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Abstract

Radio-contaminant and biomass waste remain a threat to the ecosystem, especially, the water bodies, the lifeline of the
ecosystem. This paper reviewed radio-contaminant adsorption from aqueous environments using biomass waste-derived
biochar (BWDBC). This review aims to analyze the extensive body of literature on the topic, pinpoint important pragmatic
findings on research domains, figure out problematic issues and knowledge gaps that could provide a basis for future
research endeavors, and project future research hotspots. The maximum reported adsorption capacity for radio-contami-
nant was 1527.02 mg/g for uranium using wheat straw BWDBC. Chelation/complexation, pore diffusion, ion exchange,
precipitation, van der Waals forces, n-m interactions, and electrostatic interactions through oxygenated, and oxime func-
tional groups are the main mechanisms of radio-contaminant adsorption. The majority of radio-contaminant adsorption
was best described by the pseudo-second-order kinetic, Langmuir isotherm, and Thomas model (for column adsorption).
Most exhausted BWDBC can be eluted/regenerated mostly with acid/base and reused up to 3—6 times with an adsorption
performance of >75% in most cases while upholding their original structural integrity. In authentic radio-wastewater and
competitive adsorption scenarios, the existence of other ions typically reduced the sorption of radio-contaminants. Glanc-
ing forward, research on innovative hybrid techniques, neural network modeling, density functional theory simulations,
and techno-economic analysis should be considered. This study advances not just the remediation of water pollution but
also responsible consumption, sustainable waste management systems, and circular economy.

Statement of Novelty

This review offers the first comprehensive analysis of biomass waste-derived biochar for the adsorptive remediation of haz-
ardous radio-contaminants from aqueous environments. While numerous studies have explored the use of biochar for various
contaminants, none have thoroughly synthesized the current body of knowledge specifically focused on radio-contaminants.
This work critically assesses key findings from experimental studies, identifies knowledge gaps, and offers novel insights
into the mechanisms of adsorption, including complexation, pore diffusion, and n-m interactions. By detailing the maximum
reported adsorption capacities, regeneration potential, and challenges in authentic radio-wastewater scenarios, this review
provides empirical knowledge gaps and problematic issues as well as future research hotspots that can provoke insightful
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thought of researchers in the future in the area of hybrid techniques and neural network modeling. The study significantly
contributes to advancing sustainable waste biomass valorization and water remediation strategies while aligning with global

objectives in waste management and the circular economy.
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Introduction

Radioactive pollutants and biomass waste continue to pose
an imminent danger to the environment, especially to the
water bodies, the lifeline of all ecosystems. In particular,
because of the continuous development of nuclear technol-
ogy, increasing trends in the expansion of the application
scope of nuclear engineering [1, 2], wars, ship accidents,
plane crashes, unregulated release of spent nuclear fuel,
metal smelting, electroplating, nuclear medicine, mining,
and agricultural radiology, radioactive contamination has
emerged as one of the most serious environmental issues [2,
3]. Also, it has been reported that up to 617,294 pounds of
biomass waste are generated worldwide and the worst haz-
ard to human existence, particularly for future generations,
is the daily disposal of a sizable amount of this biomass
waste into the earth and the marine system [4]. More spe-
cifically, according to statistics, biomass waste, including
food waste from food processing companies and agricul-
tural waste from farms constitutes about 49% of munici-
pal solid waste because of the farming business and food
production that has grown rapidly in reaction to increasing
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industrialization and global population expansion [5, 6]. In
fact, it is predicted that over the next 50 years, we may lose
over 5-8% of our arable land and probably face new ill-
nesses, genetic mutation, food poisoning, respiratory issues,
and an ecological calamity associated with water insecurity
if we keep disposing of this biomass waste at the present
tempo [4, 7]. Therefore, managing biomass waste is one of
the 21st century’s most important responsibilities and the
transition towards a circular economy through the conver-
sion of waste to valuable materials like biochar (BC) using
various thermochemical techniques has emerged as one of
the best feasible options to maximize biomass waste poten-
tial [8—11]. The biochar produced from the thermochemical
conversion of biomass waste has a better surface area, does
not require activation like activated carbon, and is rich in
functional groups that make it a better adsorbent in adsorp-
tion operation [10, 12—14]. The adsorption technique is
one of the oldest, most inexpensive, and effective methods
among available radio-contaminant remediation techniques
[2, 3]. Moreover, the adsorption method is simple, indus-
trializable, does not generate many secondary pollutants,
removes radio-contaminants in aqueous media at very low



Waste and Biomass Valorization (2025) 16:2029-2073

2031

concentrations and the adsorbent e.g. biochar can be recov-
ered, regenerated, and reused [2, 15, 16].

Notably, based on our wide literature survey, there are
review works on the application of biomass waste-derived
biochar for the removal of pollutants like dye, heavy metals,
etc., and the removal of radio-contaminants using materials
like metallic nanoparticles, covalent organic frameworks,
etc. Interestingly, to the best of our knowledge, there is no
single review on the application of biomass waste-derived
biochar for the adsorptive sequestration of radio-contam-
inants. Thus, this present study takes its novelty in being
the first review paper comprehensively directed toward the
adsorption of radio-contaminants using biomass waste-
derived biochar.

The prime goal of this review study is to afford an in-
depth discussion of the state-of-the-art pragmatic advances
on the adsorptive removal of radio-contaminants from aque-
ous environments using biomass waste-derived biochar.
Specifically, the adsorption capacity of different BWDBCs
for various hazardous radio-contaminants was evaluated. In
addition, this study delivers insightful information on dif-
ferent model interpretations by critically dissecting adsorp-
tion isotherms, kinetics, and thermodynamics regarding
radio-contaminant sequestration by BWDBC. This work
also logically examined the stability and reusability of spent
BWDBC:s as this is among the main factors influencing the
widespread adoption of BWDBC by investors, and environ-
mental and industrial engineers. An elaborate elucidation
of the radio-contaminant adsorption mechanism was also
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overall pore size

Give details on the surface make-up and
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Fig. 1 Common biochar characterization techniques [18]
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provided. Works on authentic radio-wastewater clean-up
and competitive adsorption scenarios were also reviewed.

The above-mentioned review objectives were accom-
plished by evaluating and summarising the extensive body
of literature pertaining to the topic, pinpointing important
pragmatic findings on particular research domains, figuring
out problematic issues and knowledge gaps that could pro-
vide a basis for future research endeavors, and projecting
future research hotspots.

Properties of Biomass Waste-Derived
Biochars

Regardless of the thermochemical technique employed for
the valorization of biomass waste into biochar, character-
izing the as-produced biochar and examining its architec-
tural properties offers valuable clarity into its functionality,
stability, durability, degradability, recyclability, suitability,
sustainability, and general applicability as an adsorbing
material, particularly in adsorptive cleanup strategies [17,
18]. Notably, various factors have been shown to be respon-
sible for the properties of biochar, including the kind of
feedstock, operational temperature, and duration [17, 19].
Figure 1 briefly presents some frequently used methods
for characterizing and extracting data on the properties of
biochar based on the information they may offer [18]. The
next paragraphs focus on summarily elaborating on some of
these important biochar properties, including morphology,
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pore size, specific surface area, functional group, and pore
volumes.

Surface Charge and Functional Group

Notably, for efficient radio-contaminant removal, the sur-
face charge of the biochar determines how it interacts and
binds with the adsorbate throughout the adsorption process.
However, the architectural functional group determines the
kind and strength of biochar surface charge. Furthermore,
using data on the biochar’s surface charge provides a great
hint regarding the adsorption mechanism [18]. For instance,
biochars that are rich in functional groups usually have a
higher point of zero charge (pH,,.) compared to those that
are not rich in oxygenated functional groups [20]. A high
pHpzc can result in good electrostatic interactions between
the radio-contaminant and the biochar surface, thus, facili-
tating excellent adsorption operation [20, 21]. Moreover,
biochars with pHpzc<pH are negatively charged (largely
due to protonation of functional groups) and thus can adsorb
cationic radio-contaminants [22-24] while biochars with
pHpzc>pH are positively charged (largely due to deprot-
onation of functional groups) and thus can adsorb anionic
radio-contaminants [23, 25, 26]. Additionally, research
has also shown that inner-sphere and outer-sphere surface
complexation governs the uptake of radio-contaminant
when pHpzc>pH and pHpzc<pH respectively [27]. The
functional groups are usually determined by FTIR [28],
whilst the concentration of oxygenated surface functional
groups on the biochar is measured by Boehm titration [23,
26]. Interestingly, functional groups, such as C=0 [29, 30],
OH [28, 31], COOH [32, 33], NH, [34, 35], etc., typically
work as complexing/coordinating agents during the adsorp-
tion operation and offer vital guidance on the elucidation
of the mechanism of biochar-radio-contaminant interaction.
In addition, when cleaning up radio-contaminant water,
the oxygen-bearing/polar functional groups normally act
as vacant adsorption sites to facilitate adsorption operation
[23]. The details about radio-contaminant uptake mecha-
nisms by various biomass waste-derived biochars are dis-
cussed in the next session.

Shape/Morphology

The shape of biochars has a significant impact on how they
interact with the adsorbate (radio-contaminant). The opti-
mal response of the adsorption-desorption system during
pollutant cleanup operations is determined by the shape of
the material [17, 18]. Remarkable, advancement has been
achieved in developing more potent biomass waste-derived
biochar for radio-contaminant remediation by better under-
standing how the shapes of material. Morphologically, it has
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been speculated that triangular shapes are formed at lower
temperatures while spherical/irregular shapes are usually
formed at high temperatures [18]. Moreover, owing to the
volatilization and decomposition of biomass waste struc-
tural components such as alkaloids, saponins, tannins, and
flavonoids during the thermochemical process, irregular
morphology is usually observed [36]. Also, according to
Bai’s research group [37], complex biomass composition
can as well result in biochar with irregular shape. Further-
more, because the precursor/starting biomass waste mate-
rial has distinct inherent geometries, several studies have
empirically demonstrated that the biomass precursor can
influence the form of the generated biochar [38].

