to the environment has become a serious pollution and health concern, especially the pollution of
water bodies. Thus, the goal of this study is to review the sequestration of uranium radio-pollutants using agrogenic
waste-derived biochar (AWDBC) and empirically discuss key findings. Notably, the adsorption capacity analysis found
that various AWDBC have a maximum uranium removal capacity of 4.71—1527.02 mg/g (with modified AWDBC coming
to the fore) and can be reused up to 3—6 cycles with an average adsorption efficiency of 40 - >96% at the nth cycle.
Moreover, it was discovered that the best-fit isotherm and kinetic modeling are the Langmuir and pseudo-second-order
models, with R? ranging from 0.85 to 1.0. Thermodynamically, the majority of the adsorption operations are sponta-
neous processes associated with a disorder upsurge at the solid-liquid interface. Also, from the mechanism standpoint,
chemisorption, electrostatic interactions, - interactions, ion exchange, and complexation through oxygen-containing
functional groups govern the uranium sequestration operation. In the end, areas for future research were highlighted
based on knowledge gaps identified in order to inform future researchers on possible aspects of the research to
improve in the field. The findings of this study suggest that uranium in wastewater and industrial runoffs can be eco-
successfully removed by green adsorption techniques utilizing agrogenic waste-derived biochar.

Keywords: Adsorption, Agro-waste biochar, Nuclear effluent, Uranium (VI), Radio-contaminant, Wastewater treatment

1. Introduction high-stakes applications (Fig. 1) such as nuclear power
generation, nuclear weaponry fabrication, radiation

ranium is the 26th most abundant element in  therapy, geological dating, submarines, ships, etc
U seawater and the 49th most abundant element  [23,7—11]. More specifically, uranium’s recent ad-
on Earth, discovered by the German chemist Martin ~ Vances in power generation due to the world's craving
Heinrich Klaproth in 1789 [1—4]. Also, it is among the = for @ more sustainable energy supply and carbon
naturally occurring elements of the periodic table that neutrality have seen its utilization increase drastically
make up the world and profoundly shape the structure i1 recent decades [2,3,8,12—15]. However, uranium as
and face of planet Earth by participating in the nuclear @ versatile radioactive element has become a blessing
chain reaction [1,3,5,6]. Specifically, uranium is a and a curse owing to its radiological and ecological
multipurpose radioactive element utilized in various health risk when its original or depleted form escapes
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Fig. 1. Essential uses of uranium [3].

to the environment especially the aquatic environment
through the discharge of spent nuclear fuel, ship acci-
dents, phosphate fertilization activities, discharge of
radio-therapy wastes from industries and hospitals,
rock weathering, unguided uranium mining activities,
and abundance presence in immediate war zones and
nearby areas [1,2,8]. Since both natural and anthropo-
genic uranium pollution activities cannot be completely
eradicated because it is improving the standard of
living of people and contributing to societal progress,
especially in energy generation, the scientific commu-
nity has continued to make conscious efforts toward
achieving an eco-conscious environment with low
uranium radio-pollutant concentration. Notably among
the available methods to combat uranium radio-pollu-
tion, adsorption using functional adsorbents like cova-
lent/metal organic frameworks, nanomaterials,
biochar, etc, has stood out [7,16—21]. Particularly,
adsorption technology is eco-efficient, generates less
secondary pollutants, has speedy adsorption kinetics, is
easy to operate, is less expensive, and is capable of
removing pollutants of interest even at very low con-
centrations [8,22—26]. In addition, the employment of
biochar as a functional adsorbent affords the adsorp-
tion method with regenerability and scalability poten-
tial. Biochar is a carbonaceous solid residue produced
through the thermochemical conversion of biomass

waste like agro-waste [27—30]. Biochar has exceptional
qualities, including high specific surface area (SSA),
improved porosity, high biochemical/thermal stability,
and enhanced active functional groups and sites that
are essential for adsorption operation [31—36]. Inter-
estingly, in recent times, when tons of agro-waste
(~998 miillion tons yearly) are generated, more efforts
have been concentrated on the use of agro-waste for
biochar production [37—41]. This is because it allows
tackling both water pollution and solid waste pollution
concurrently.

As a research hotspot in the past years, various re-
searchers have reviewed the utilization of the adsorp-
tion technique for the removal of uranium. For
instance, in a work published in Water, the researchers
reviewed and compared different biochar adsorbents
that have been employed for uranium and fluoride
removal [42]. Another work also reviewed different
adsorbents, including Covalent organic framework,
porous silica-based, biochar-based, graphene-based,
amino-based, and Metal-organic framework, for the
removal of uranium and thorium [43]. In a similar
work, Fahad et al. reviewed graphene materials, acti-
vated carbon, and biochar for the aqueous elimination
of uranium [44]. In addition, Emmanuel et al. [45]
reviewed the removal of radio-contaminants in general
using biochar. Thus, a comprehensive standalone
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review of recent approaches to the utilization of
AWDBC for uranium adsorption is necessary to
empirically evaluate the effectiveness of these biochars
and identify the limitations, frontiers, and future
research hotspots for their development. This current
work earned its novelty in the sense that it is a focused
review that aims to appraise the holistic application of
agrogenic waste-derived biochar (AWDBC) specifically
for the sequestration of uranium from aqueous envi-
ronments. The specific objectives include (1) Empirical
analysis of the adsorption capacity of various AWDBCs
for the removal of uranium alongside an analytical
discussion of important adsorption mechanisms. (2)
Holistic review of adsorption isotherm, Kinetic, and
thermodynamic modeling to corroborate mechanism
elucidation and provide insight into process optimiza-
tion. (3) Pragmatic evaluation of AWDBC reclamation,
regeneration, and reusability in order to afford readers,
researchers, engineers, and industries with illumina-
tion on economic values, stability, and scalability po-
tential. (4) Underscore areas for future research work
based on knowledge gaps identified in order to inform
future researchers on possible aspects of the research
to improve in the field. This study ultimately holds
sixfold advantages in the area of circular economy
advancement, SDG 7 (responsible consumption)
fostering, sustainable agricultural practices, clean solid
waste management, SDG 6 (water for all) promotion,
and sustainable wastewater treatment.

2. Review methodology

This study made extensive use of the international
comprehensive databases shown in Fig. 2, which are
highly recognized for their extensive coverage of
multidisciplinary literature, to compile relevant

Where?

Keywords combinations: Titles
Adsorption, radio-pollutant, Abstracts
uranium/U(VI)/U%*, agro-waste, Pragmatic results
desorption, reusability, regenerability Conclusions
(a N T A~
] (2) 3) 4)

academic works until 2025. Additionally, an article
search was initiated by the search terms indicated in
Fig. 2, which were then utilized in various string pair-
ings with the “OR” and “AND” operators. The review
target was taken into consideration while choosing the
query criteria, and only scientific publications that
discussed the use of agrogenic waste-derived biochar
for the sequestration of uranium radio-pollutants were
selected for core analysis. Subsequently, every author
went over each published article that was downloaded
only by looking at the titles to expunge redundant en-
tries. After that, any papers written in languages apart
from English, as well as encyclopedias, speeches, key-
notes, abstracts from seminars/conferences, as well as
gray literature, were expunged. Furthermore, publish-
ing kinds that are perceived to include non-peer-
reviewed data were expunged from the research paper
repository. Discrepancies were resolved by a collabo-
rative assessment and discussion of the articles, and
peer-reviewed publications that satisfied the pre-
determined standards were approved for the review
work. In the end, 117 articles were utilized in the as-
sembly of this work.

3. Overview of the fate of uranium in the
environment and its health effects

As stated in the introductory section, it is no longer
news that naturally occurring radioactive uranium is
found in the Earth's crust and is possibly present in
surface and groundwater because it has been accen-
tuated to be the 26th most abundant element in
seawater [1—3]. More so, it occurs naturally in rocks,
soils, and minerals [1]. Moreover, uranium is lithophilic
and redox-sensitive, highlighting its propensity to stick
near the surface of the Earth and have a robust bond
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Fig. 2. Overview of review methodology. Adapted from Ref. [46].
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with oxygen [1,47—50]. Furthermore, uranium can find
its way into the environment through diverse anthro-
pogenic sources, including discharged spent nuclear
fuel, phosphate fertilizers, mineral exploration, radio-
therapy wastes from industries and hospitals, fossil
fuels combustion, mine waste, fly ash from power
plants, ship accidents, and military/war use [1,8,51,52].
Natural climatic activities have the potential to trans-
port uranium throughout the ecosystem, including the
human food chain [8]. According to the literature, in
contrast to intake via food products, the uranium
exposure route via drinking water is recognized as a
major one (accounting for about 80% according to the
World Health Organization) [8,53].

In addition, uranium has a 1/2 life of around 4.5
million years and thus can remain in natural water for
a long period [2,51,54,55]. Specifically, in natural wa-
terways, the concentrations of uranium are often low;
in river water, they are frequently <4 ug/L, in open
saltwater, they are about 3.3 pg/L, and in groundwater,
they are typically <5 pg/L. Nevertheless, higher con-
centrations are possible in both groundwater and sur-
face water, with a spectrum that reaches a maximum in
the mg/L range and around six orders of magnitude
[1]. Additionally, uranium can dissolve into the aquifer

Inhalation of gaseous,
aerosol or particulate

Ingestion of uranium-
contaminated water and food

under favorable solubility circumstances, which might
contaminate sources of drinking water [8].

Notably, uranium is one of underground water's top
three hazardous substances, and 70 percent of the ura-
nium absorbed by the average human body comes from
drinking water [2,56]. Human exposure to ambient ura-
nium through the three routes shown in Fig. 3 has his-
torically been recognized as a radiological health threat,
though few epidemiological investigations have been
able to reveal resultant toxicity, even in occupational
settings [1,57]. However, in recent centuries, it has been
accentuated that the effect of uranium on human health
is more than the radiological effect. Its acute or chronic
overexposure has triggered numerous health effects,
including renal dysfunction, neurotoxicity, embryotox-
icity, kidney damage, nephritis, fetotoxicity, lung toxicity,
liver injury, and reduced bone growth [1,2,58—60,
60,61]. In addition, in the oxidizing status quo, uranium
present in aquatic media typically exists in the hex-
avalent form (U°"), and the World Health Organization
has identified this form of uranium as a human carcin-
ogen [2,8]. In animal species, uranium has been shown to
produce toxic impacts that can result in mortality at
elevated exposure levels [1]. The possible health effect of
uranium is summarized in Fig. 3.