Surface Area Pore Volume, and Size/Diameter

Generally, biochar surface area and size determine how well
the adsorption system works during the pollutant cleanup
process [18, 39]. The surface area is the primary indication
of an accessible adsorption site and adsorption capacity,
and it is typically characterized by the BET method [28,
34]. In conjunction, the average particle size, volume (PV),
and pore diameter/size (PD/S), an index of the typical total
volume and width of the material pores [34], significantly
influence the adsorbate binding behavior and adsorptive
performance of biochar. Data of the SSA, PV, and PS of
many biochars that have been reported in scientific publi-
cations for the sorption of radio-contaminants is shown in
Table 1. Notably, following the [IUPAC pore diameter clas-
sification [40, 41], the majority of biochars that have been
used for the removal of radio-contaminants fall within the
mesoporous caliber of material with PD of 2-50 nm [34, 37,
42, 43] while very few are microporous with PD of <2 nm
[44-47]. Based on one or two studies, it can also be deduced
that biomass waste-derived biochar composite usually has
improved surface area, PV, and PS in comparison to the
bare version [43, 47-49]. Similarly, activated biochar has
better properties compared to un-activated biochar [20]. In
addition, studies have also revealed that an upsurge in bio-
mass waste thermochemical conversion process leads to an
upsurge in surface area and pore volume [37]. The better the
surface area, and porosity, the better the radio-contaminant
adsorption output. In summary, the surface of the biochar
becomes more reactive with adsorbates with size biochar
size reduction, leading to an exponential increase in SSA in
relation to volume and a dose-dependent increase in adsorp-
tion efficiency [18].
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Table 1 Summary of important properties of biomass waste-derived biochar used for the adsorption of radio-contaminants
Biomass waste biochar Morphology SSA (m’g™!) PV (ecm’g’))  PD (nm) Refer-
ences
Lotus seedpods Thin nanosheet 65.21 0.20 12.34 [34]
Artemia egg shell@Cu,0/Cu’ Amorphous 13 0.045 7.8 [50]
Salvadora persica branches Irregular 9.05 - - [36]
Peach wood garden waste +urban sludge - 2.22-150 0.02-0.15 1040 [37]
Reed straw Rough 50.147 0.167 6.487 [30]
Spent coffee ground@ bismuth Spherical 124.5 0.063 5.7 [48]
Spent coffee Rough and wrinkled 2.8 0.007 3.1 [20]
Bamboo powder Tubular - - - [51]
KOH-activated peanut shell Irregular 172.23 0.31 - [39]
Orange peel@magnesium silicate Nanosheets 73.9 - 20-40 [43]
Acidosasa edulis shoot shell Irregular 6.368 0.008516 5.35 [23]
Watermelon rind@ Fe;0, - 86.35 0.03 - [49]
Rice husk@Fe,0; Fine granular and fibrous 109.65 0.21 7.55 [22]
Soybean pods@Prussian blue Cubic 496.21 0.13 3.17 [38]
Lotus seedpods@NH, Thin nanosheet 20.65 0.06 11.41 [34]
Citrullus lanatus L. seeds@MnFe,0, Fine granular and fibrous - - - [52]
Bamboo powder@ MoS,-PO, Flower-like - - - [51]
Corn straws@ZnFe,0, Octahedral 523 0.32 3.29 [53]
Luffa rattan Irregular - - - [54]
Woody +leaf waste - 10 0.010 - [24]
Rice straw (Oxidized) Fine granular and fibrous - - - [33]
Banana peel@Fe;0, Irregular and spherical - - - [55]
NaOH-activated spent coffee Smooth 664.6 0.225 3.8 [20]
Rice straw Amorphous and fiber-like 167 0.164 2.8 [56]
Spent coffee grounds@FeCl, Irregular 431.7 0.186 1.7% [47]
Matamba fruit shell Irregular honeycomb and - - - [57]
concave
KOH-activated fish scales Irregular 1074.73 0.829625 1.5450% [46]
Coconut shell@ Ti;C,T, and@polydopamine@ Sheet 51.6 0.041 2.62 [58]
polyethyleneimine
Bamboo residues@polyethyleneimine@NaOH Irregular - - - [35]
H,0,-modified residual coffee waste - 4.8 0.005 42 [59]
Camphor wood sawdust@GO Sheet-like 97 0.124 0.724* [45]
Oil palm frond - 366.6 0.176 33 [60]
Camphor tree leaves Flake 65.91 15.14 - [25]
NaOH@H,0,-modified residual coffee waste - 5.9 0.006 4.1 [59]
Magnetic crayfish shells Regular honeycomb 38.12 0.18 14.41 [61]
Microcystis@Fe;0, Spherical - - - [27]
horse manure@Bi,0; Spherical - - - [62]
Residual coffee waste - 6.6 0.008 7.4 [59]
Bamboo residues@polyethyleneimine@HNO; Irregular - - - [35]
Palm kernel shell - 377.0 0.169 2.8 [60]
KOH-activated bamboo shoot shell Fibrous cylindrical 2412 1.26 1.42% [44]
Phosphorus-doped pomelo peel Sponge-like 1521 2.50 7.26 [63]
Spent coffee grounds Irregular 11.02 0.009 3.39 [21]
Spent coffee ground Irregular 4.9 0.005 8.0 [48]
Matamba fruit shell Honeycomb and irregular - - - [64]

hollow-rounded-inward
concaves

2 = microporous, ® = mesoporous
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Summary of the Mechanism of Radio-
Contaminant Uptake by BWDBC

Generally, to fully comprehend radio-contaminant uptake
accurately, it is necessary to analyze the chemical and physi-
cal interaction mechanisms between the radio-nuclide ion
and BWDBC. Moreover, having a thorough understand-
ing of the adsorption mechanism is crucial in designing a
workable adsorption system and improving the quality of
the adsorbent. In this section, the nature of the adsorption
mechanism of different radio-contaminants by various bio-
mass waste-derived biochar is summarily discussed and
comprehensively presented in Table 2 as reported based on
experiments and characterization. In addition, functional
groups participating in the radio-contaminant sorption oper-
ation were also summarized in this table for better under-
standing and clarity. As observed in Table 2, except for
amino/imine/amide/amine groups [25, 34-36, 46, 48, 58],
C=C [43, 49] C-C [22] and phosphate group [65] the main
BWDBC functional groups participating in the adsorption
of various radio-contaminants are the oxygen-containing
groups, particularly the hydroxy, carbonyl, and carboxyl
groups. In addition, oxygen-containing groups like Mg-O-
Si and Mg(OH), as in the case of adsorption of U®" using
orange peel@magnesium silicate BC [43], SiOH as in the
case of adsorption of Sr** [32, 56] and Ba*" using rice straw
biochar, Fe-O, P-O and P=0 for the adsorption of U®"
using magnetized watermelon rind [49], bamboo powder@
MoS,-PO, [51] and KMnO,-modified pig manure [66] bio-
char respectively is also participating functional group in
the adsorption of the aforementioned radio-contaminants.
Specifically, spectroscopic analysis like XPS, XRD, and
FTIR has been employed in identifying the specific func-
tional groups and surfaces involved in interactions through
the evaluation of shift in various peaks assignment, which
also makes it possible to determine the chemical bonds that
underlie chemical or physical interactions during radio-con-
taminant adsorption [2].

Furthermore, the involvement of oxygen-containing
functional groups has also been confirmed using density
function theory (DFT). For example, in the adsorption of
Sr** using residual coffee waste-based biochar, the binding
free energies between Sr** and carboxylic, carbonyl, and
alcohol functional groups on the surfaces of biochar were
simulated by DFT using the Cs,H, 3 graphene frameworks
as shown in Fig. 2 [59]. Similarly, as shown in Fig. 3, DFT
simulation was also employed to analyze the involvement
of the OH group in the adsorption of Cs* using biochar from
coconut shell@ Ti;C,T, and@polydopamine@ polyeth-
yleneimine [58]. In conclusion, Table 2 shows that chela-
tion/complexation (especially inner-sphere complexation),
pore diffusion, ion exchange, m electrons coordination,
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precipitation, van der Waals forces, covalent bonding, n-nt
interactions, and electrostatic interactions/attractions via
various functional groups mentioned above are the main
mechanism governing the adsorption of radio-contaminants
by biomass waste-derived biochar.

Adsorption Performance Evaluation
of Biomass Waste-Derived Biochar for
Radionuclide Pollutant

The performance of the biomass waste-derived biochar in
adsorbing radio-contaminants from the aqueous environ-
ment is covered in this section. The maximum adsorption
capacity (q,,) 1s used to report performance. Because
removal efficiency is so reliant on the initial radio-contami-
nant concentration and the BWDBC dose, this won’t provide
an accurate picture of the performance of the BWDBC and
thus was not employed. Conversely, the adsorption capac-
ity denotes the innate ability of the particular BWDBC for
radio-contaminants. The temperature and pH of the adsorp-
tion affect the BWDBC’s performance. Table 3 presents
these parameters in addition to the q,,,, values which can
be found by experiments or isotherms like Langmuir [82].
For example, to eliminate Cs™ and Sr** radio-contami-
nants from water, three gasified BCs made from combina-
tions of wood, chicken manure, and food waste biomass, as
well as KOH-activated BC (40% food waste+60% wood)
were utilized. The KOH-activated BC derived from food
waste and wood biomass showed the highest q,,, of 43.0
and 62.7 mg/g for Sr** and Cs" respectively among the bio-
mass waste-derived BCs employed. This superior adsorp-
tion output by the KOH-activated BC was opined to be due
to the enrichment impact of the functional groups as a result
of alkaline activation as demonstrated in the FTIR analysis
before and after adsorption as shown in Fig. 4a-d [28]. The
Qinay Obtained for the removal of Cs™ by the KOH-activated
BC is also superior to the one (20.5 mg/g) reported for gar-
den waste biomass-derived biochar containing woody and
leaf waste [24]. However, the q,,,, recorded for Sr** by
the KOH-activated BC is inferior to the 133.11 mg/g and
120.0 mg/g reported for the adsorption of Sr*" by KOH-
activated peanut shell [39] and rice straw [32]. In another
study, Bamboo shoot shell BC and its composite contain-
ing ZnO NPs (BC@ZnO) were explored for the removal
of TcO,- using ReO,- surrogate. According to the Lang-
muir isotherm, Bamboo shoot shell BC@ZnO’s q,,,, for
TcO,- adsorbed was 25.916 mg/g, almost two times greater
than Bamboo shoot shell BCs with adsorption capacity of
13.417 mg/g. The higher sorption capacity of Bamboo shoot
shell BC@ZnO over Bamboo shoot shell BC is most likely
due to the presence of ZnO nanoparticles, which enhances
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Table 2 Overview of adsorption mechanism of radio-contaminants by biomass waste-derived biochar
Biomass waste biochar Radionu- Mechanism Functional group Refer-
clide ences
pollutant
adsorbed
lotus seedpods Ut Complexation amino, carboxyl, and  [34]
hydroxyl
Mesquite wood waste Cs* cation-m interaction, aromatic m-system OH, NH,, and COOH  [28]
interaction, covalent bonding, outer-sphere
complexation, and ESI
rice straw ust surface complexation, chemisorption, - [33]
inner-sphere complexation
Salvadora persica branches Th* IEX interaction, chemisorption, and amino groups and [36]
chelation oxygen of hydroxyl
and carbonyl groups
reed straw us Chemisorption and complexation O-Hand C=0 [30]
Mesquite wood waste + chicken manure Cs* cation-m interaction, aromatic m-system OH, NH,, and COOH  [28]
interaction, covalent bonding, outer-sphere
complexation, and ESI
spent coffee ground@ bismuth I ESA +vely charged amide  [48]
groups
spent coffee Sr?t Physisorption, ESA, van der Waals forces, O-containing groups [20]
and = electrons coordination
bamboo powder@MoS, Ut covalent bond interaction and C-0 [51]
chemisorption
KOH-activated peanut shell Sr?* Chemisorption OH and C-H [39]
macauba endocarp Ut Chemisorption hydroxyls and carbox- [67]
ylic acids
camphor leaves@Bi,0; I, coordination complex and chemisorption OH [68]
orange peel@magnesium silicate ust inner-sphere surface complexion C=C, C-OH, [43]
C=0, Mg-O-Si and
Mg(OH),
rice straw Sr2* ESA, IEX, outer-sphere surface complex- ~ COOH and SiOH [32]
ation, physisorption, and chemisorption
Mesquite wood waste + food waste Cs* cation-7 interaction, aromatic ©-system OH, NH,, and COOH  [28]
interaction, covalent bonding, outer-sphere
complexation, and ESI
Acidosasa edulis shoot shell Tc™* outer-sphere complexation and electronic ~ hydroxyl and carboxyl [23]
attraction groups
Salvadora persica branches Ut IEX interaction, chemisorption, and amino groups and [36]
chelation oxygen of hydroxyl
and carbonyl groups
KOH-activated Mesquite wood waste+food waste ~ Cs* cation-w interaction, aromatic m-system OH, NH,, and COOH  [28]
interaction, covalent bonding, outer-sphere
complexation, and ESI
HNO;-modified Cow manure Ut surface complexation and ESI Carboxyl groups [69]
corn stalk 105~ Chemisorption, IEX, ESA, and hydroxyl, carboxyl, [31]
oxidation-reduction and ester groups
spent coffee Co** Physisorption, ESA, van der Waals forces, O-containing groups [20]
and 7 electrons coordination
Fe;0,@pine needles us inner-sphere complexation and cation-n carboxylic and [70]
interaction hydroxyl groups
Mesquite wood waste Sr?t Chelation, outer-sphere complexation, and ~OH,-NH,, [28]
ESI and—-COOH
Magnetized watermelon rind Ut IEX, inner surface complexation, ESI, com- OH, C=C, C-H, [49]
plex surface coordination, and precipitation C-O, and Fe-O
rice husk@Fe, 04 Ut inner-sphere surface complexation and C-C,0OH, C=C,C-0, [22]
chemisorption C=0,0-C=0and
ferrites oxygen
soybean pods@Prussian blue Cs* Chemisorption, weak van der Waals effect, oxygen-containing [38]

and complexation

groups
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Table 2 (continued)

Biomass waste biochar Radionu-  Mechanism Functional group Refer-
clide ences
pollutant
adsorbed

Mesquite wood waste +chicken manure Sr?* Chelation, outer-sphere complexation, and OH, NH,, and COOH  [28]

ESI

corn stalk 105~ Chemisorption, IEX, ESA, and hydroxyl, carboxyl, [31]

oxidation-reduction and ester groups

Citrullus lanatus L. seeds@MnFe,0, Ut Complexation and chemisorption carbonyls, hydroxyls, [52]

and some carboxylic
groups

Bamboo shoot shell@ZnO T Complexation and chemisorption [71]

bamboo powder@ MoS,-PO, Ut covalent bond interaction and P-O and C-O [51]

chemisorption

Mesquite wood waste + food waste Sr?* Chelation, outer-sphere complexation, and  OH, NH,, and COOH  [28]

ESI

Corn straws@ZnFe,0, Th* Complexation carboxyl groupanda  [53]

hydroxyl group

Luffa rattan us ESI, complexation, and physical adsorption carboxyl groups and [54]

hydroxyl groups

Woody +leaf waste Cs* Complexation and -1 interactions Oxygen-containing [24]

groups

rice straw (Oxidized) Ut surface complexation, chemisorption, OH, COOH and C-O  [33]

inner-sphere complexation

Fe;0,@banana peel Sr?* IEX [55]

NaOH-activated spent coffee Ba®* Chemisorption, ESA, © electrons coordina- O-containing groups [20]

tion, surface complexation, and IEX

rice straw Sr2* weak IEX, chemisorption, complexation, COOH, OH, and [56]

and pore-filling SiOH

spent coffee grounds@FeCl, Sr?* Chemisorption, inner layer complexation, [47]

Van der Wall’s force, and outer-sphere
complexation

Wheat straw Ut IEX, chemisorption, complexation, ESI, carbonyl, carboxyl, [72]

pore filling, H-bond, and n-rinteraction and hydroxyl groups

KOH-activated Mesquite wood waste+food waste ~ Sr>* Chelation, outer-sphere complexation, and OH, NH,, and COOH  [28]

ESI

palm tree fibers Th* inner-sphere complexation Carboxylic [73]

NaOH-activated spent coffee Co** Chemisorption, ESA, © electrons coordina- O-containing groups [20]

tion, surface complexation, and IEX

pine needles Ut ESI [74]

Opuntia ficusindica cactus fibres Th* inner-sphere complexation Carboxylic [75]

spent coffee Ba?" Physisorption, ESA, van der Waals forces, O-containing groups  [20]

and 7 electrons coordination

KOH-activated fish scales us* Chemisorption and inner-sphere surface Carboxyl and amino [46]

complexation groups

Wheat straw Th* 1IEX, chemisorption, complexation, ESI, carbonyl, carboxyl, [72]

pore filling, H-bond, and n-winteraction and hydroxyl groups

H,0,-modified pig manure Ut surface complexation, chemisorption, [66]

micropore filling, ESA, and IEX

corn cob Ut surface complexation, ESA, and OH, and COOH [76]

precipitation

coconut shell@ Ti;C, T, and@polydopamine@ Cs* Chemisorption and coordination hydroxyl and amino [58]

polyethyleneimine groups

Bamboo residues@polyethyleneimine@NaOH us inner-sphere surface complexation, amide  Imine, amide, and [35]

bonding, acetal linkage, imine bonding and amine groups
H-bonding
H,0,-modified residual coffee waste Sr?t ESI, outer-sphere adsorption, and IEX Carbonyls [59]
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Table 2 (continued)

Biomass waste biochar Radionu-  Mechanism Functional group Refer-
clide ences
pollutant
adsorbed

cotton straw us Chemisorption and complexation phosphate group and ~ [65]

oxygen-containing
groups

Olive pomace Th* Chemisorption and ESI [77]

NaOH-activated spent coffee Sr?t Chemisorption, ESA, © electrons coordina- O-containing groups [20]

tion, surface complexation, and IEX

KMnO,-modified pig manure Ut surface complexation, chemisorption, NH,, P=0 and OH [66]

micropore filling, ESA, and IEX

rice straw Ba®" weak IEX, chemisorption, complexation, COOH, OH, and [56]

and pore-filling SiOH

HNO;-modified wheat straw Ut surface complexation and ESI Carboxyl groups [69]

cow manure@ TiO,@SiO, Th** complexation hydroxyl groups [78]

camphor wood sawdust@GO Sr?* Chemisorption hydroxyl, carboxyl, [45]

and carbonyl groups

camphor tree leaves Ut ESA, inner-sphere surface complexation, hydroxyl, carboxyl, [25]

and chemisorption and amine groups

NaOH@H,0,-modified residual coffee waste Sr?* ESI, chemisorption, outer-sphere adsorp- carboxylic acids [59]

tion, and IEX

watermelon rind Ut inner surface complexation, ESI, complex =~ OH, C=C,C-H,and [49]

surface coordination, and precipitation C-0

magnetic crayfish shells Sr?* Chemisorption and IEX [61]

Microcystis@Fe;0, us inner-sphere and outer-sphere surface oxygen-containing [27]

complexation groups

bamboo shoot shell T’ Chemisorption, ESI, and redox interaction  hydroxyl and carboxyl [29]

group

horse manure@Bi,0; us surface complexation, IEX, ESA, chemi- oxygen-containing [62]

sorption precipitation, and reduction groups
Residual coffee waste Sr?* ESI, outer-sphere adsorption, and IEX carbonyls [59]
Bamboo residues@polyethyleneimine@HNO; [ inner-sphere surface complexation, amide  Imine, amide, and [35]
bonding, acetal linkage, imine bonding and amine groups
H-bonding

teak peel Sr?* IEX, chemisorption, weak van der Waals, = oxygen-containing [79]
ESA, and surface complexation group

KOH-activated bamboo shoot shell Tc™* Chemisorption oxygen-containing [44]

group

NaOH-modified peanut husk Sr2* surface complexation oxygen-containing [80]

group

spent coffee grounds Sr?* chemisorption oxygen-containing [21]

group

orange peel@MnO, us* inner-sphere surface complexation and [42]

chemisorption

spent coffee ground I ESA +vely charged amide  [48]

groups

bamboo shoot shell T ESI [26]

coconut shell@ Ti;C,T, and@polydopamine@ Ut Chemisorption and coordination hydroxyl and amino [58]

polyethyleneimine groups

HNO; oxidized Luffa cylindrica sponges Th* inner-sphere surface complexation and IEX Carboxylic and [81]

hydroxyl group

Matamba fruit shell I weak van der Waals forces, - electron [64]

donor-acceptor, ESI, and n-stacking
interaction
cow manure@ TiO,@SiO, us complexation hydroxyl groups [78]

Where Tc” is surrogated by Re’* or Cr’*, ESI=electrostatic interaction, ESA =electrostatic attraction, IEX=ion exchange
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thermodynamic possibility of the Na-to-Sr replacement in the Cs,H g

the sorption sites of Bamboo shoot shell BC@ZnO [71]. A
remarkable adsorption performance of 590.8 mg/g was also
recorded by calcium phosphate-modified cotton straw BC
for the removal of U%". Notably, following adsorption, the
XRD peak intensity rose (Fig. 4e), suggesting that modi-
fied cotton straw BC was successful in adsorbing U®". In
addition, the BC FTIR spectra are shown in Fig. 4f, where a
distinct, high-intensity peak at 921 cm™ ! is visible upon U®*
adsorption. This peak represents the stretching vibration of
O=U=0 and shows that BC has been successful in adsorb-
ing uranium [65].