Neurotoxicity

« Impact of the locomotion, sleep-
wake cycle, cognitive functions and
cerebral development

Pulmonary toxicity

—— + Fibrosis
« Edema
Hepatotoxicity

* Metabolic dysfunction
» Fatty liver and focal necrosis

Nephrotoxicity

* Proximal tubule damage
* Reabsorptive function

* Glomerular injury

Reproductive Toxicity

* Decrease of oocytes

* Sperm defects

» Disorder of sexual hormone

Bone toxicity

« Impeded bone resorption and
formation

* Impacted osteogenesis process

* Interfered normal bone functions

Fig. 3. The main uranium exposure routes and associated health hazards [62].
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4. Adsorption performance evaluation

Adsorption performance, which is commonly stated
as adsorbate mass adsorbed per gram of the adsorbent,
measures the adsorbent-adsorbate affinity or the
adsorbent specificity for the particular adsorbate
[63,64]. The value of the adsorption capacity (qmax)
also indicates the selectivity of the adsorbent, which is
important for getting the appropriate absorption of a
particular pollutant, particularly when it comes to a
combination of many components [65]. Other para-
metric factors also influence the q,.x value of a given
biochar sorbent, and some of the variables include
pollutant (uranium) initial concentration, the biochar
specific surface area, pH, and contact time [26,66,67].
Consequently, in order to provide a comprehensive
evaluation, the performance of the various agrogenic
waste-derived biochars is generally evaluated by
striking a compromise between qu.x and SSA. The
performances of various agrogenic waste-derived bio-
char as per qmax as well as the respective AWDBC
surface areas, associated sorption mechanisms, and the
active functional groups, are summarized in Table 1.

For example, to remove uranium radio-pollutant
from an aqueous solution, AWDBC made from cow
dung and wheat straw was modified using HNOs. It was
found that the qp,.x by the oxidized wheat biochar was
determined to be 355.6 mg/g at pH 4.5 and 298 K,
which is a 40-fold improvement over the untreated
agrogenic waste and greater than most carbon-based
adsorbents, according to the authors [68]. As shown in
Table 1, the quax of HNO3.oxidized cow dung biochar
was also higher than that of untreated cow dung bio-
char, showcasing the effect of additional treatment. In
addition, macroscopic investigations demonstrated that
surface complexation and electrostatic interactions
(ESI) governed the uranium sequestration by the
AWDBC. The extremely effective adsorption of uranium
was verified by FTIR investigations as being caused by
the carboxyl groups on the surfaces of the AWDBC, as
displayed in Fig. 4a. The R-CH,OH groups' reducing
agents promoted uranium uptake by the untreated
AWDBC. Moreover, because the modified AWDBC had
more negative surface charge and more surface COO
functional groups than the untreated ones, they were
better at sequestrating uranium. More so, the AWDBC
hydrophilicity may be strengthened by the surface COO
production, which would also make them more effec-
tive at eliminating uranium ions. Moreover, significant
surface complexes between uranium ions and the COO
groups affixed to the extremely condensed aromatic
rings of AWDBC are possible [68]. Conversely, as
shown in Fig. 4b for the adsorption of uranium using
HNO;3 and NaOH-treated bamboo residue-
s@polyethyleneimine biochar, imine, amide, and amine

groups were observed to facilitate excellent adsorption
efficiency [69].

In another uranium adsorption research, phos-
phorus-doped pomelo peel biochar with an excellent
surface area of 1521.38 m?/g was employed, and a
remarkable adsorption capacity of 603 mg/g through
complexation interaction with the biochar phosphoric
acid groups was reported. EDS, FTIR, and DFT were
further used to elucidate the mechanism of sequestra-
tion before and after uranium adsorption as presented
in Figs. 5 and 6. Specifically, the homogeneously
distributed uranium element is seen in the EDS map-
ping picture of the biochar following uranium seques-
tration, as seen in Fig. 5c. Also, the FT-IR spectra of the
biochar in Fig. 5a following uranium adsorption show
the emergence of a fresh peak at 914 cm™*, which is
linked to the O = U = O stretching vibration. Moreover,
following uranium removal by biochar, there is a rise in
the electron density of P-O bonds, as shown by the blue
shift of the P-O stretching frequency of the FTIR. This
finding indicates that P-O-H group ionization and sub-
sequent phosphonate complexation with uranyl take
place during the sequestration operation. Furthermore,
according to the SEM analysis, there are no discernible
changes to the fresh biochar form and structure
following uranium uptake, as shown in Fig. 5d—i. As
displayed in Fig. 6, the authors also did DFT calcula-
tions on several fictitious organophosphoric acid-U®"
complexes to shed light on the possible interaction
mechanisms of phosphoric acid groups with the ura-
nium radio-pollutant. The outcome implies that the
phosphonate group has a higher propensity to form
complexes with U°". On the basis of this, the potential
for coordination between the phosphonate group and
the uranyl ion was further examined. The ability of
phosphonate to combine with uranyl to generate the
stable uranyl phosphonate complex (Phosphonate-1-U)
is demonstrated in Fig. 6b. Phosphate-1 and hydrated
uranyl ion [UO,(H,0)2"] have a reaction energy (AE) of
—13,44 kcal/mol, suggesting the creation of a more
stable molecule. In contrast to the hydrated uranyl ions
with a U = O bond distance of 1.746 10\, the U = O bond
distance in the uranyl phosphonate complex is longer,
amounting to 1.782 and 1.783 A, as shown in Fig. 6¢. In
addition, as shown in Fig. 6b, three complexes (phos-
phoric acid-1-U, phosphoric acid-2-U, and phosphoric
acid-3-U) are generated when the phosphoric acid
group interacts with the uranyl ion, and the +ve AE
readings suggest that there is an energy disadvantage
in the production of the uranyl-phosphoric acid com-
bination. The aforementioned findings show that the
efficient complexation of phosphonate anion with ura-
nyl ion occurs prior to uranium adsorption on phos-
phorus-doped biochar. In light of this, several potential
uranyl phosphonate complexes' structures were



Table 1. Summary of agrogenic waste biochar capacity (in decreasing order) and mechanism for uranium sequestration.

Agrogenic waste biochar Surface Dz Method of g,,,. Adsorption parameters Mechanism Functional groups Ref.
area (m%/g) (mg/g) determination
Wheat straw 25.666 1527.02 Langmuir pH = 5.0, T = 20 °C, IEX, chemisorption, complexation, Carbonyl, carboxyl, [79]
Time = 75 min. ESI, pore filling, and H-bond and hydroxyl groups
KMnO,-modified - 979.3 Langmuir pH = 4.0, T = 25 °C, Surface complexation, chemisorption, NH,, P=0 and OH [75]
pig manure Time = 60 min, micropore filling, ESA, and IEX
Dose = 10 mg, Co = 10 mg/L
Cow manure@ TiO,@SiO, - 675.1 Langmuir pH =45,T =25°C, Complexation and electrostatic Hydroxyl groups [73]
Time = 10 min, interactions
Co = 10 mg/L
H,0,-modified pig manure - 661.7 Langmuir pH = 4.0, T = 25 °C, Surface complexation, chemisorption, [75]
Time = 60 min, micropore filling, ESA, and IEX
Dose = 10 mg, Co = 10 mg/L
Fe30,@pine needles - 623.7 - pH = 6.0, T =25 °C, Inner-sphere complexation Carboxylic and [80]
Time = 10 min, hydroxyl groups
Dose = 100 mg,
Co = 5.10~° mol/L
Phosphorus-doped 1521.38 603 - pH = 5.0, T = 40 °C, Complexation - [70]
pomelo peel Time = 180 min,
Co = 100 mg/L
Calcium phosphate modified 16.8 590.8 Langmuir pH = 3.5, Dose = 5 mg, Chemisorption and complexation Phosphate group and  [81]
microbial etch cotton straw Co = 500 mg/L oxygen-containing
groups
Peanut shell@MnO 15.9 569.8 Langmuir pH = 6.0, Dose = 1 mg, ESIs, coordination reaction, OH and Mn—0 [82]
T = 25 °C, precipitation, and ion exchange
Co =10 mL
Horse manure@Bi,03 — 516.5 Langmuir pH = 4.0, T = 25 °C, Surface complexation, IEX, ESA, Oxygen-containing [74]
Co = 10 mg/L chemisorption, precipitation, and groups
reduction
Macauba endocarp - 417 Experiment pH = 3.0, T = 25, Chemisorption Hydroxyls and [83]
Co = 5 mg/L carboxylic acids
Macauiba endocarp - 400 Experiment pH = 3.0, Time = 75 min, - - [84]
Co = 5.0 mg/L
Luffa rattan - 382 pH = 6.0, T = 25 °C, ESI, complexation, and Carboxyl groups and [85]
Dose = 10 mg, physical adsorption hydroxyl groups
Co = 225 mg/L
H,0-modified pig manure - 369.9 Langmuir pH = 4.0, T = 25 °C, - - [75]
Time = 60 min,
Dose = 10 mg, Co = 10 mg/L
Lotus seedpods@NH, 20.65 367.99  Langmuir pH = 5.0, T = 25 °C, Complexation Amino, carboxyl, [72]
Time = 60 min, and hydroxyl
Dose = 10 mg, Co = 100 mg/L
Calcium phosphate-modified 1.4 359.2 Langmuir Dose = 5 mg, Co = 500 mg/L Chemisorption and complexation Phosphate group and  [81]

cotton straw

oxygen-containing
groups

(continued on next page)
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Table 1. (continued )

Agrogenic waste biochar Surface Doz Method of g,,,. Adsorption parameters Mechanism Functional groups Ref.
area (m%/g) (mg/g) determination

HNO3z-modified wheat straw - 355.6 Langmuir pH =45, T =25 °C, Surface complexation and ESI Carboxyl groups [68]
Time = 240 min,
Co = 10 mg/L

Orange peel@magnesium silicate 73.9 352.6 Langmuir pH =4.0,T = 25 °C, Inner-sphere surface complexation C-OH, C=C, C=0, [76]
Time = 120 min, Mg(OH),
Co = 25 mg/L and Mg-0-Si

Durian shells 640.77 337.838 Langmuir pH = 6.0, T =30 °C, Pore diffusion and ESI OH and nitrogen- [86]
Time = 240 min, containing
Dose = 5 mg, Co = 35 mg/L functional groups

like C—N and C=N

Lotus seedpods 65.21 329.53  Langmuir pH =5.0,T =25 °C, Complexation Carboxyl and hydroxyl [72]
Time = 60 min,
Dose = 10 mg,
Co = 100 mg/L

Watermelon rind@Fe30, 86.35 323.56  Langmuir pH = 4.0, T = 20 °C, IEX, inner surface complexation, ESI, OH, C=C, C—H, C—-0, [87]
Time = 60 min, complex surface coordination, and Fe—0
Co = 10.0 and 200.0 mg/L and precipitation

KOH-activated fish scales 1074.73 29198  Langmuir pH=5.0,T =25°C, Chemisorption and inner-sphere Carboxyl and amino [88]
Time = 30 min, surface complexation groups
Co = 40 mg/L

Corn straw@ ZVMn - 274.78  Langmuir pH=3.0,T =30 °C, ESI, precipitation, reduction, and Oxygen-containing [89]
Time = 240 min, complexation groups
Dose = 0.1 g/L,
Co = 20 mg/L

Peanut shell@Fe-Ni 314 250.78  Langmuir pH = 5.0, T = 30 °C, Chemical reduction, and H-bonding C-0-C [90]
Time = 240 min,
Dose = 0.5 mg/g,
Co = 50 mg/L

Orange peel@MnO, 273.25 246.3 Langmuir pH = 5.5, T = 25.15 °C, Inner-sphere surface complexation - [77]
Time = 30 min, and chemisorption
Dose = 10 mg,
Co = 50 mg/L

HNOj3-treated rice straw - 242.65  Langmuir pH =55, T = 25 °C, Surface complexation, and - [71]
Dose = 10 mg, chemisorption
Co = 50 mg/L

Coconut shell@ Ti;C,Ty and 51.6 239.7 Langmuir Dose = 5 mg Chemisorption, chelation, ion Hydroxyl and amino [78]

@polydopamine@ polyethyleneimine exchange, Electrostatic interaction, groups
and coordination
Bamboo 9.52 212.70  Langmuir pH = 5.0, T = 25 °C, Inner-sphere surface complexation, Imine, amide, and [69]
residues@polyethyleneimine@NaOH Co = 10.0 mg/L amide bonding, acetal linkage, imine  amine groups
bonding, and H-bonding

Horse manure - 186.0 Langmuir pH =4.0, T = 25 °C, [74]
Co = 10 mg/L

Bamboo 10.38 185.5 Langmuir pH =5.0,T =25 °C, Inner-sphere surface complexation, Imine, amide, and [69]

residues@polyethyleneimine@HNO;

Co = 10.0 mg/L

amide bonding, acetal linkage, imine
bonding, and H-bonding

amine groups
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Orange peel

Thermal air-treated corn cob

Rice straw

Bamboo powder@ MoS,-PO,

Hami-melon peels

Orange peel

Watermelon rind

Peanut shell

Bamboo powder@ MoS,

Camphor tree leaves

Salvadora persica branches

Apple tree branches@MnFe,0,

HNOz-modified Cow manure
Fish scales
Corn cob

Cow manure

Pine needles

165.01

>400

0.651

121

0.459

65.91

9.05

50.7

113.34

>400

165.4

163

162.54

161.29

156.01

144.7

135.86

127.2

100.14

98.29

85.71

83.00

73.3

71.59

68.82

64

62.7

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir
Langmuir
Langmuir

Langmuir

Langmuir

pH =55, T = 25.15 °C,

Time = 30 min,

Dose = 10 mg, Co = 50 mg/L
pH = 6.0, T = 25 °C,

Co = 25 mg/L
pH=55T = 25°C,
Dose = 10 mg,
Co = 50 mg/L

pH =6.0,T = 25 °C,
Time = 30 min,

Co = 50 mg/L

pH = 5.0, T = 25 °C,
Dose = 0.3 g/L,

Co = 30 mg/L

pH =4.0,T =25°C,
Time = 120 min,

Co = 25 mg/L

pH = 4.0, T = 20 °C,
Time = 180 min,

Co = 10.0 and 200.0 mg/L
pH = 6.0, Dose = 1 mg,

T = 25°C, Co = 10 mL

pH =55,
T = 25 °C, Time = 60 min,
Co = 50 mg/L

T =20 °C, Co = 50 mg/L

pH = 4.0, T = 25 °C,

Time = 60 min,

Co = 60 mg/L

pH = 6.0, T = 40 °C,

Time = 180 min,

Dose = 1.0 g/L, Co = 10 mg/L
pH = 4.5, T = 25 °C,

Time = 240 min, Co = 10 mg/L
pH = 5.0, T = 25 °C,

Time = 30 min, Co = 40 mg/L
pH = 6.0, T = 25 °C,

Co = 25 mg/L

pH =45, T = 25 °C,

Time = 240 min,

Co = 10 mg/L

pH =6.0, T = 25 °C,

Time = 50 min,

Dose = 10 mg, Co = 50 pg/mL

Surface complexation, ESA,
and precipitation

Surface complexation, and
chemisorption

Covalent bond interaction and
chemisorption

Chemisorption and complexation

Inner surface complexation, ESI,
complex surface coordination,
and precipitation

ESIs, coordination reaction,

and precipitation

Covalent bond interaction

and chemisorption

ESA, inner-sphere surface
complexation, and chemisorption
IEX interaction, chemisorption,

and chelation

Complexation

Surface complexation and ESI

Chemisorption

Surface complexation and ESI

ESI

OH, and COOH

P-0 and C-0

OH and C=0 groups

OH, C=C, C—H,
and C—0

OH

C-0

Hydroxyl, carboxyl,
and amine groups
Amino groups and the
oxygen of hydroxyl
and carbonyl groups
Oxygen-containing
groups

Carboxyl groups

Carboxyl

Carboxyl groups

(continued on next page)
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Table 1. (continued )

Ref.

Functional groups

Mechanism

Adsorption parameters

Method of g,,,,,

qmax

Surface

Agrogenic waste biochar

determination

area (m*/g) (mg/g)

109.65

[98]

C, C-0,
0 and

ferrites oxygen

0-H and C

C-C, OH, C=

Inner-sphere surface complexation
C

and chemisorption

pH = 4.0, T = 45 °C,
Co = 60 mg/L

53.01

Rice husk@Fe,03

0, 0-C=

[99]

=0

Chemisorption and complexation

pH =5.0,T = 25°C,

Dose = 35 mg,
Co = 25 mg/L

46.35 Langmuir

38.945

Reed straw

S.S. Emmanuel et al. / Eurasian Journal of Physics and Functional Materials 9 (2025) 188—216

[100]

Physisorption

Langmuir pH = 4.0, T =25 °C,

45.45

357.2

Litchi shells

Dose = 5 mg, Co = 10 mg/L

pH =4.0,T =25 °C,

[101]

Carbonyls, hydroxyls,
and some carboxylic

groups

Surface complexation
and chemisorption

Langmuir

27.61

Citrullus lanatus L.

Time = 60 min, Dose = 50 mg,

Co = 30 mg/L

Seeds@MnFe,0,

[101]

Carbonyls, hydroxyls,
and some Carboxylic

groups

Surface complexation
and chemisorption

pH =4.0, T = 25 °C,

Langmuir

21.24

Citrullus lanatus L. Seeds

Time = 60 min, Dose = 50 mg,

Co = 30 mg/L

[68]

pH =45, T =25 °C, Surface complexation and ESI Carboxyl groups

Langmuir

8.6

Wheat straw

Time = 240 min, Co = 10 mg/L

pH =431, T =35 °C,
Co = 60 mg/L

[102]

Chemisorption

4.71

Walnut shells@Fe30,

Temperature.

Where Co = initial concentrations of uranium (concentration of uranium before adsorption), T

enhanced. The five typical phosphonates may bind with
uranyl ion in either a solo or synergistic coordination
mode, as seen in Fig. 6¢, and the coordination of
phosphonate with uranyl ion is confirmed to be ener-
getically advantageous by the -ve AE readings [70].

In another work, the capacity of rice straw-derived
biochar to adsorb uranium from aqueous solutions was
examined. Based on the findings, oxidized biochar
exhibited a superior uranium uptake capacity of
242.65 mg/g compared to unoxidized biochar of
162.54 mg/g. As presented in Fig. 7, FTIR and XPS
spectra of oxidized rice straw biochar were further
examined prior to and following the sequestration of
uranium in order to gain a better understanding of the
adsorption mechanism, and the analysis confirmed that
the intensity of C-0/OH functional groups reduced
following uranium sequestration, signifying that the
surface complexation between functional groups such
as OH and COOH play a major role in the uptake of
uranium by the oxidized rice straw BC [71]. Similarly,
in a particular study where NH, functionalized lotus
seedpods BC fabricated through hydrothermal tech-
nique was used for the sequestration of uranium, the
maximum uptake capacity was 367.99 mg/g compared
to 329.53 mg/g for the non-functionalized counterpart
even though the functionalized BC has an inferior SSA
(20.65 m?/g) compared to the non-functionalized BC
(65.21 m?/g). It was accentuated that the binding of
NH,-lotus seedpods BC to U®" was via complexation
with amino, hydroxyl, and carboxyl groups of the
AWDBC [72]. Also, the complexation sorption mecha-
nism through the participation of OH functional groups
was reported using cow manure@ TiO,@SiO, biochar.
However, the adsorption capacity was far more
remarkable, giving 675.1 mg/g [73]. In a somewhat
similar study, an adsorption capacity of 516.5 mg/g
was recorded for horse manure@Bi,0O3 biochar, and
the removal mechanism was noted to be via surface
complexation, ion-exchange, precipitation, chemisorp-
tion, electrostatic attraction, and reduction by oxygen-
containing functional groups as shown in Fig. 8.
Moreover, from the SEM analysis in Fig. 8a, it was
revealed that uranium was evenly dispersed onto horse
manure@Bi,03 biochar, which showed that uranium
ions successfully amassed onto the biochar to form
new complexes [74]. A superior uranium adsorption
capacity was also reported for modified pig manure
biochar as presented in Table 1, with surface
complexation, electrostatic attraction (ESA), chemi-
sorption, micropore filling, and ion exchange (IEX)
playing a crucial role in the adsorption operation [75].