In another experiment [33], oxidized biochar—which is
produced by modifying biochar generated from rice straw—
was effectively used as an efficient adsorbent for the removal
of U%" from contaminated water. Because of its large sur-
face area, oxidized rice straw BC exhibited the highest U*
adsorption capability when tested. Specifically, at pH 5.5,
the highest adsorption quantity was reported by the Lang-
muir model to be 242.65 mg/g for oxidized rice straw BC in
contrast to 162.54 mg/g for the non-oxidized rice straw BC.
It was opined that the superior adsorption capacity of oxi-
dized rice straw BC is due to an enhanced oxygen content
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Functionality type in graphene

Before adsorption

After adsorption

graphene frameworks decked with and carboxylic, carbonyl, and alco-
hol functional group [59]

following modification (oxidation) with nitric acid as shown
in the EDS mapping in Fig. 5. Furthermore, it was accentu-
ated that following U®" adsorption, the FTIR spectra of oxi-
dized rice straw BC revealed a new peak at about 911 cm ™!,
which is associated with the stretching vibrations of the
[U=0=UJ*" linear structure. This peak’s presence con-
firmed that uranyl ions were adsorbed by the oxidized bio-
mass waste-derived biochar [33]. Also, Albayari’s research
team [36] synthesized a low-cost BC sorbent using waste
Salvadora persica branches and employed the biomass
waste-derived BC for the sequestration of U®" and Th*"
radio-contaminants from water. This finding revealed that
the highest elimination efficiencies for both U®" and Th*"
are almost 99%, with the corresponding q,,,, of 85.71 mg/g
and 84.97 mg/g [36]. This adsorption capacity is in close
range with the one (81 mg/g) obtained for the adsorption
of Th*" by activated BC derived from Opuntia ficusindica
cactus fibers [75].

Also, Li and co-workers [22] explored the adsorption
of U®" by rice husk@Fe,O; BC. At pH 4, the maximum
adsorption capacity was found to be 53.01 mg/g. Further-
more, the XPS study showed that U®" sorbed by rice husk@
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Fe,0; BC was reduced to U*" by Fe;0,. In addition, the
SEM picture of rice husk@Fe,0; BC before and following
U®" adsorption was displayed in Fig. 6a and b. A remark-
ably large number of NPs were disposed of on the surface
of the porous BC. The EDS spectrum (Fig. 6b) shows that
the primary constituents of the composites were U (26%),
C (40%), O (20%), and Fe (14%). This indicates that the
US* radio-pollutant was adsorbed onto the rice husk@Fe,Os
BC surface. Moreover, the five reflections observed in the
original rice husk@Fe,0, BC were enfeebled following U*
uptake according to the XRD analysis as shown in Fig. 6c¢.
Also, in contrast to raw rice husk@Fe,O, BC, the OH band
at 3432 cm™! progressively grew broader and weaker, and
following U®" uptake, the C=0 group band vanished as
shown in the FTIR analysis displayed in Fig. 6d and this
is in agreement with the XPS analysis which revealed that
the manifestation of U 4f peak at 385.18 eV for U®"-sorbed
rice husk@Fe,0; BC confirmed U®" uptake by the biomass
waste-derived BC composite [22].

Sun and co-workers [51] also investigated the adsorption
of U by bamboo powder@MoS,-PO, BC and the maxi-
mum adsorption capacity was found to be 161.29 mg/g.
In addition, from the SEM analysis image displayed in
Fig. 7a-b, it was seen that after U®" adsorption, bamboo
powder@MoS,-PO, BC retained its original flower-like
cluster structure, suggesting that the BC composite exhib-
ited strong structural stability. Moreover, the atomic ratio
of oxygen and phosphorous dramatically dropped between
the EDS data obtained before and after U®" uptake as shown
in Fig. 7c and d respectively, which may be related to P-O
on the bamboo powder@MoS,-PO, BC surface interacting
with [0=U=071*" [51].

In another report [72], wheat straw biochar was explored
for the removal of U®" and Th*'. The biochar was found to
demonstrate a remarkable adsorption capacity of 1527.02
and 1158.16 mg/L respectively at pH 5 and 20 °C. In addi-
tion, to clearly depict the structure of the biochar, SEM
(Fig. 8A-C) and TEM (Fig. 8D-F) pictures of the material
were acquired both before and after the uptake of U®* and
Th*". Specifically, the exterior and interior surfaces of the
raw biochar without radionuclide adsorption had smooth
pore walls. The BC surface and intra-pores become rough
and bumpy when U®" and Th*" adsorption achieve equilib-
rium. The corrosion of the BC and the coating of radioactive
ions might be the reason for this roughness. In addition, as
shown in Fig. 8G and H, following U®" and Th*" uptake,
the EDS spectra showed new peaks for U®" and Th*",
respectively, that were not present on the raw wheat straw
BC [72]. Similarly, an excellent U®" adsorption capacity of
369.9 mg/g, 661.7 mg/g, and 979.3 mg/g was also recorded
for H,O-modified pig manure BC, H,O,-modified pig

manure BC, and KMnO,-modified pig manure BC at pH 4
and a temperature of 25 °C [66].

The adsorption capacity of various BWDBCs for
radio-contaminants is summarised in Table 3. Over the
years, a large variety of BWDBCs have been used for
radio-contaminant clean-up. Considering the threshold of
Gpax 1000 mg/g, wheat straw BWDBC stands out with
1527.02 mg/g oy for U and 1158.16 mg/g q,,,,, for Th*"
at pH 5 and 20°C temperature [72] while KMnO,-modi-
fied pig manure BC, camphor leaves@Bi,0; BC, and cow
manure@ TiO,@SiO, BC came close from behind with
Quax OF 979.3 mg/g for U [66], 885.8 mg/g for I [68],
and 710.4 mg/g for Th*" [78]. These BWDBCs have been
noted to take up more radio-contaminant than their weight.
In addition, the performance of the BWDBCs in terms of
radio-contaminant sorption is dictated by its nature. Nano-
BWDBC:s often have tiny pore diameters and require more
time for radio-contaminants to diffuse intra-particle prior to
adsorption. However, its wide surface area, which promotes
adsorption, is its main benefit. Moreover, the surfaces of
BWDBCs produced by thermochemical methods are often
heterogeneous [82]. These surfaces have a high potential for
radio-contaminant sorption because they are energetically
heterogeneous. They also have a range of functional groups
that may interact chemically with radio-contaminants. More
so, regarding the nature of the BWDBCs, Table 3 shows
no discernible pattern because there are so many variables
that might influence the adsorption process. Nevertheless,
it was noticed that activated and or nanoparticle functional-
ized BWDBCs performed excellently than bare BWDBCs.
Furthermore, the majority of radio-contaminant adsorption
studies were carried out at an acid or near-neutral pH range
at temperatures ranging from 15°C to 45°C and this is a tes-
tament to the fact that BWDBCs can be employed for the
sequestration of radio-contaminants in harsh environments.

Equilibrium Isotherm and Kinetics Modeling

Equilibrium isotherms and kinetics modeling are crucial
to adsorption technology and research [94]. They also
offer helpful details for characterizing porous solids like
BWDBC, gaining a deeper understanding of the adsorp-
tion mechanism, and controlling and designing cost-effec-
tive industrial-scale adsorption systems [23, 55, 95, 96].
The empirical findings of the isotherm and kinetic best fit
for radio-contaminant adsorption in various literature are
briefly reviewed in this segment and summarized in Table 4.
Specifically, the surface orientation, active spot layout, and
the kind of forces between the targeted adsorbate pollutant
determine the adsorbent-adsorbate interaction and relation-
ship throughout the adsorption operation. More specifically,
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{ Fig. 3 The (a) top view and (b) lateral view of the unit cell for bare
Ti;C, MXene. The top views (c, d) together with a lateral view (e) of
deprotonated Ti;C,(OH), models and the deprotonated OH groups are
highlighted by black circles. The optimized complex configuration of
(f) Ti;C,(OH),-Cs and (g) Ti;C,(OH),-UO,. Bond lengths were in A.
The differential charge density of (h) Ti;C,(OH),-Cs complex and (i)
Ti;C,(OH),-UO, complex at charge density isosurface of 0.001 and
0.01 e/Bohr?, respectively. The purple regions designated charge accu-
mulation, and the pink areas epitomized charge depletion [58]

when the adsorption process achieves an equilibrium state,
the adsorption isotherm shows how the targeted adsorbate
distributes across the liquid and solid phases [95]. On the
other hand, the adsorption kinetics is customarily described
as a curve defining the time reliance of bulk solution radio-
contaminant concentration during adsorption operation at a
specific experimental process condition [2, 30, 95]. Nota-
bly, different models have been hypothesized for modeling
the experimental isotherm and kinetic data from various
radio-contaminant adsorption operations using BWDBC,
and the optimum fit is usually established by how near their
corresponding R? (coefficients of determination) is to one
(1) [34]. As observed in the pool of literature presented in
Table 4, it can be observed that with only a few exceptions,
such as the Redlich—Peterson isotherm model [28, 33, 42,
44, 80], Temkin isotherm model [29, 55], and Sips [28, 33,
42], the Langmuir (LIM) classical model was revealed to be
the best match in the vast majority of the radio-contaminant
adsorption studies under consideration follow by Freundlich
isotherm model (FIM). This finding suggests that the radio-
contaminant adsorptions by various biomass waste-derived
biochars are widely favored by reversible [91] monolayer
adsorption because of their energetically homogeneous sur-
face [28, 34, 91] followed by irreversible [91] multilayer
adsorption on a heterogenous surface (just a few) [28, 34,
48, 91]. In addition, the LIM fitting also implied that the
radio-contaminant uptake by BWDBC is governed largely
by chemisorption (robust chemical interaction between
radio-contaminant and the BWDBC functional groups) [20,
28, 36, 46], the adsorption output of each biochar active
spot is identical with all the adsorption spots possessing
alike adsorption energy, and radio-contaminant adsorbates
do not interact with one another and neither do adjacent site
affect each other throughout the adsorption operation [28,
34]. Conversely, FIM fitting implied that the radio-contam-
inant uptake by BWDBC is governed largely by physisorp-
tion and the biochar active spot has dissimilar affinities and
uptake energies where the surface is continuously filled
until the lower-energy spots are full, starting with the high-
energy spots [2, 28, 34].