In another study, a simple hydrothermal process was
used to produce an orange peel BC and orange peel
BC@magnesium silicate composite with a surface area of
12.1 m?/g and 73.9 m?/g, respectively, which were then
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Fig. 4. (a) FTIR spectra for the unoxidized and oxidized AWDBC prior to and following uranium sequestration. "A0” designates HNO3 oxidation [68].
(b) adsorption mechanism of HNO3 and NaOH-treated bamboo residues@polyethyleneimine biochar for uranium uptake [69].

used to remove uranium from aqueous solution by
adsorption. Notably, regardless of the presence of cat-
ions, the composite biochar was revealed to have a good
sequestration capacity of 352.6 mg/g at 25 C and pH 4
compared to bare orange peel waste biochar with
144.7 mg/g capacity under the same experimental con-
ditions. The research finding suggested that the superior
sequestration of the orange peel BC@magnesium silicate
is due to inner-sphere surface complexation between
uranium ions and surface functional groups (C-OH, C=C,
C=0, Mg(OH), and Mg-0-Si) of the biochar composite
and this can be seen in the FTIR and XPS spectra with
observable change in functional groups peaks after ura-
nium adsorption as presented in Fig. 9aand b [76]. These
findings are consistent with what was obtained for the
sequestration of uranium using orange peel biochar and
orange peel@MnO, biochar composite through inner-
sphere surface complexation. Interestingly, as presented
in Table 1, the sorption capacity of the biochar composite
is superior to that of bare biochar (246.3 and 165.4 mg/g,
respectively), and this might be due to enhanced func-
tional groups and surface area of the biochar composite
in contrast to bare biochar. [77]. A somewhat remarkable
uranium adsorption capacity of 239.7 mg/g was also
reported using coconut shell@ Ti3C, Ty and@polydopa-
mine@polyethyleneimine biochar through the partici-
pation of hydroxyl and amino groups in chemisorption,
chelation, ion exchange, electrostatic interaction, and
coordination mechanism. In addition, as displayed in
Fig. 9c and d, the SEM analysis after uranium adsorption
indicated that the surface morphology of coconut shell@
TizC,Ty and@polydopamine@polyethyleneimine bio-
char changed and became rough [78].

5. Effect of adsorption technical operating
parameters

By and large, the adsorption process is reliant on a
multitude of parametric experimental factors covered
in the following subsections.

5.1. Effect of pH

The pH of the solution is crucial for the adsorption
operation as it can affect both the degree of ionization/
oxidation of the uranium contaminant and the surface
charge/functionality of the AWDBC [26,74]. Specif-
ically, surface charge and the species distribution of
AWDBC are closely associated with the environmental
pH [71]. More specifically, the pH of the solution affects
the uranium ion speciation and the available active
adsorption sites on the AWDBC surface [95]. Also, pH
governs the adsorption mechanism process since the
operation involves AWDBC functional groups like OH.
By and large, uranium adsorption using AWDBC has
been confirmed to exhibit pH-dependent activities
[74,92].

For example, the Lv et al. [72] explored the effect of
pH on the adsorption of uranium using Lotus seedpods
and Lotus seedpods@NH, derived biochar. It was re-
ported that the two AWDBC materials largely depended
on pH. Specifically, at lower pH values, it was evident
that the adsorption capacities of both materials for U™
were significantly low, owing to the fact that H" or
H3;0™" competed with UO,*" for the available adsorp-
tion sites on the AWDBC surface. Interestingly, the
adsorption capacities of Lotus seedpods and Lotus
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Fig. 6. Density functional theory simulation [70].

seedpods@NH; biochar progressively surged as the pH
rose from 3 to 6 [72]. This is consistent with the
explanation given for the pH dependence of U®"
adsorption onto reed straw biochar, with maximum
removal capacity observed between pH 3 to 6 in an
upward trend [99]. In a similar study, the q. of rice
straw and HNOs-treated rice straw biochar for U®" was
reported to vary with pH. According to the authors, the
ge of HNO3z-treated rice straw biochar was greater than
that of rice straw biochar, which improved consistently
with upsurge in pH up to 5.5 but diminished subse-
quently [71]. This is in good agreement with the impact
of pH reported for the adsorption of U®" using orange
peel@magnesium silicate biochar and rice husk@Fe,05
biochar, where the highest q. was observed between
pH 3—6 [76,98]. Conversely, in the case of U®"
adsorption using modified microbial etch cotton straw
biochar, the g, only increases between pH 2 to 4, and
beyond pH 4, the q. was reported to drop gradually
[81]. According to the authors, this event has a close
relationship with the uranium species in solution and
the surface zeta potential of the AWDBC. It was pointed
out that protonation of AWDBC results in surface zeta

potentials of +15.10 mV, +11.12 mV, and +8.09 mV at
pH values of 1, 2, and 3, respectively [81]. An analog
increasing trend was also seen for the adsorption of
U®" using Fe;0,@pine needles between pH 1—4, and
this was ascribed to the presence of carboxylic moieties
in the AWDBC, which demonstrate a huge affinity for
the uranium cations [80].

Summarily, there is a positive correlation between g,
and pH from 2 to 6 i.e. increase in pH value from 2 to 6
results in to increase in uranium adsorption by the
AWDBC and this is a testament to the fact that AWDBC
can work well in harsh/acidic environment which is
advantageous for nuclear wastewater remediation.
Nevertheless, in our own view, extreme pH levels <2 or
>8 can severely alter the surface charge of the AWDBC
and the ionization/hydroxyl complexation state of the
uranium ions, and negatively impact their interaction
and the overall qe.

5.2. Effect of AWDBC dose

Another crucial factor to be considered in adsorptive
removal of uranium is the mass of the AWDBC
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Fig. 7. (a) FTIR spectra, and (b) XPS spectra of C 1s (C) and O 1s for the oxidized rice straw biochar prior to and following uranium sequestration

[71].

employed, as this dictates the numerical strength of the
functional groups and active sites available for inter-
action [95]. For instance, in a particular research, the
influence of horse manure@Bi,03; biochar composite
dose on the removal efficiency of uranium was

explored by Liao et al. [74]. Notably, as the dosage
surged from 0.1 to 0.5 g/L, the removal percentage of
uranium by the AWDBC rose from 93.9 to 99.3%. It
was expounded that this was because the active sites
on AWDBC heightened with dosage uptick, which
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Adsorption mechanism [74].

encouraged the formation of complexes between active
sites of the horse manure@Bi,03; biochar composite
and uranium species. In addition, as the Bi,O3 dose
rose, the distribution coefficient (Ky) of the biochar
composite first declined gradually before rising

noticeably. While the upsurge in Ky suggested that
many active sites were obscured by the increasing
AWDBC dose, the drop in K4 was attributed to the
system's active sites becoming more exposed [74]. On
the contrary, in a similar study [101], for the
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adsorption of U™ by Citrullus lanatus L. seeds and
Citrullus lanatus L. seeds@MnFe,0,4 biochar, the g, was
reported to diminish with an upsurge in AWDBC
dosage [101].

Also, Lv et al. [72], studied U®" adsorption at
different AWDBC adsorbent doses. Evidently, the
adsorption capabilities of U™ by Lotus seedpods and
Lotus seedpods@NH, biochar progressively declined
as the dose of the adsorbent increased. This occurred

because, despite a progressive rise in the AWDBC dose,
the amount of uranyl ions remained constant, resulting
in insufficient U®" for the adsorbent to attain satura-
tion. As a result, the U®™ ge declined. The removal rate,
however, showed the opposite pattern. After reaching
60%, it was found that the Lotus seedpods biochar
removal rate tended to balance, and at 99.3%, the Lotus
seedpods@NH; biochar removal rate was attained. An
average AWDBC dose of 10 mg was prescribed by the
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authors [72]. A similar trend was also observed in
another study on the effect of reed straw biochar dose
for U®" adsorption. However, 35 mg was presented as
the ideal dose [99].

Conclusively, as we can see, there is a positive cor-
relation between dose and adsorption rate, but not the
ge- This is because when the AWDBC dose is increased,
more active sites for adsorption/interaction are
created, which speeds up the uranium adsorption
process [95]. However, an excessively high AWDBC
dose has negative impacts on the q. owing to the
possibility of agglomeration, which reduces the effec-
tive surface area and in turn reduces the adsorption
output or because as the AWDBC dose increases, the
amount of uranyl ions remains the same, leading to
insufficient U™ for the AWDBC to reach saturation.
Interestingly, the fact that the optimal AWDBC dose for
the adsorption of U®" is less than 100 mg in most cases
showcases the economic benefits.

5.3. Effect of initial uranium concentration

According to studies, the initial concentration of
pollutants plays a crucial role in the adsorption oper-
ation [87]. By and large, at the earlier stages of
adsorption operation, an increase in the initial con-
centration of uranium can be beneficial as it affords a
greater mass transfer driving force for the uranium
jons [92]. For instance, the impact of initial U®* con-
centration on the q. of Bamboo powder@ MoS, and
Bamboo powder@ MoS,-P0O, biochar was explored by
Sun's research group [92]. From the result, it was noted
that the g, of both AWDBC materials surged with an
upsurge in U®" initial concentration and maintained
equilibrium when the maximum g, was attained. It was
expounded that this is because, as the interaction be-
tween AWDBC and the uranium surges, the driving
force of the solution mass on the AWDBC surface also
improves [92].

In another research, the adsorption study was car-
ried out at different initial U®" concentrations
(10—100 mg/L) using watermelon rind@Fe30,4 bio-
char, and it was found that the U®" g, improved with
an upsurge in uranium concentration [87]. Similarly, in
another experiment, it was reported that the adsorp-
tion capacities of Lotus seedpods and Lotus seed-
pods@NH, derived biochar for U®" surged as the initial
U®" concentration surged [72]. This is consistent with
another report where it was found that upon enhancing
the initial concentration of U®*, the ge of reed straw
biochar also surged progressively until equilibrium was
attained [99].

Summarily, there is a somewhat positive correlation
between AWDBC adsorption efficiency and initial ura-
nium ion concentration. In that, an increase in initial

concentrations of uranium ions normally increases
adsorption output. However, once equilibrium is
reached, adsorption at this point is usually negligible,
and beyond equilibrium, higher uranium concentra-
tions can diminish the adsorption output due to the
oversaturation of the employed AWDBC, and repulsion
builds up between the adsorbed and available uranium
ions in the reaction mixture.

5.4. Effect of temperature

The temperature has crucial importance in the
adsorption operation [71]. On a general note, temper-
ature influences the mobility of pollutant ions and the
AWDBC-pollutant interface [103,104]. In addition, the
temperature can also influence the viscosity of the
pollutant solution and the surface charge of the AWDBC
during the adsorption process.

For instance, the effect of temperature was evaluated
by carrying out adsorption operations at 15.15, 20.15,
25.15, 30.15, and 40.15 °C for the removal of U™ using
orange peel and orange peel@MnO, biochar. It was
demonstrated that the adsorption significantly im-
proves with an increase in reaction temperature [77].
This is in good agreement with what was observed for
the adsorption of U®" using Citrullus lanatus L.
seeds@MnFe,0,4 biochar, with 45 °C giving the highest
ge, While 25 °C gave the lowest [101]. In another
research, the adsorption of U®* onto rice straw and
HNOs-treated rice straw biochar was carried out at five
(5) different temperatures (15, 20, 25, 30, and 40 °C). It
was observed that both adsorbents exhibited an up-
ward trend in U®" g, with an uptick in temperature up
to 40 °C [71]. This is in good agreement with another
temperature effect study that recorded that an upsurge
in temperature brought about an upsurge in U®" g, by
Reed straw biochar, indicating that high temperature
was advantageous for uranium removal [99].

Also, for the removal of U®* using Bamboo powder@
MoS, and Bamboo powder@ MoS,-PO, biochar, it was
noticed that the upsurge in temperature enhanced the
adsorption operation [92]. This is in agreement with
what was observed for the removal of U®™ using Lotus
seedpods and Lotus seedpods@NH; biochar. The two
AWDBC adsorbents' adsorption capabilities progres-
sively improved with an upsurge in temperature, sug-
gesting that materials were better at adsorbing U®"
even at higher temperatures [72]. In a similar report,
the findings revealed an evident increase in the po-
tential g, of calcium phosphate modified microbial etch
cotton straw biochar for U®" with an upsurge in
adsorption temperature from 20 to 40 °C [81]. From a
kinetic point of view, the uranium adsorption process is
enhanced by the upsurge in reaction temperature even
beyond ambient conditions, and this suggests that the
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AWDBC can be employed effectively in nuclear waste-
water cleanup.

5.5. Effect of contact time

The residence time greatly impacts biochar adsorp-
tion operation and chemical reactions in general
[104,105]. Most adsorption operations are completed
at extended residence time until equilibrium is estab-
lished and no discernible change occurs [26]. Addi-
tionally, residence time affects the adsorption kinetics,
which is necessary for scalability and mechanism study,
indicating that it's a crucial component of the uranium
adsorption operation [72].

For example, the effect of residence time on the up-
take of U®™ by rice straw and HNO3-treated rice straw
biochar was investigated by Ahmed and co-workers. It
was recorded that early in 30 min of adsorption reac-
tion, rice straw biochar showed a quick equilibrium
phase before achieving equilibrium, while HNOs-
treated rice straw biochar showed a slower process.
The increased U®" concentration gradient and the
availability of enough active sites were attributed to the
swift growth phases [71]. Also, for the adsorption of
U®" using Bamboo powder@MoS, and Bamboo pow-
der@MoS,-P0, biochar, it was observed that q, surged
significantly within 30 min for the latter AWDBC and
then surged slowly afterward; while the q. for the
former AWDBC increased strongly within 60 min, and
subsequently slowed down [92]. This is consistent with
another report for the adsorption of U®" using orange
peel and orange peel@MnO; biochar [77]. Here, it was
observed that q. strongly surged in the earlier 30 min,
afterward attained equilibrium for orange peel biochar
and moved up gradually for orange peel@MnO, bio-
char. It was opined that the quick growth phases were
ascribed to a large amount of unoccupied active sites
on the AWDBC and a high uranium concentration
gradient [77]. This is in agreement with what was
accentuated by Albayari et al, where the Salvadora
persica biochar removal capacity for uranium surged
swiftly in the first 60 min until equilibrium was
attained in 120 min [95].

Summarily, there is a positive correlation between
AWDBC adsorption efficiency and residence time, in
that the longer the contact time, the higher the
adsorption efficiency until the uranium contaminant is
completely removed or the active site of the AWDBC is
exhausted. Nevertheless, the residence time required to
reach equilibrium in uranium adsorption is contingent
on the uranium initial concentration, solution pH and
temperature, nature of the AWDBC, and the dose, and it
varies across the board. Additionally, the decrease in q,
at a point after some time can be ascribed to the fact
that in the beginning, the AWDBC has abundant

unoccupied active sites for adsorption; however, with
an uptick in residence time, the active sites become
saturated with uranium and the adsorption operation
get retarded until the maximum g, of the AWDBC is
reached, beyond which no appreciable U®" adsorption
takes place [26].

5.6. Effect of competing ions/co-existing pollutants

Considering the complexity of actual radioactive/
nuclear wastewater, competitive/selective adsorption
study, which deals with the effect of co-existing ions/
pollutants, is another significant aspect of uranium
adsorption that is worthy of exploration [81]. For
example, the g, of Lotus seedpods and Lotus seed-
pods@NH, biochar for U°* was studied in the presence
of different competing ions like Ca, K, Mg, Zn, Sr, Cs, Sm,
Eu, Gd, and La. Notably, the selectivity of Lotus seed-
pods@NH, to U®" was as high as 70.02% upon modi-
fication, whereas the selectivity of Lotus seedpods
biochar to U®" was clearly only 44.17%. It showed that
following NH, functionalization, U®" adsorption ability
by Lotus seedpods biochar was markedly improved.
Additionally, in contrast to other ions, Lotus seed-
pods@NH; biochar had a clear edge in the adsorption
of uranium and had higher selectivity, as evidenced in
the high K4 value of 8146.5 mL/g compared to Lotus
seedpods biochar with a low Ky value of <1000 mL/g
[72].

Also, research has shown that the humic acid surface
contains copious reactive functional groups like
alcohol/phenolic OH, quinone/ketone carbonyl, and
carboxyl, which considerably influence the adsorption,
redox, and complexation of uranium [98]. In a partic-
ular study, the impact of humic acid on uranium
removal by rice husk@Fe,03 biochar at pH 2.0 to 11.0
was investigated. Notably, uranium uptake by the
AWDBC was marginally impacted by humic acid
(1—100 mg/L) at pH less than 4, whereas at pH greater
than 6.0, uranium uptake dramatically surged with an
upsurge in humic acid (HA). It was suggested that this
is because the negatively charged humic acid could be
readily adsorbed on the +vely charged surface of the
rice husk@Fe,03 biochar at low pH. Then, the +vely
charged AWDBC surfaces will be somewhat neutralized
by this adsorption, which will aid in the sorption of
+vely charged uranium species. Nevertheless, when
the pH is > 6.0, the surface of AWDBC becomes nega-
tively charged, making it challenging to adsorb nega-
tively charged HA. Uranium uptake would be reduced
as a result of the HA molecule in aqueous solution
forming complexes (HA-U) with uranium ions. As a
consequence, the effect of co-existing pollutant findings
showed that at pH less than 4.0, uranium uptake was
unaffected by humic acid, while at pH greater than 7.0,
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uranium uptake dramatically heightened as humic acid
concentration surged [98].

In another study, the effect of competing monovalent,
divalent, and trivalent ions as well as radionuclide
isotopes was assessed on the adsorption of U°" using
Calcium phosphate-modified cotton straw and calcium
phosphate-modified microbial etch cotton straw bio-
char. The findings showed that because of their poor
Coulomb interaction and lower ionic charge to U®", K™,
Cu?*, Mn?*, Cs*, and Sr™ decreased the uranium
adsorption by 45.3%, 55.7%, 12.1%, 33.2%, and 46.8%,
respectively. On the other hand, because Fe3" had a
lower ionic radius and a higher valence, which made it
more combative for binding to the surface sites, it
greatly hampered uranium adsorption by reducing it
by 98%. These outcomes connote that the adsorption
effectiveness of the AWDBC may be considerably
impacted by the existence of certain ions in actual
radioactive wastewater. Therefore, for effective ura-
nium cleanup from wastewater, more adsorption pro-
cess optimization could be required [81].

6. Adsorption isotherm modelling

One of the most important considerations when
designing an adsorption technology is the adsorption
isotherm [7,106]. It plays a critical role in adsorption
studies, providing insight into the interactions between
adsorbate (uranium) and agrogenic waste-derived
biochar (adsorbent). More so, the distribution of the
uranium on the AWDBC is shown using isotherm
modeling [107]. It also aids in emphasizing the bio-
char's porous character and is predicated on the
adsorbate-adsorbent assumptions. In addition, it is
useful in figuring out the biochar sorption capacity and
making the most of its application in the most effective
adsorption method [7].

More than a few studies have explored the adsorp-
tion isotherm modeling of uranium radio-pollutant on
various agrogenic waste-derived biochars. Notably, as
presented in Table 2, various isotherm models
including the Redlich—Peterson isotherm (RPI) model,
Dubinin-Radushkevic isotherm (DRI) model, Temkin
isotherm (TI) model, Langmuir isotherm (LI) model,
Sips isotherm model, and Freundlich isotherm (FI)
model have been applied for the adsorption of uranium
onto AWDBC [68,71,77,92,94]. Interestingly, based on
various R? readings (correlation coefficient), a larger
percentage of the studies under consideration reported
Langmuir as the best-fit isotherm model with R?
readings spanning from 0.91 to 0.9993 [88,94,101].
The Langmuir classical model and its allied FI model,
which has two parameters, are still the most theoreti-
cally straightforward types of isotherm models. They
are also very easy to implement and require less

computational and statistical work [107]. For instances
where LI is reported as the best isotherm to describe
the sequestration of uranium, the agrogenic waste-
derived biochar surface adsorption sites are said to be
equally available and energetically homogeneous, and
the sequestration may be considered to be occurring in
monolayers with no interaction between the uranium
adsorbate ions [68,69,74,76,95,97]. In addition to this,
Wang et al., accentuated that this scenario might be
ascribed to the biochar's uniform distribution of sur-
face functional groups, which promotes chemical
adsorption [81]. More so, the unapplicable isotherm
model can also be used to predict one or two things
about the adsorption operation and thus cannot be
totally discarded. For example, in the adsorption of
uranium using camphor tree leaves biochar, three
isotherm models were applied (TI, LI, and FI), and
Langmuir was confirmed to be the best fit
(R? = 0.9993) among them. However, the authors were
able to use the Temkin to predict that the adsorption
operation is endothermic in nature, as it was observed
that the heat of capture surges with an upsurge in
temperature [94]. Similarly, in another experiment
using Salvadora persica branches biochar, Albayari
et al, used Temkin to predict that the adsorption
operation is exothermic, even though the adsorption
isotherm of best fit is Langmuir [95]. In another study,
Langmuir was reported as the best fit using bamboo
powder@ MoS,-P0O, and bamboo powder@ MoS, bio-
char among three applied isotherm models (Langmuir,
D-R, and Freundlich). Nevertheless, DRI which was
unfit was used by the authors to predict that the ura-
nium sorption operation is chemisorption because the
adsorption energy parameter of the DRI falls between 8
and 16 kJ/mol and on a general note, when the DRI
sorption energy is < 8 kJ/mol, physisorption is sug-
gested to be at play, otherwise, if the energy is > 8 to
<16 kJ/mol, then chemisorption is at play [71,77,92].
Furthermore, there are two cases where two isotherm
models (Sips and RPI) were reported to be the best fit
for uranium adsorption [71,79]. However, the mystery
behind this kind of phenomenon was not expounded by
the authors. Nevertheless, from our own point of view,
we think the diversity in the pore architecture and
active site energy of the biochar is responsible for this.
Moreover, the two models in question are similar in
nature. Specifically, in the adsorption system, the RPI
and Sips models show a combinatory and interfacing
between heterogeneous and homogeneous features.
Because of this versatility, the models explain the
equilibrium of adsorption across a wide concentration
spectrum (high and low), fitting both LI and FI char-
acteristics [64]. Also, when the FI is the best fit or part
of the best-fit isotherm model, it suggests multilayer
uranium adsorption and predicts a vast number of
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Table 2. Summary of isotherm modeling of uranium sequestration by agrogenic waste biochar.