Furthermore, Table 4 shows that the kinetics of radio-con-
taminant adsorption by BWDBC are mostly pseudo-second-
order (PSO) in the majority of the studies. Consequently,
either the Elovich [64, 71, 83] or pseudo-first-order [20, 28,

46, 55, 59, 61] models were identified as the best-match
models in very few other articles. As the chief best-match
kinetic model, the pseudo-second-order posits that the
rate of adsorption of radio-contaminant is directly propor-
tional to the numerical strength of the available sites on the
BWDBC [28] and the amount of radionuclide ions present
in the solution. More so, the fitting of PSO suggests a che-
misorption mechanism by many studies including [20, 28,
30, 34, 36, 48, 59], etc. as against PFO suggesting physi-
sorption [20, 28, 59] and this corroborates the dominance of
LIM. This chemisorb phenomenon might involve primarily
chemical reactions between functional groups on BWDBC
and the radio-contaminants as reported in the case of adsorp-
tion of Cs™ and Sr** using KOH-activated Mesquite wood
waste + food waste BC for example [28].

In addition, according to diffusion model summarized in
Table 4, adsorption of radio-contaminants onto BWDBC
from the aqueous phase involves tercet stages namely, film
diffusion (the transport of the adsorbate from the bulk phase
to the exterior surface of the BWDBC), intra-particle diffu-
sion (the transport into the BWDBC by either pore diffusion
and/or surface diffusion) and the adsorption on the surface
of the BWDBC. The sulky of these stages, that is, the rate-
limiting step, controls and determines the overall rate of
the radio-contaminant adsorption operation. Many studies
[33, 34, 42, 44, 48, 59] have shown that the intra-particle
diffusion step is the only rate-limiting step, while a few
others [36, 58, 66] have argued that it is not the only rate-
limiting step. In conclusion, it can be inferred that adsorp-
tion isotherm and kinetics have a strong dependence on
the chemical and/or physical characteristics of the biomass
waste-derived biochar and the targeted radio-contaminants
which also govern the adsorption mechanism [23].

Adsorption Thermodynamic

Without gainsaying, the significance of adsorption thermo-
dynamics cannot be overstated, because it provides clarity
on sorption spontaneity/favourability, the (exo)endothermic
phenomena of the operation, system disorderliness/random-
ness, adsorption physicochemical characteristics and how
temperature affects adsorption efficiency [2]. Moreover, the
degree of electrostatic interaction mechanism between the
biochar and radio-contaminant adsorbate at a certain tem-
perature may be determined thermodynamically. Thus, one
crucial element in the radio-contaminant adsorption system
is the solution’s temperature as it typically has an impact on
the stability of the radionuclide-BWDBC complex and the
ionization of the BC moieties, which in turn influences how
the radio-contaminant and biomass waste-derived biochar
interact [33, 80].
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By and large, the nature of radio-contaminant uptake by
biomass waste-derived biochar from temperature impact
variations is expounded based on adsorption AG° (free
energy), 45° (entropy), and AH’ (Gibbs enthalpy) [2]. The
values of these thermodynamic parametric variables deter-
mined at different temperatures from various literature on
the adsorption of radio-contaminants by BWDBC are listed
in Table 5. The AG® determines the physical adsorption that
is driven by the mode of the energy interaction process,
such as H-bonding, van der Waals, and the n—= interaction
[12] between the BWDBC and radio-contaminants. A AG°
value less than zero indicates that the radio-contaminant
adsorption process is spontaneous [21, 45, 72, 80] while a
AG?® value above zero indicates that the adsorption is non-
spontaneous [12]. Surprisingly, as observed in Table 5 the
adsorption process of all radio-contaminants reported for
various BWDBC s is spontaneous (negative AG®) except for
the adsorption of 105~ by corn stalk BC [31] Th*" by Sal-
vadora persica branches (at 313 K) [36] and Sr** by rice
straw [32] where the AG® values are positive. Nevertheless,
it was accentuated that high temperature is favorable for the
adsorption of the radio-contaminants [31, 32] and this is
consistent with the high-temperature adsorption favourabil-
ity report for other studies. Also, from the thermodynamic
data presented in Table 5, a general pattern of increase in
AG® negativity (AG® tends to minus scale) was observed
in most cases as the temperature increases (283-333 K),
demonstrating improved spontaneous radio-contaminant
adsorption operation by BWDBC at high temperatures with
a few exceptions as summarized in Table 5. This high-tem-
perature favorability might be due to the fact that at elevated
temperatures, the biochar pores get puffy, then triggering the
activation of more surface sites [12]. In addition, it has been
established that when the AG® value is between —20 and
0 kJ/mol [2], the radio-contaminant adsorption mechanism
is physisorption while if the AG® value is between —400
and —80 kJ/mol, the mechanism will be chemisorption [2].
However, Choi’s research group [55] differs in this regard
as physisorption was insinuated despite the AG® value being
between —400 and — 80 kJ/mol as seen in Table 5. Although,
ina few cases [47, 51, 52, 72]where AG® is <—20 kJ/mol but
>—80 kJ/mol, a chemisorption mechanism was reported.
As for the AH, the -ve (<0 kJ/mol) and +ve (>0 kJ/mol)
values observed in Table 5 demonstrate that the uptake of
radio-contaminants by BWDBC is either exothermic (emis-
sion of heat to the surroundings) or endothermic (gaining
of heat from the surrounding) in nature, in substantiation
with the temperature impact. More specifically, when the
measured value of AH® goes lower than 21.0 kJ/mol or
lies between 21.0 and 418.4 kJ/mol, it indicates that phy-
sisorption and chemisorption predominate in the radio-
contaminant adsorption process, respectively [2]. Although,
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researchers [20, 80] opined that AH® < 40 kJ/mol signifies
the physisorption mechanism, while AH® > 40 kJ/mol signi-
fies the chemisorption mechanism. For example, in a par-
ticular study [20], it was observed that as the AH® crossed to
above 40 kJ/mol (Table 5) for the adsorption of Co**, Sr**
and Ba®" using NaOH-activated spent coffee BC the adsorp-
tion mechanism changed from physisorption that was noted
for AH°< 40 kJ/mol using un-activated BC to chemisorp-
tion. The authors accentuated that such change is a result
of NaOH activation which brings about the enhancement
of O-containing functional groups [20]. This is consistent
with the report of Kausar’s team [80]. In their observation of
the adsorption of Sr** using NaOH-modified peanut husk,
the sorption mechanism was physisorption as the value of
AH° was <40 kJ mol ! [80]. Notably, a metric for assessing
the degree of irregularity [12] between the molecules of the
BWDBC and the radio-contaminant is AS°. Specifically, the
+ve value of 45° for the uptake of radio-contaminant on
various active sites of the BWDBC demonstrates an upsurge
in adsorption randomness [35, 44, 59], and the attraction of
the biochar for the radio-contaminant ions was high. The
positive shift in entropy values in various previous research
indicates that there is an upsurge in randomness at the solid-
liquid interface during the adsorption operation as presented
in Table 5. Moreover, at positive levels of 45°, the mobil-
ity of radio-contaminant ions on the biochar surface site
surges with temperature, leading to an upsurge in the kinetic
energy of the radio-contaminant ions. Conversely, the nega-
tive value of 48° indicates a decrease in randomness/disor-
derliness between the radio-contaminant ions and biomass
waste-derived BC [35, 36, 39, 44, 48, 80]. Additionally, the
reversibility of the adsorption process is implied by a -ve
value of AS° and vice-versa [2]. In our opinion, the claim
that AH® < 21.0 or 40 kJ/mol is physisorption automati-
cally includes all exothermic radio-contaminant adsorption
operations, whereas, there are a few studies [36, 39, 44,
58] where the radio-contaminant adsorption is exothermic
but the mechanism involve chemisorption. Thus, future
researchers should pay attention to this ambiguity.

Regenerability and Recyclability Studies

The regenerability and recyclability performance of adsor-
bents like BWDBC play a practical role and have implica-
tions based on their technical viability, economic factors,
and exploitation of resources when making an inclusive
evaluation of the materials and method [33, 38, 65, 97].
More so, the regeneration and recyclability of the BC are the
main two-in-one features for judging its commercialization
probability [23, 98]. Thus, in this section, available works
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Table 3 Overview of adsorption performance evaluation of biomass waste-derived biochar for radio-contaminants
Biomass waste biochar Radionu-  q,,,4, (mg/g) pH Temp  Method Refer-

clide (°O) of ¢rmaa ences

pollutant determination

adsorbed
lotus seedpods Ut 329.53 5 25 Langmuir [34]
Mesquite wood waste Cs* 32.02 25 Langmuir [28]
Artemia egg shell@Cu,0/Cu’ I 86.8 7 20 [50]
rice straw Ut 162.54 5.5 25 Langmuir [33]
Salvadora persica branches Th* 84.97 4 25 Langmuir [36]
rice straw Sr?* 175.95 7 35 Langmuir [83]
peach wood garden waste +urban sludge I 223 [37]
reed straw Ut 46.35 5 25 Langmuir [30]
Mesquite wood waste +chicken manure Cs* 36.21 25 Langmuir [28]
spent coffee ground@ bismuth I 253.71x107° 7 25 Experiment [48]
spent coffee Sr?* 4.99 7 35 Langmuir [20]
bamboo powder Ut 100.14 5.5 25 Langmuir [51]
NaOH modified duckweed Th* 104.1 ~2.7 22 Langmuir [84]
wheat straw + Sodium lignosulfonate I 467.38 20 [85]
Cow manure us 64 4.5 25 Langmuir [69]
KOH-activated peanut shell Sr?* 133.11 4.92 Langmuir [39]
macauba endocarp Ut 417 3 25 Experiment [67]
Bamboo shoot shell T 13.417 1 25 Langmuir [71]
orange peel Ut 165.4 5.5 25.15  Langmuir [42]
camphor leaves@Bi,0; I, 885.8 Langmuir [68]
orange peel@magnesium silicate us 352.6 4 25 Langmuir [43]
rice straw Sr?* 120.0 6 Experiment [32]
Mesquite wood waste +food waste Cs* 41.04 25 Langmuir [28]
Acidosasa edulis shoot shell T 14.60 1 35 Experiment [23]
Salvadora persica branches Ut 85.71 4 25 Langmuir [36]
KOH-activated Mesquite wood waste+ food waste Cs* 62.73 25 Langmuir [28]
HNO;-modified Cow manure Ut 73.3 4.5 25 Langmuir [69]
corn stalk 105~ 10.31 6 45 [31]
spent coffee Co** 3.99 7 35 Langmuir [20]
Fe;0,@pine needles Ut 623.7 6 25 [70]
Mesquite wood waste Sr*t 19.44 25 Langmuir [28]
macatiba endocarp us 400 Experiment [86]
Watermelon rind@ Fe;0, Ut 323.56 4 20 Langmuir [49]
Phalaris seed peel@ SiO,@Fe 133Ba 31 Langmuir [87]
rice husk@Fe,0; Ut 53.01 4 45 [22]
soybean pods@Prussian blue Cs* 207.20 7 55 Experiment [38]
lotus seedpods@NH, us 367.99 5 25 Langmuir [34]
walnut shell I 508 Experiment [88]
horse manure Ut 186.0 4 25 Langmuir [62]
Mesquite wood waste +chicken manure Sr?* 22.89 25 Langmuir [28]
corn stalk 105~ 16.87 6 45 [31]
Citrullus lanatus L. seeds@MnFe,0, us* 27.61 4 25 Langmuir [52]
Bamboo shoot shell@ZnO T 25.916 1 25 Langmuir [71]
bamboo powder@ MoS,-PO, Ut 161.29 6 25 Langmuir [51]
Mesquite wood waste +food waste Sr?* 26.76 25 Langmuir [28]
wheat straw Ut 8.6 45 25 Langmuir [69]
Corn straws@ZnFe,0, Th** 42315 4 15 Langmuir [53]
Luffa rattan us 382 6 25 [54]
Woody +leaf waste Cs* 20.5 6 25 Langmuir [24]
rice straw (Oxidized) Ut 242.65 5.5 25 Langmuir [33]
Banana peel@Fe;0, Sr?* 23.827 9 Langmuir [55]
fiddle-leaf fig seed I 343.97 30 Langmuir [89]
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Table 3 (continued)

Biomass waste biochar Radionu-  q,,, 4, (mg/g) pH Temp Method Refer-
clide °C) of 4o ences
pollutant determination
adsorbed

NaOH-activated spent coffee Ba®* 11.12 7 35 Langmuir [20]

Citrullus lanatus L. Seeds [ 21.24 4 25 Langmuir [52]

rice straw Sr?* 59.8 8 50 Experiment [56]

walnut shells@Fe;0, Ut 4.71 431 35 [90]

spent coffee grounds@FeCl, Sr?* 40.02 5 25 Langmuir [47]

Wheat straw Ut 1527.02 5 20 Langmuir [72]

Matamba fruit shell I 2.122% [57]

KOH-activated Mesquite wood waste +food waste Sr?* 42.95 25 Langmuir [28]

orange peel Ut 144.7 4 25 Langmuir [43]

soybean pods Cs* 58.10 7 55 Experiment [38]

Banana peel Sr?* 26.730 9 Langmuir [55]

H,0-modified pig manure ust 369.9 4 25 Langmuir [66]

palm tree fibers Th** 42 3 Langmuir [73]

phosphoric-activated fiddle-leaf fig seed I 420.47 30 Langmuir [89]

NaOH-activated spent coffee Co** 5.44 7 35 Langmuir [20]

pine needles Ut 62.7 6 25 Langmuir [74]

spent coffee grounds Sr?t 41.20 5 25 Langmuir [47]

Microcystis us 54.46 6 45 Langmuir [27]

Opuntia ficusindica cactus fibres Th* 81 3 [75]

spent coffee Ba® 6.94 7 35 Langmuir [20]

KOH-activated fish scales Ut 291.98 5 20 [46]

Brewer’s spent grain Sr?t 3.036 7 45 Langmuir [91]

Wheat straw Th* 1158.16 5 20 Langmuir [72]

Luffa sponge I 162.9 [92]

H,0,-modified pig manure Ut 661.7 4 25 Langmuir [66]

crayfish shells Sr?* 22.670 8 25 Langmuir [61]

corn cob Ut 163 6 25 Langmuir [76]

coconut shell@ Ti;C, T, and@polydopamine@ polyethyleneimine ~ Cs* 40.3 Langmuir [58]

Bamboo residues@polyethyleneimine@NaOH [ 212.70 5 25 Langmuir [35]

H,0,-modified residual coffee waste St 5.57 5 25 Experiment [59]

cotton straw Ut 590.8 Langmuir [65]

Olive pomace Th* 153.85 4 45 Langmuir [77]

NaOH-activated spent coffee Sr?t 6.62 7 35 Langmuir [20]

KMnO,-modified pig manure Ut 979.3 4 25 Langmuir [66]

rice straw Ba®* 73.9 8 50 Experiment [56]

HNOj;-modified wheat straw Ut 355.6 4.5 25 Langmuir [69]

cow manure@ TiO,@SiO, Th* 710.4 4.5 25 Langmuir [78]

camphor wood sawdust@GO Sr?* 4.055 6 35 Langmuir [45]

Oil palm frond I 274.8 [60]

Brewer’s spent grain Co?* 5.516 7 45 Langmuir [91]

camphor tree leaves Ut 98.29 [25]

NaOH@H,0,-modified residual coffee waste Sr?* 10.91 5 25 Experiment [59]

watermelon rind Ut 135.86 4 20 Langmuir [49]

HNO; oxidized pine needles Th* 181 3 [93]

magnetic crayfish shells Sr?t 21.902 8 25 Langmuir [61]

Microcystis@Fe;0, Ut 49.19 6 45 Langmuir [27]

bamboo shoot shell T 63.11 30 Experiment [29]

horse manure@Bi,0; Ut 516.5 4 25 Langmuir [62]

Residual coffee waste Sr?* 5.07 5 25 Experiment [59]

Bamboo residues@polyethyleneimine@HNO, Ut 185.5 5 25 Langmuir [35]

palm kernel shell I 101.9 [60]

teak peel Sr?* 26.63 8 25 Langmuir [79]
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Table 3 (continued)

Biomass waste biochar Radionu-  q,,, 4, (mg/g) pH Temp Method Refer-
clide °C) of 4o ences
pollutant determination
adsorbed

KOH-activated bamboo shoot shell T’ 73.11 2 25 Langmuir [44]

NaOH-modified peanut husk Sr?* [80]

phosphorus-doped pomelo peel Ut 603 40 [63]

spent coffee grounds Sr?* 51.81 5 25 Langmuir [21]

orange peel@MnO, Ut 246.3 5.5 25.15 Langmuir [42]

spent coffee ground I 23.32x1073 7 25 Experiment [48]

bamboo shoot shell T 46.46 1 25 Langmuir [26]

coconut shell@ Ti;C,T, and@polydopamine@ polyethyleneimine [ 239.7 Langmuir [58]

HNO; oxidized Luffa cylindrica sponges Th* 70 3 23 [81]

Matamba fruit shell I 43.65%* 7.5 20 Experiment [64]

cow manure@ TiO,@SiO, Ut 675.1 4.5 25 Langmuir [78]

Where T’ is surrogated by Re’” or Cr’*, ** = mmol/g, *= mmol/L

on regenerability and recyclability studies are empirically
discussed.

For instance, in order to examine the reusability of oxi-
dized rice straw BC in real-world scenarios, studies about
the BC regeneration potential were carried out. In this
investigation, 1.0 mol/dm® HCl was used as an eluent to
wash spent BC three times before vacuum drying. The
treated spent BC was then employed for the adsorption of
U®'. Five rounds of the aforementioned procedures were
used to assess the oxidized rice straw’s reusability poten-
tial. The outcome demonstrates that following these cycles,
the adsorption performance dropped somewhat from 95 to
91%. Oxidized rice straw BC demonstrated a comparatively
high efficiency of greater than 90% towards U®" adsorption
even after five regeneration cycles, with a little decline. The
unfinished U®" desorption on the surface of the BC and the
solid in solution loss were the causes of the minor reduction
in uptake capacity. Because of this, the results suggest that
oxidized rice straw BC has a great deal of potential to func-
tion as an environmentally benign adsorbent for the seques-
tration of U®" from aqueous environment [33]. Similarly,
utilizing a 0.1 M KOH eluting agent, the adsorbed Re’" was
extracted from spent Acidosasa edulis shoot shell BC. Over
94% of the Re’" that were sorbed were desorbed from the
BC. It is evident that a large amount of Re’" was recovered
in this investigation, most likely due to the ease with which
OH- ions could replace rhenium anions at the sorption sites
on Acidosasa edulis shoot shell BC. The adsorption capacity
of Acidosasa edulis shoot shell BC was found to decrease
from 4.42 to 3.78 mg/g somewhat after three cycles when
using as seen in Table 6. This might be explained by the
quantity of BC lost throughout the adsorption-desorption
process, as well as surface degradation from constant con-
tact with the eluent [23]. An analogous reasonable elucida-
tion for the reduction in adsorption capacity of Fe;O,@pine

needles for U®* was also given by Philippou’s research team
[70]. In this study, 0.1 mol/L Na,CO was employed as elu-
ent to circumvent partial Fe;O, dissolution, and after four
rounds, the U®" uptake percentage and desorption decreased
from 99.5 to 87.2% and 99.6 to 62.6%, accordingly [70].
In another comparable adsorption-desorption research for
the removal of U®" using watermelon rind@Fe;O, BC,
0.1 mol/L Na,CO; was employed as the desorbing agent
to prevent partial Fe;O, dissolution. The findings show
that following the 3rd round of adsorption-desorption, the
BC’s uptake capability for U®" decreases. The percentages
of adsorption and elution are reduced from 99 to 44% and
from 99 to 40%, respectively, following the 3rd round. One
plausible clarification for the decrease in the adsorption %
during the desorption tests might be the modest quantities of
U®" lost after each round [49].