Agrogenic waste biochar Applied isotherm model Best-fit R? Ref.
Peanut shells@MnO LI, FI, and Sips LI 0.997 [82]
Litchi shell LI and FI FI 0.991 [100]
Peanut shells LI, FI, and Sips LI 0.995 [82]
Durian shells LI and FI LI 0.99 [86]
Corn straw @ZVMn LI and FI LI 0.983 [89]
Peanut shell@Fe-Ni LI and FI LI 0.95 [90]
Hami-melon peels LI and FI LI 0.98 [93]
Apple tree branches@MnFe,0, LI and FI FI 0.99 [96]
Lotus seedpods LI and FI LI 0.9789 [72]
Rice straw DRI, LI, RPI, FI, and Sips Sips and RPI 0.98 and 0.96 [71]
Reed straw LI and FI LI 0.9906 [99]
Fish scales LI and FI LI 0.873 [88]
Bamboo powder@MoS, LI, DRI, and FI LI 0.974 [92]
Cow manure LI and FI LI 0.979 [68]
Orange peel DRI, LI, RPI, FI, and Sips Sips and RPI 0.989 [77]
Orange peel@magnesium silicate TI, LI and FI LI 0.991 [76]
Salvadora persica branches TI, LI, and FI LI 0.9968 [95]
HNO3-modified Cow manure LI and FI LI 0.958 [68]
Fe;0,@pine needles LI LI 0.992 [80]
Magnetized watermelon rind TI, LI, and FI LI 0.99 [87]
Rice husk@Fe,03 LI and FI LI 0.9897 [98]
Lotus seedpods@NH, LI and FI LI 0.9898 [72]
Horse manure TI, LI, and FI LI 0.998 [74]
Citrullus lanatus L. seeds@MnFe,0, LI and FI LI 0.96 [101]
Bamboo powder@ MoS,-PO, LI, DRI and FI LI 0.996 [92]
Wheat straw LI and FI LI 0.975 [68]
Luffa rattan LI and FI LI 0.991 [85]
Rice straw (Oxidized) DRI, LI, RP], FI, and Sips Sips and RPI 0.99 [71]
Citrullus lanatus L. Seeds LI and FI LI 091 [101]
Wheat straw LI and FI LI and FI >0.98 [79]
H,0-modified pig manure LI, RPI, FI, and Sips LI 0.994 [75]
Pine needles LI and FI LI 0.99 [97]
KOH-activated fish scales LI and FI LI 091 [88]
H,0,-modified pig manure LI, RP], FI, and Sips LI 0.997 [75]
Bamboo residues@polyethyleneimine@NaOH LI and FI LI 0.998 [69]
Cotton straw LI and FI LI 0.965 [81]
KMnO,4-modified pig manure LI, RPI, FI, and Sips LI 0.996 [75]
HNO3-modified wheat straw LI and FI LI 0.985 [68]
Camphor tree leaves TI, LI, and FI LI 0.9993 [94]
Watermelon rind TI, LI and FI LI 0.99 [87]
Horse manure@Bi,03 TI, LI, and FI LI 0.994 [74]
Bamboo residues@polyethyleneimine@HNO3 LI and FI LI 0.983 [69]
Orange peel@MnO, DRI, LI, RPI, FI, and Sips Sips and RPI 0.997 [77]
Coconut shell@ Ti3C,Ty and LI and FI LI 0.982 [78]

@polydopamine@ polyethyleneimine

parallel adsorption spots with various adsorption-free
energies [64,79]. The heterogeneous biochar surface
where the adsorption process takes place suggests that
the binding spots are not equivalent [64,99].

7. Adsorption Kinetic modeling

Kinetic modeling is employed to ascertain the
adsorption rate constant [107]. Specifically, the study
of adsorption Kkinetics entails examining the rate at
which the adsorbate is absorbed, providing insight into
how reactant concentration affects the speed of reac-
tion. This speed basically determines how long the

adsorbate stays at the solid-liquid phase contact, which
makes it easier to formulate/forecast the mechanism of
reaction using theoretical models. More specifically, the
rate of adsorption is a critical factor in evaluating the
efficacy of an adsorbent. Moreover, kinetic studies can
be used to identify intermediates and transition states
[64]. More so, the impact of biochar dose and uranium
concentration on the adsorption process can be better
understood by looking at the kinetic behavior of the
process [7]. Moreover, based on the preliminary pre-
sumptions of the Kkinetics of best-fit models, some
insight into the adsorption mechanism is obtained
[107].
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Several studies have explored the adsorption kinetics
modeling of uranium radio-pollutant on various agro-
genic waste-derived biochars. Notably, as presented in
Table 3, various kinetic models, including pseudo-first-
order (PFO), pseudo-second-order (PSO) [69], Elovich
model, and intra-particle diffusion (IPD), have been
applied for the adsorption of uranium onto AWDBC
[78,94,101]. Interestingly, based on various R? readings
(correlation coefficient), all the studies under consid-
eration reported PSO as the best-fit kinetics model
except for the adsorption of uranium using fish scale
biochar and KOH-activated fish scale biochar which is
reported to follow the PFO model with R? value close to
1 (0.968 and 0.980 respectively) [88]. The author

suggests that based on the PFO best fit, the uranium
uptake is governed by the chemisorption mechanism,
and it is also that was the rate-determining/controlling
mechanism of the adsorption operation [88]. For the
PSO, it hypothesized that the adsorption of the uranium
is governed by chemisorption. Additionally, it is
assumed that the concentration of the uranium radio-
pollutant and the dose of the AWDBC, which is
measured as the number of available active sites, have
an impact on the process's kinetics [7]. Furthermore,
the fitting of uranium adsorption data into Kkinetic
models affords information on uranium time de-
pendency (the least amount of time required for sub-
stantial adsorption to take place) and the potential

Table 3. Overview of adsorption kinetic modeling of uranium sequestration by agrogenic waste biochar.

Agrogenic waste biochar Applied kinetic model Best-fit R? Ref.
Durian shells PFO and PSO PSO 0.998 [86]
Peanut shells@MnO Elovich, PFO, PSO, and IPD PSO 0.999 [82]
Litchi shell PFO and PSO PFO 0.998 [100]
Peanut shells Elovich, PFO, PSO, and IPD PSO 0.997 [82]
Corn straw @ZVMn PFO, PSO, and Temkin PSO 0.993 [89]
Hami-melon peel PFO, PSO, and IPD PSO 0.9998 [93]
Peanut shell@Fe-Ni PFO, PSO, and Weber—Morris PSO 0.999 [90]
Apple tree branches@MnFe,0, PFO, PSO, and IPD PSO 0.99 [96]
Lotus seedpods PFO, PSO, and IPD PSO 0.9558 [72]
Rice straw PFO, PSO, and IPD PSO 0.99 [71]
Reed straw PFO and PSO PSO 0.9586 [99]
Fish scales PFO and PSO PFO 0.968 [88]
Bamboo powder@MoS, PFO, PSO, and IPD PSO 0.970 [92]
Cow manure PFO and PSO PSO 0.999 [68]
Orange peel PFO, PSO, and IPD PSO 0.99 [77]
Orange peel@magnesium silicate PFO, PSO, and Elovich PSO 0.998 [76]
Salvadora persica branches PFO and PSO PSO 1 [95]
HNO3z-modified Cow manure PFO and PSO PSO 0.999 [68]
Fe30,@pine needles PFO and PSO PSO 0.99 [80]
Macauiba endocarp Elovich, PFO, PSO, and IPD PSO 0.999 [84]
Magnetized watermelon rind PFO and PSO PSO 0.999 [87]
Rice husk@Fe,03 PFO, PSO, and IPD PSO >0.99 [98]
Lotus seedpods@NH, PFO, PSO, and IPD PSO 0.9676 [72]
Horse manure Elovich, PFO, and PSO PSO 0.999 [74]
Citrullus lanatus L. seeds@MnFe,0, PFO and PSO PSO 0.96 [101]
Bamboo powder@ MoS,-PO, PFO, PSO, and IPD PSO 0.999 [92]
Luffa rattan PFO and PSO PSO 1.00 [85]
Rice straw (Oxidized) PFO, PSO, and IPD PSO 0.98 [71]
Citrullus lanatus L. Seeds PFO and PSO PSO 0.85 [101]
Wheat straw PFO and PSO PSO 0.9599 [79]
H,0-modified pig manure PFO and PSO PSO 0.970 [75]
Pine needles PFO and PSO PSO 0.993 [97]
KOH-activated fish scales PFO and PSO PFO 0.980 [88]
H,0,-modified pig manure PFO and PSO PSO 0.987 [75]
Bamboo residues@polyethyleneimine@NaOH IPD and PSO PSO 0.999 [69]
Cotton straw PFO and PSO PSO 0.980 [81]
KMnO,4-modified pig manure PFO and PSO PSO 0.979 [75]
Camphor tree leaves PSO, IPD, and Elovich PSO 0.9978 [94]
Watermelon rind PFO and PSO PSO 0.989 [87]
Horse manure@Bi, 03 Elovich, PFO, and PSO PSO 0.999 [74]
Bamboo residues@polyethyleneimine@HNO3 IPD and PSO PSO 0.998 [69]
Orange peel@MnO, PFO, PSO, and IPD PSO 0.99 [77]
Coconut shell@ Ti;C,T, and PFO, Elovich, PSO, and IPD PSO 0.98 [78]

@polydopamine@ polyethyleneimine
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process by which uranium diffuses from the bulk so-
lution to the surface of the biochar. For instance, a
study of U(VI) adsorption at varying residence times
using lotus seedpods and NH; functionalized lotus
seedpods biochar. It is evident that after 60 min, lotus
seedpods and lotus seedpods@NH, were able to sus-
tain a high U(VI) adsorption rate. While the U(VI)
adsorption capacity of lotus seedpods@NH, achieved
saturation after 240 min, that of lotus seedpods
reached saturation at 60 min and subsequently stayed
constant. The author stated that this resulted in smaller
pores and a longer equilibrium period because,
following amino functionalization, the NH, groups
occupied the pore location, restricting the flow of ura-
nyl ions in the solution. Furthermore, the adsorption
data was confirmed to fit the PSO kinetic model which
signifies that chemisorption was the chief adsorption
mechanism [72]. Similarly, for the adsorption of ura-
nium using reed straw biochar, the adsorption was
reported to surge very fast in the first 1 h, and pro-
gressively attained equilibrium after 6 h. The author
opined that the sorption reaction is chemisorption
since the Kkinetic data fitted PSO than PFO [99]. In
another experiment [71], the impact of contact time on
uranium sequestration by rice straw and oxidized rice
straw biochar was explored. For rice straw biochar, a
quick equilibrium phase was seen in the first 30 min of
the experiment, followed by a long equilibrium phase
for oxidized rice straw biochar. The presence of
adequate active spots and a larger uranium concen-
tration gradient were attributed to the fast growth
phases [71]. In addition, the adsorption gradually
attaining equilibrium might be because as the reaction
evolves, the sorption spots on the surface of the biochar
are increasingly roofed by U(VI) [85]. Moreover, the
U(VI) dynamics were examined using IPD, PSO, and
PFO models and it was found that PSO best describes
the adsorption process among the three kinetic models
employed. The IPD model frequently provides an
explanation for the mobility of microparticles inside the
adsorbent material. The exterior surface diffusion or
quick (instantaneous) adsorption and the relatively
sluggish IPD, which reaches zero at equilibrium, are
indicated by the declining order of the diffusion rate
constants. This is a rate-controlling step in the whole
adsorption process, suggesting that strong surface
complexation or chemical adsorption, rather than mass
transfer, is mostly responsible for controlling the U(VI)
sequestration by biochar [71]. This is in parallel with
the governance of surface complexation/chemisorption
process reported for uranium uptake by rice husk@-
Fe,03 BC and modified pig manure biochar [75,98].
Albayari and co-workers also confirmed PSO with a
perfect R? (1.0) and chemisorption mechanism for the
adsorption of uranium using Salvadora persica

branches biochar [95]. This is consistent with other
studies that have reported PSO model and chemisorp-
tion through e— exchanging/sharing between uranium
and  biochar, accompanying valence forces
[68,69,74,77,79,81,92,94,97,101].

8. Thermodynamic modeling

This section discusses the thermodynamic modeling
of agrogenic waste-derived biochar adsorption of ura-
nium radio-pollutant as a crucial index for judging the
spontaneity and feasibility of adsorption technology for
industrial scaling-up prediction. The measurement of
the change in Gibbs free energy (AG®), entropy (AS?),
and enthalpy (AH°) typically clarifies the thermody-
namics of adsorption [107—112]. These are calculated
by the system of equations presented by Emmanuel's
research group [7]. Table 4 presents the thermody-
namics overview of the AWDBC uranium sorption.
Notably, all the AG® readings were negative (less than
zero), indicating that uranium adsorption was sponta-
neous [71,99]. More specifically, the majority of ura-
nium adsorption systems are spontaneous under
ambient and near-ambient conditions (10—60 °C) as
uniform physical interactions can be realized between
agrogenic waste-derived biochar and the uranium
radio-pollutant at these conditions. According to
Igwegbe and co-workers, when the adsorbate is able to
overcome the mass transfer constraint at the solid-
liquid interphase without the assistance of an external
component, spontaneity is accomplished [107]. In
addition, an attenuation in AG® value with an upsurge
in temperature demonstrates that uranium sequestra-
tion is thermodynamically favorable on the AWDBC at
elevated temperatures for all the reported studies
[71,81]. Except for Wang et al, that argued in their
study that the AG® value for HNO3 and NaOH-modified
bamboo residues@polyethyleneimine BC surges as the
temperature surges, signifying that low temperature is
advantageous for uranium adsorption [69]. This
contradiction corroborates the opinion of Igwegbe et al.
that the van't Hoff equation has flaws when applied
without giving the idea of physical chemistry of equi-
librium more thought [107].

Furthermore, uranium adsorption can be either
exothermic or endothermic, subject to the characteris-
tics of the agrogenic waste-derived biochar as dictated
by the sign of the readings of AH® [69,79,97]. As shown
in Table 4, all the reported studies show endothermic
(AH® above zero) adsorption operation which means
heat is absorbed from the surroundings during the
reaction except for Salvadora persica branches BC and
NaOH/HNO3 modified bamboo residue-
s@polyethyleneimine BC where AH® below zero was
reported, signifying exothermic (release of heat to the
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Table 4. Summary of thermodynamics modeling of uranium sequestration by agrogenic waste biochar.
Agrogenic waste biochar Temp (°C) AG° AH® (J/mol) AS° (kJ/mol.K) References
Rice straw 15 -17.13 32.94 172.78 [71]
20 —-18.21
25 —19.36
30 —20.15
40 —21.37
Reed straw 10 —12.65 33.76 0.16480 [99]
25 —15.11
40 —17.57
55 —20.03
Bamboo powder@MoS, 15 —23.57 17.27 0.14171 [92]
25 —24.98
35 —26.40
45 —27.82
Orange peel 15.15 —16.64 33.33 0.17343 [77]
20.15 -17.51
25.15 —18.38
30.15 —19.25
40.15 —20.98
Orange peel@magnesium silicate 25 —40.223 16.801 0.19153 [76]
35 —42.277
50 —45.029
Salvadora persica branches 25 -12.17 —218.17 —0.69 [95]
35 -8.71
45 —5.26
40 —1.80
Magnetized watermelon rind 20 —2.02 14.35 [87]
30 —2.79
40 -3.23
50 —-3.74
Rice husk@Fe,03 15 -3.79 2.68 0.02243 [98]
30 —5.15
45 —7.55
Citrullus lanatus L. seeds@MnFe,0, 25 —24.13 23.63 0.17 [101]
30 —25.89
45 —27.45
Bamboo powder@ MoS,-PO, 15 —25.92 21.95 0.16611 [92]
25 —27.58
35 —29.24
45 —-30.90
Luffa rattan 25.15 —6.74 14.88 0.072514 [85]
35.15 —7.46
45.15 -8.19
Rice straw (Oxidized) 15 —14.04 58.26 247.41 [71]
20 -15.17
25 —16.34
30 —18.27
40 —20.08
Wheat straw 20 —31.89 36.28 0.10884 [79]
40 —34.07
60 —36.24
Pine needles 15 —-12.7 36.1 0.1697 [97]
25 —14.4
35 —-16.1
45 -17.8
55 —19.5
Bamboo residues@polyethyleneimine@NaOH 25 —6.60 —25.79 —0.06551 [69]
40 —-5.47
55 —4.52
Cotton straw 10.16 —3.40 5.45 0.00723 [81]
20.16 —3.34
30.16 —3.26
40.16 —3.18
Bamboo residues@polyethyleneimine@HNO3 25 —5.06 —-21.80 —0.05592 [69]
40 —4.37
55 —3.40

(continued on next page)
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Table 4. (continued )

Agrogenic waste biochar Temp (°C) AG° AH® (J/mol) AS° (kJ/mol.K) References
Orange peel@MnO, 15.15 —13.49 57.67 0.24697 [77]
20.15 —14.73
25.15 —15.96
30.15 —17.20
40.15 —19.67
Coconut shell@ TizC,T, and 25 —-11.57 3.291 0.04988 [78]
@polydopamine@ polyethyleneimine 40 —12.33
60 —13.32

surrounding) adsorption process [69,95]. The kind of
chemical reaction taking place between the uranium
radio-pollutant and agrogenic waste-derived biochar is
also revealed by the AH® change. For example, Albayari
et al. accentuated in a study of uranium adsorption
using  Salvadora  persica branches BC that
—218.17 k] mol™! AH° value obtained indicates an
exothermic adsorption operation and suggests that the
chemisorption mechanism governs the adsorption
operation which is elucidated by the forces of interac-
tion between the biochar and uranium, which are
greater than those present in both biochar and uranium
individually, which means that it would prefer the
product over reactant [95]. In addition, quality infor-
mation on the adsorption system's disorderliness at the
solid-liquid interface and how it varies during the
adsorption process may be extracted from the change
in AS° reading. Interestingly, from the data presented
in Table 4, it can be noted that AS° greater than zero,
associated with a randomness upsurge at the solid-
liquid interface, was observed for all the studies under
consideration. This randomness upsurge phenomenon
might be due to the solid-solution mass transfer
interface during the adsorption process [71].
Conversely, the presence of a negative AS° reading
suggests that there is no structural change at the solid-
liquid interface and that randomness reduces with
uranium adsorption [69,95]. In conclusion, the
remarkable spontaneity of the uranium adsorption
process can be ascribed to the distinguished physico-
chemical characteristics of agrogenic waste-derived
biochar, which enhanced the adsorption -capacity.
These characteristics include a high pore size, a large
SSA, and an abundance of active functional groups [78].

9. Biochar reclamation, regeneration, and
reusability

Without adsorbent, there is nothing called adsorption
technology. However, the scalability and stability of an
adsorbent, which is part of the crucial index that de-
termines the industrial practicality and eco-economic
viability of adsorption technology, are contingent on
the reusability of the adsorbent in question

[69,70,113—115]. As depicted in Fig. 10, the reusability
involves the recovery of the exhausted adsorbent from
the reaction mixture, desorption of adsorbed adsorbate
from the recovered adsorbent, and or the regeneration
of the recovered spent adsorbent to restore its innate
integrity to use it again in another round of adsorption
experiment. Notable works in this direction on the
adsorption of uranium radio-pollutant using agrogenic
waste-derived biochar are empirically discussed in the
next paragraphs and summarily presented in Table 5.