In another experiment [39], desorption research was con-
ducted using 0.01 g of KOH-activated peanut shell BC and
50 ml of a 0.5 mg/L strontium solution in a conical flask. The
mixture was swirled at 200 RPM for 70 min at room tem-
perature in order to determine the reusability of the PSABC.
The samples were subsequently filtered, and distilled water
was used to rinse the supernatant. Five successive cycles of
adsorption-desorption tests were used to examine the reus-
ability of the adsorbent. Eluents in the following five con-
centrations were tested: 0.1 mol/L of HNO;, NaOH, H,SO,,
HCI, and CH,COOH. Following the adsorption experiment,
50 mL of desorbing eluents were added to the filtered KOH-
activated peanut shell BC to conduct a desorption investiga-
tion. The suspensions were filtered after being vigorously
stirred for 12 h at 25 °C. Following desorption, the same BC
was employed for adsorption. The patterns of Sr*>* desorp-
tion by five eluents are depicted in Fig. 9a, which displays
the subsequent trend. HNO; is superior to EDTA, HCI,
CH;COOH, and NaOH. According to the findings, HNO,
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{ Fig. 4 (a-d) FT-IR analysis of wood waste, wood waste+chicken
manure, wood+food waste, and KOH-activated wood waste+food
waste BC before and after the adsorption of Sr*" and Cs" [28]. (e-f)
XRD and FTIR spectra of calcium phosphate-modified cotton straw
BC after U%" adsorption [65]

performed well when it came to maximal Sr** desorption.
As a result, HNO; was chosen for additional BC desorption
research in order to investigate its reusability. The regen-
eration performance of BC with HNO, as the eluent is dis-
played for five cycles in Fig. 9b. Figure shows that there
was a 5-8% performance decline in BC for five cycles, but
no discernible drop in Sr** adsorption performance [39].
In parallel, in the case of the adsorption-desorption study
of teak peel BC for the removal of Sr**, 0.1 mol/L HNO;
eluent gave a better desorption efficiency compared to HCI
and other eluents as shown in Fig. 9e. Specifically, with a
desorption performance of over 99%, 0.1 mol/L HNO; may
efficiently desorb the adsorbed Sr**, and the desorption
equilibrium can be reached in less than 10 min. In addition,
the teak peel BC reusability is examined using 0.1 mol/L
HNO;. As can be presented in Fig. 91, teak peel BC exhib-
its outstanding reusability and only marginally loses its
adsorption capacity after five adsorption-desorption rounds,
suggesting that it has a lot of promise for use in real-world
applications [79]. A somewhat good recyclability result
was also obtained for the adsorption-desorption of Cs* and
U®" using coconut shell@ TiyC,T, and@polydopamine@
polyethyleneimine BC as presented in Fig. 9c and d [58]
and adsorption of U®" using NaOH modified bamboo resi-
dues@polyethyleneimine BC as presented in Table 6. The
authors accentuated that the respective modified BC, as
seen in Fig. 10, retains their original architectural structure
upon regeneration (with 0.01 mol/L HCI), with polyethyl-
eneimine remaining attached to the surface of the bamboo
residues BC. These findings show that NaOH and HNO;-
modified bamboo residues@polyethyleneimine BC are both
viable and affordable materials with good stability and reus-
ability [35].

In another study [42], the following tests were conducted
to evaluate orange peel@MnO, BC’s reusability perfor-
mance for U®". First, the previously used orange peel@
MnO, BC was regenerated by drying in a vacuum oven and
washing three times with 1.0 mol/L HCI. Second, many tests
were conducted on the retrieved orange peel@MnO, BC’s
adsorption capability. There were five adsorption-desorption
cycles completed. The outcome is displayed in Fig. 11a. As
can be shown, even after five cycles, the U®" uptake quan-
tity only slightly decreases, decreasing from 142.66 mg/g to
136.38 mg/g which is just a 4.4% reduction. The outcome
demonstrates BC’s outstanding durability performance [42].
In like manner, desorption tests were carried out with 0.01
and 0.1 M Na,CO; solutions as the eluting agent, and the

cycle was repeated six times, in order to assess the reusabil-
ity and stability of cotton straw BC. Desorption efficiencies
with 0.1 M Na,CO; were 98%, 98%, 98%, 97%, 97%, and
96%, and with 1 M Na,CO; were 98%, 98%, 98%, 93%,
90%, and 87%, as indicated in Fig. 11b. The findings showed
that both eluenting agents could reach desorption efficien-
cies of over 96%, demonstrating good regeneration capa-
bilities. Furthermore, following six washing rounds with
1 M Na,CO;, the adsorption rate decreased by just 11%,
demonstrating the BC’s great reusability resilience. These
results imply that because of its superior regeneration and
reusability qualities, cotton straw BC is a potential option
for real-world uses in the extraction of U®" from wastewater
[65]. A comparable excellent recyclability result was also
reported for the removal of Tc'" as presented in Fig. 11c by
bamboo shoot shell BC using 0.1 mol/L KOH as eluent [26].

Wang and co-workers [53] also conducted an adsorp-
tion-regeneration study for the removal of Th*" using corn
straws@ZnFe,0, BC. In this work, the recovery of Th*'
from wastewater was achieved by measuring the ratio of
adsorbed Th*' to desorbed corn straws@ZnFe,0,. This
allowed for an assessment of the reusability of corn straws@
ZnFe,0,. Following six adsorption rounds, Fig. 11d illus-
trates the washing of citric acid processing of regenerated
adsorbents. To assess the removal efficiencies in each round,
the regeneration experiment was conducted in six succes-
sive adsorption-desorption rounds. In the first four rounds,
the BC’s resolution rate exceeded 90%. In the 5th and 6th
rounds, the resolutions were 86.28% and 88.21%, respec-
tively, and may progressively decrease from there on. The
phenomena might be linked to the structural breakdown of
corn straw@ZnFe,0, BC, the loss of corn straw@ZnFe,0,
BC in the reactor, or the blockage of binding spots by metal
complexes. After six analytical rounds, the corn straw@
ZnFe,0, BC adsorption efficiency was still very nearly 90.
However, after six adsorption-desorption rounds, a com-
paratively high adsorption capacity of 35.14 mg/g may also
be sustained. It is clear that after six rounds, the removal
efficiency of Th*" by corn straw@ZnFe,0, BC did not
considerably decline, and the reason for the little drop in
the adsorption rate was most likely the dissolution of trace
quantities of Zn>" and Fe*" in BC by citric acid during the
analytical procedure. Furthermore, because of its super-
paramagnetism, it may be readily extracted from liquids
containing magnetic fields following adsorption or desorp-
tion. Consequently, corn straw@ZnFe,O, BC demonstrated
strong regeneration capabilities and reusability, support-
ing the long-term use of sewage treatment and enabling
the radionuclide Th*" in wastewater to be recovered [53].
An analogous admirable recyclability performance was
also reported for the removal of U®* and Th*" as presented
in Fig. 1le-f by cow manure@ TiO,@SiO, BC using
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Fig.5 Elemental mappings and EDS of (a) un-oxidized rice straw BC and (b) oxidized rice straw BC [33]

0.05 mol/L HCI as an eluting agent. In addition, the authors
made it clear that the mesoporous structure of the BC com-
posite had no noticeable change, which suggested that the
microstructure of the BC composite was not spoiled dur-
ing the radio-contaminant adsorption operation as shown in
Fig. 12. Many bulk particles popped up on the surface of the

@ Springer

BC composite after U®" and Th*" were adsorbed, and part of
the mesoporous structure vanished. This phenomenon may
have been caused by the complexes that formed during the
separation process aggregating on the surface and filling in
the mesoporous structure of BC composite. Interestingly,
the bulk particles vanished and the mesoporous structure of
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Fig. 6 Characterization of rice husk@Fe,0; BC prior to and fol-
lowing U®" uptake. (a—b) SEM pictures prior to and following U
uptake, respectively; (¢) XRD analysis; (d) FTIR analysis; (e) mag-

netic hysteresis loops; (f) XPS analysis. (MB=rice husk@Fe,0; BC;
MB-U=U®" adsorption onto rice husk@Fe,0; BC) [22]
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Fig. 7 SEM pictures of (a) bamboo powder@MoS,-PO, BC and (b) bamboo powder@MoS,-PO, -U. EDS mapping of (c) bamboo powder@

MoS,-PO, BC and (d) bamboo powder@MoS,-PO, -U [51]

the BC composite was restored following desorption, fur-
ther supporting the theory that complexation served as the
primary mechanism for BC composite separation from U®"
and Th*" [78].

Remarkably, as summarized in Table 6, a range of eluents
has been employed to elute sorbed radio-contaminant from
the expended BWDBC and or to regenerate the recovered
BWDBC, including HCI, citric acid, Na,CO;, and KOH.
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Mechanistically, according to Ahmed and co-workers, when
HCI or HNO; is employed, the regeneration mechanism is
the reversible ion exchange between BC and radio-con-
taminant [33]. In addition, the chief adsorption mechanism
of radio-contaminant onto the BWDBC is suggested to be
chemisorption by successful elution/regeneration by strong
acids or bases, whereas physisorption is suggested to be the
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Fig. 8 SEM pictures of (A) raw wheat straw BC, (B) wheat straw BC
after U®" adsorption, and (C) wheat straw BC after Th*" adsorption.
TEM of (D) raw wheat straw BC, (E) wheat straw BC after U%" adsorp-
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tion, and (F) wheat straw BC after Th*" adsorption. (G) XPS spectra
of wheat straw BC after U adsorption reaction, (H) XPS spectra of
wheat straw BC after Th*" adsorption reaction [72]
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Table 4 Overview of best-fit isotherm (BFI) and kinetic (BFK) models of biomass waste-derived biochar for the adsorption of radio-contaminants

Biomass waste biochar Radionu- BFI R? BFK R? Diffusion model Ref.
clide
pollutant
adsorbed
lotus seedpods Ut LIM  0.9789 PSO 0.9558 IPD is the rate-limiting step [34]
Mesquite wood waste Cs* RPIM 0.95 PSO 0.66 [28]
Artemia egg shell@Cu,0/Cu’ I FIM 0944 PSO 0.987 external and internal diffusion [50]
rice straw us* Sips  0.98 PSO 0.99 external surface diffusion, IPD (is the [33]
and and rate-limiting)
RPIM 0.96
Salvadora persica branches Th* LIM 09961 PSO 1 external mass transfer, PD, and IPD [36]
(not only the rate-limiting step)
rice straw Sr?* FIM 0989 EVM 0.989 [83]
reed straw us* LIM 09906 PSO 0.9586 [30]
Mesquite wood waste +chicken manure Cs* RPIM 0.89 PFO 0.81 [28]
spent coffee ground@ bismuth I FIM 0984 PSO 0.964 liquid FD, IPD (the rate-limiting step)  [48]
spent coffee Sr** LIM 0949 PFO 0.999 liquid FD and IPD [20]
bamboo powder@MoS, us* LIM 0974 PSO 0.970 External surface adsorption and IPD [51]
NaOH modified duckweed Th* LIM 0989 PSO 0.993 liquid FD and IPD [84]
wheat straw + Sodium lignosulfonate I PSO 0.99 [85]
Cow manure us* LIM 0979 PSO 0.999 [69]
KOH-activated peanut shell St FIM  0.99 PSO  0.995 [39]
Bamboo shoot shell Tc™ LIM 09919 EVM 0.9734 [71]
orange peel us* Sips 0989 PSO 0.99 external surface diffusion and IPD (the [42]
rate-limiting step)
camphor leaves@Bi,04 I, LIM 0993 PSO 0981 Pore filling [68]
orange peel@magnesium silicate Ut LIM 0991 PSO 0.998 [43]
rice straw Sr?* PSO 0.99 IPD, PD (not the only rate-controlling  [32]
step), and FD
Mesquite wood waste + food waste Cs* RPIM 0.93 PSO 0.85 [28]
Acidosasa edulis shoot shell T FIM 09812 PSO 0.9978 FD,PD and IPD [23]
Salvadora persica branches Ut LIM  0.9968 PSO 1 external mass transfer, PD, and IPD [36]
(not only the rate-limiting step)
KOH-activated Mesquite wood waste + food Cs* RPIM 0.97 PSO 097 [28]
waste
HNOj;-modified Cow manure Ut LIM 0958 PSO 0.999 [69]
corn stalk 105~ LIM  0.9997 PSO 0.9960 external diffusion and IPD [31]
spent coffee Co** LIM 0945 PFO 0.999 liquid FD and IPD [20]
Fe;0,@pine needles ust LIM 0992 PSO 0.99 [70]
Mesquite wood waste Sr** FIM  0.86 PSO 0.84 [28]
macatiba endocarp (0538 PSO 0999 IPD [86]
Magnetized watermelon rind Ut LIM  0.99 PSO 0.999 [49]
rice husk@Fe,0; us* LIM 09897 PSO >0.99 PD,FD andIPD [22]
soybean pods@Prussian blue Cs* LIM 0971 PSO 0.988 [38]
lotus seedpods@NH, Ut LIM 09898 PSO 0.9676 IPD is the rate-limiting step [34]
horse manure Ut LIM 0998 PSO 0.999 [62]
Mesquite wood waste +chicken manure St RPIM 0.94 PFO 0.87 [28]
corn stalk 105~ LIM  0.9998 PSO 0.9968 external diffusion and IPD [31]
Citrullus lanatus L. seeds@MnFe,0, Ut LIM  0.96 PSO 0.96 [52]
Duckweed Th** LIM 0929 PSO 0991 liquid FD and IPD [84]
Bamboo shoot shell@ZnO Tc™ LIM 09925 EVM 0.9961 [71]
bamboo powder@ MoS,-PO, us* LIM 0996 PSO 0.999 External surface adsorption and IPD [51]
Mesquite wood waste +food waste Sr?* RPIM 0.99 PSO 0.88 [28]
wheat straw Ut LIM 0975 [69]
Corn straws@ZnFe,0, Th* LIM 0992 PSO 0992 [53]
Luffa rattan ust LIM 0991 PSO 1.00 [54]
Woody +leaf waste Cs" FIM  0.998 FD and IPD [24]
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Table 4 (continued)