For example, in the adsorption process of U(VI) using
phosphorus-doped pomelo peel biochar, regeneration
and reusability experiments were conducted [70]. In this
research, the exhausted biochar was regenerated by
eluting with 0.5 M HNOs solution. In the procedure, the
biochar integrity was restored once the sorbed U(VI)
ions were liberated from the adsorption sites. After a
single usage, biochar may be effectively regenerated, as
seen in Table 5. Since the U(VI) desorption degree stays
over 97%, almost all of the U(VI) that has been adsorbed
from biochar has been liberated. Furthermore, phos-
phorus-doped pomelo peel biochar can go through at
least five rounds of adsorption and desorption without
seeing a drop in either adsorption or desorption effi-
ciency. Throughout the desorption-adsorption cycle, the
desorption efficiency remains over 95%, and the U(VI)
sequestration efficiency of the regenerated phosphorus-
doped pomelo peel biochar remains above 97% [70].
In another study, using an adsorption-desorption
experiment, the stability and reusability of Bamboo res-
idues@polyethyleneimine@NaOH and Bamboo residue-
s@polyethyleneimine@HNO3; BC were assessed [69].
The respective spent BC was rinsed with 0.01 M HCl
following adsorption, and the solution was agitated for
12 h to promote desorption. After centrifuging the bio-
char-containing solution, it was rinsed three times with
deionized H,0 and then freeze-dried. The following
round of U(VI) adsorption study then made use of the dry
regenerated biochar. Five times, the adsorption-desorp-
tion cycle was repeated. According to Table 5, both bio-
chars exhibit a little drop in adsorption rates of around
10—12%. These findings show that Bamboo residue-
s@polyethyleneimine@NaOH and Bamboo residue-
s@polyethyleneimine@HNO3; BC are both viable and
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Fig. 10. Overview of adsorption-desorption. Modified from Refs. [7,116].

Table 5. Summary of adsorption-desorption studies.

Agrogenic waste biochar Eluent/ Percentage (%) No. of Percentage (%) References
Regenerant removed round removed
(1st round) (nth round)
Rice straw 1.0 M HCl 95 5 >90 [71]
Fe30,@pine needles 0.1 M Na,CO3 99.6 4 62.6 [80]
Watermelon rind@ Fe30, 0.1 M Na,CO3 99 3 44 [87]
Citrullus lanatus L. seeds@MnFe,0, 0.5 M HCl >80 5 >60 [101]
Pine needles 0.05 M HCl 99.11 4 88.37 [97]
KOH-activated fish scales HCl 94 5 83 [88]
Bamboo residues@polyethyleneimine@NaOH 0.01 M HCI >85 5 >75 [69]
Cotton straw 0.1 M Na,CO3 98 6 96 [81]
Bamboo residues@polyethyleneimine@HNO3 0.01 M HCI >80 5 >66 [69]
Phosphorus-doped pomelo peel 0.5 M HNO;3 >97 5 >97 [70]
Orange peel@MnO, 1.0 M HCl ~100 5 ~95.60 [77]
Coconut shell@ TizC,T, and 1 M HCl ~90 4 >75 [78]
@polydopamine@ polyethyleneimine

Cow manure@ TiO,@SiO, 0.05 M HCI >90 5 >87.6 [73]
Citrullus lanatus L. seeds 0.5 M HCl >60 5 <40 [101]
Fish scales HCl 72 5 60 [88]
Cotton straw 1 M Na,CO3 98 6 87 [81]

affordable materials with good stability and reusability
[69]. In the same spirit, the elution of U(VI) from Citrullus
lanatus L. Seeds and Citrullus lanatus L. seeds@MnFe,0,
BC was performed through the HCI desorption [101]. In
this investigation, Citrullus lanatus L. Seeds' biochar
regeneration showed comparatively poorer performance
in contrast to its MnFe,0, composite, as shown in Table
5. Seeds and Citrullus lanatus L. seeds@MnFe,0,4 biochar
demonstrated comparatively high effectiveness towards
U(VI) sequestration (60—80%) even after five regener-
ation rounds. Because of this, the results suggest that
Seeds and Citrullus lanatus L. seeds@MnFe,0, biochar

have a strong chance of functioning as an environmen-
tally benign adsorbent for the sequestration of U(VI)
from aqueous media [101]. A somewhat remarkable
reusability efficiency was also reported for the adsorp-
tion-desorption of U(VI) using Watermelon rind@ Fe30,,
Fe3;0,@pine needles, and rice straw biochar as presented
in Table 5 [71,80,87].

In another study, the regenerability of spent KOH-
activated fish scales and fish scales biochar was per-
formed to evaluate the reusability potential for U(VI)
sequestration [88]. Following five regeneration exper-
iment cycles, there was a small decline in the
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adsorption efficiency; specifically, the percentage of
fish scale biochar and KOH-activated fish scale biochar
elimination reduced from 72 to 60% and from 94 to
83%, respectively. As the adsorption-desorption
rounds continue, the mass loss of the biochar during
the runs may be responsible for the slight decline in
adsorption capacity for KOH-activated fish scale bio-
char. On the other hand, the larger reduction in
adsorption capacity for fish scale biochar may be
explained by the fact that U(VI) was not desorbed by
HCl and continued to occupy a certain percentage of
the adsorption sites. On this note, it can be inferred that
KOH-activated fish scale biochar showed great promise
as an adsorbent candidate for extended usage [88].
Similarly, Zhang et al. studied the expended pine nee-
dles' biochar desorption efficiency was assessed using a
0.001—0.1 M HCI solution [97]. The findings showed
that the sequestrated U(VI) could be totally eluted from
the expended pine needles biochar using 0.05 M HCIL.
As a consequence, the adsorption-elution sequence was
executed four times using the same AWDBC and 0.05 M
HCI to examine the regeneration characteristics. It was
evident that following four rounds, the initial values of
the uptake capacity, elimination, and elution ratio were
50.17 mg/g, 99.11% and 96.03%, and 45.41 mg/g,
88.37% and 87.41%, respectively. Thus, the pine nee-
dles biochar may be efficiently regenerated using a
0.05 M HCI solution [97].

10. Knowledge gaps, challenges, and areas for
future study

Herein, research gaps, limitations, and future
research hotspots were presented to inform future
researchers on possible aspects of the research to
improve in the field.

Notably, a significant amount of research has focused
on artificial uranium radio-polluted water formulated
in the laboratory instead of effluent from the real-life
scenario site. Because AWDBC is a highly effective
adsorbent, pollutants found in industrial effluents are
adsorbed competitively at its surface. This leads to pore
blockages, obstructions in the pore filling, and pro-
cesses that resemble intraparticle diffusion, and this
hinders uranium uptake by biochar [117]. Therefore, it
is necessary to thoroughly evaluate the usage of agro-
genic waste-derived biochar and its composites in
wastewater from the real-life scenario location. Field
uranium wastewater should be used instead of artifi-
cially formulated uranium wastewater in future scien-
tific investigations.

Also, the paucity of studies on the financial analysis
and scalability of uranium adsorption in water resource
management systems is another significant research
vacuum. Although the theoretical possibilities of these

systems are explored, it is still unclear what effect they
will have on the environment in a real-life scenario. To
put these systems into practice, future researchers
need to look at column adsorption studies that simulate
real-world settings in addition to batch adsorption
studies.

Furthermore, the study found that agrogenic waste-
derived biochar can be recovered and recycled,
notwithstanding there was a sharp decline in recovery
percentage at higher cycles (often n > 3—6). In the
future, investigating more effective biochar modifica-
tion techniques or superior eluting agents that may
enable the AWDBC to operate better in this context is
crucial. This is essential; otherwise, agrogenic waste-
derived biochar would not be useful for any kind of
industrial or real-world application.

One other important finding is that research that
indicates multiple usages does not have consistent
standards for ending reuse cycles. Given that some
AWDBCs continue to have substantial absorption ca-
pacity even after reuse cycles end, this discrepancy
makes it difficult to draw meaningful comparisons be-
tween various AWDBCs. We recommend extending
reuse cycles until the uranium sorption falls to a pre-
defined level (e.g., <50 % uptake efficiency) in order to
obtain a more precise evaluation and to provide more
accurate comparisons.

Additionally, there is no report on the application of
artificial intelligence (AI) and statistical physics
modeling to look into the energy of interactions and
determine the possible mechanism of adsorption [107]
of agrogenic waste-derived biochar for uranium radio-
pollutants. This is an eye-catching research gap that
offers a fascinating chance to use such potent compu-
tational techniques for environmental issue-solving.

Lastly, a crucial aspect that has been largely ignored
in existing studies is the disposal of recycled spent
AWDBC even after multiple reuses. In the future, re-
searchers working in this area need to investigate and
devise practical solutions for this problem in order to
guarantee a thorough and long-lasting approach to
environmental remediation.

11. Conclusion

Summarily, this review study revealed that agrogeinc
waste-derived biochar and adsorption technique is a
suitable option for the purification of uranium radio-
polluted water, offering high adsorption capacities of
up to 1527.02 mg/g. In addition, numerous key values
and major findings were derived from this study, which
also suggest the suitability of agrogenic waste-derived
biochar for uranium cleanup in an aqueous environ-
ment. Firstly, it was found that the AWDB has a high
surface area of up to 1521.38 m?/g, particularly for
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phosphorus-doped pomelo peel biochar, which
contributed to high uranium removal efficiency.

Secondly, the study also revealed that modified
AWDBC performed better than unmodified ones due to
their distinguished physicochemical characteristics like
good specific surface area, better porosity, and the
presence of an abundance of active sites and functional
groups like hydroxyl, carboxyl, and amine groups. Thus,
a major advantage of AWDBC exploration is the possi-
bility of doping/modifying them with other materials to
improve the adsorption efficiency under different con-
ditions. Nevertheless, from the pH study, it was deduced
that both modified and unmodified AWDBC can work
well in harsh environments within >2 and <8 pH.

Furthermore, it was discovered from this review
work that AWDBC has good reusability potential up to
6 adsorption-desorption rounds with an average ura-
nium cleanup efficiency of >70% in most cases at the
nth cycle, which confirms the excellent stability and
structural integrity of the biochar. Moreover, it was
found that Na,CO3 and HCl are better eluents for
desorbing uranium from spent AWDBC.

Also, it was revealed that the best-fit isotherm and
kinetic modeling are the classic Langmuir and PSO
models with R? close to unit (1.0). This establishes that
the concentration of the uranium radio-pollutant and
the dose (5—100 mg) of the BWDBC, which is measured
as the number of available active sites, have an impact
on the adsorption process's Kinetics The analysis of
thermodynamics shows that most of the adsorption
operations are endothermic and spontaneous processes
with a disorder upsurge at the solid-liquid interface.
Additionally, from the mechanism angle, electrostatic
interactions, w-7 interactions, pore diffusion, and
complexation through available functional groups
govern the uranium sequestration operation.

By and large, this review work shows that the use of
agrogeinc waste-derived biochar for the adsorption of
uranium from wastewater contributes to sustainable
agricultural practices, solid waste management, circu-
lar economy advancement, SDG 6, 12, and 14 actual-
izations, and promotes water remediation as well as
environmental sustainability in a world increasingly
reliant on nuclear technology. Ultimately, for process
optimization, the study of expended biochar disposal,
the use of Al and statistical physics modeling tech-
niques, the enhancement of biochar desorption, and
financial analysis are suggested as areas for possible
future work.
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