Biomass waste biochar Radionu- BFI R? BFK R? Diffusion model Ref.
clide
pollutant
adsorbed
rice straw (Oxidized) us Sips  0.99 PSO 098 external mass transfer, pore filling, and  [33]
and IPD
RPIM
Fe;0,@banana peel Sr?* TIM 0968 PFO 0.9966 external surface diffusion, IPD [55]
fiddle-leaf fig seed I LIM 1.00 PSO 0.9999 FD and IPD [89]
NaOH-activated spent coffee Ba** LIM 0974 PSO 0941 liquid FD and IPD [20]
Citrullus lanatus L. Seeds ust LIM 091 PSO 0.85 [52]
rice straw Sr2t LIM  0.99 PSO 0976 boundary layer, PD, FD, and IPD [56]
spent coffee grounds@FeCl, Sr?* LIM 0095 PSO 1.00 [47]
Wheat straw us* LIM >098 PSO 0.9599 [72]
and
FIM
KOH-activated Mesquite wood waste +food Sr** Sips  0.99 PSO 0.81 [28]
waste
Banana peel Sr** TIM  0.993 [55]
H,0-modified pig manure [ LIM 0994 PSO 0.970 IPD (not the only rate-limiting step) [66]
palm tree fibers Th* LIM  0.96 PSO 0.999 [73]
phosphoric-activated fiddle-leaf fig seed I LIM  0.9995 PSO 0.9992 FD and IPD [89]
NaOH-activated spent coffee Co** LIM 0932 PSO 0.935 liquid FD and IPD [20]
pine needles us* LIM  0.99 PSO 0.993 [74]
spent coffee grounds Sr** LIM 0949 PSO 1.00 [47]
Microcystis (0538 FIM 0962 PSO FD and IPD [27]
spent coffee Ba®* LIM 0988 PFO 0.998 liquid FD and IPD [20]
KOH-activated fish scales Ut LIM >0.99 PFO 0.980 [46]
Brewer’s spent grain Sr?* LIM 0.948 PSO 0.987 [91]
Wheat straw Th** LIM >098 PSO 0.9535 [72]
and
FIM
H,0,-modified pig manure Ut LIM 0997 PSO 0.987 IPD (not the only rate-limiting step) [66]
crayfish shells Sr?* FIM  0.964 [61]
coconut shell@ Ti;C, T, and@polydopamine@  Cs* LIM 0985 PSO 0.978 IPD (not the only rate-limiting step) [58]
polyethyleneimine and membrane diffusion
Bamboo residues@polyethyleneimine@NaOH ~ U®* LIM 0998 PSO 0.999 mass transfer and IPD [35]
H,0,-modified residual coffee waste Sr?* LIM 0971 PFO 0.997 Liquid FD and IPD (rate-controlling [59]
step)
cotton straw us* LIM 0965 PSO 0.980 [65]
Olive pomace Th** LIM 0995 PSO 0999 FD andIPD [77]
NaOH-activated spent coffee Sr?* LIM 0958 PSO 0.966 liquid FD and IPD [20]
KMnO,-modified pig manure us* LIM 0996 PSO 0.979 IPD (not the only rate-limiting step) [66]
rice straw Ba®* LIM 096 PSO 0.989 [56]
HNO;-modified wheat straw Ut LIM  0.985 [69]
camphor wood sawdust@GO Sr?* FIM 0967 PSO 0.9958 [45]
Brewer’s spent grain Co** LIM 0979 PSO 0971 [91]
camphor tree leaves us LIM  0.9993 PSO 0.9978 IPD [25]
NaOH@H,0,-modified residual coffee waste Sr?* LIM 0957 PSO 0.987 Liquid FD and IPD (rate-controlling [59]
step)
watermelon rind Ut LIM  0.99 PSO 0.989 [49]
magnetic crayfish shells Sr?* FIM 0969 PFO 0.972 PD, external diffusion, and IPD [61]
Microcystis@Fe;0, us* FIM 0988 PSO FD and IPD [27]
bamboo shoot shell T TIM 0999 PSO 0984 FD,and IPD [29]
horse manure@Bi,0; us* LIM 0994 PSO 0.999 [62]
Residual coffee waste Sr?* LIM 0976 PFO 0.995 Liquid FD and IPD (rate-controlling [59]
step)
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Table 4 (continued)

Biomass waste biochar Radionu- BFI BFK R? Diffusion model Ref.
clide
pollutant
adsorbed
Bamboo residues@polyethyleneimine@HNO,  U®* LIM 0983 PSO 0.998 mass transfer and IPD [35]
teak peel Sr?* FIM  0.98 PSO 0.98 IPD, outer surface diffusion, and PD [79]
KOH-activated bamboo shoot shell Tc™* RPIM 0.9935 PSO 0.9519 liquid FD (primary rate-controlling [44]
step)
NaOH-modified peanut husk Sr?* RPIM 0.999 PSO 1.00 [80]
spent coffee grounds Sr?* LIM 0995 PSO 0.999 [21]
orange peel@MnO, Ut Sips 0997 PSO 0.99 external surface diffusion and IPD (the [42]
and rate-limiting step)
RPIM
spent coffee ground I FIM 0919 PSO 0.644 [48]
bamboo shoot shell Tc™ FIM  0.9942 [26]
coconut shell@ Ti;C,T, and@polydopamine@ U LIM 0982 PSO 098 IPD (not the only rate-limiting step) [58]
polyethyleneimine and membrane diffusion
HNO; oxidized Luffa cylindrica sponges Th* LIM  0.98 PSO 0998 IPD [81]
Matamba fruit shell I EVM 0.9898 mesopore filling and IPD [64]

Where Tc'* is surrogated by Re’" or Cr’*, PD=pore diffusion, FD=film diffusion, IPD=intra-particle diffusion, PFO=pseudo-first-order,
PSO=pseudo-second-order, EVM=Elovich, TIM =Temkin isotherm model, RPIM =Redlich—Peterson isotherm model, LIM=Langmuir iso-

therm model, FIM =Freundlich isotherm model

primary adsorption mechanism by successful elution/regen-
eration by organic solvents or water [99, 100].

Real-Life Application Potential and Effect of
Background lons

Exploring the performance of biomass waste-derived bio-
char in real radio-contaminated water and in the presence
of different background ions is very germane in establish-
ing their real-world applicability. Moreover, ionizable sub-
stances coexisting with the target adsorbate(s) in aqueous
environments have prohibitory impacts that change the sur-
face charges, hydrophobicity, ESI, and activity coefficient of
the adsorbate. Furthermore, because competitive adsorption
makes it possible to precisely remove the target adsorbate
and to extract, isolate, and concentrate several chemicals in
liquid media, it is becoming more and more significant [95].
The ratio of adsorption capacity in the presence of back-
ground ion (q,,,,) to that in the absence of background ion
(q,) can be used to illustrate the impact of ionic interaction
on the radio-contaminant adsorption operation by BWDBC
such that for q,,,: q, > 1 radio-contaminant adsorption is
enhanced in presence of other competing ions. q,,: q, = 1
radio-contaminant adsorption is not affected in the presence
of other competing ions. q,,,,: q, < 1 radio-contaminant
adsorption is negatively affected in the presence of other
competing ions [80].

Notably, some research has looked into this study direc-
tion as per real-life application and this is discussed in the
succeeding paragraphs while the effect of background ions
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is summarized in Table 7. For example, the elimination of
2T Am from seawater, groundwater, and wastewater from
the nearby wastewater treatment plant was examined fol-
lowing the addition of 2! Am to the corresponding solutions
and their interaction with two distinct doses of 0.01 and
0.1 g of Luffa cylindrica BC and oxidized Luffa cylindrica
BC. The ?*'Am levels absolutely diminished in the pres-
ence of BC fibers, especially when the oxidized equivalents
were present, as shown by the spectra in Fig. 13. The latter
was ascribed to the development of inner-sphere complexes
as a result of the carboxylic moieties’ significant attrac-
tion for Am®" on the oxidized Luffa cylindrica BC surface.
Figure 13 illustrates how higher clean-up efficiencies were
achieved by adding more BC [101].

In another real-sample study conducted in the summer
at the School of Environmental and Safety Engineering,
Changzhou University, Changzhou, China, on the adsorp-
tion capacity of soybean pods BC and soybean pods BC@
Prussian blue for Cs” in tap water. From the findings, the
adsorption capacities of soybean pods BC and soybean
pods BC@Prussian blue were 39.767, and 178.555 mg/g,
respectively, when the concentration of Cs™ hit 80 mg/L.
These values are somewhat lower than those for deionized
water (Soybean pods BC: 56.100 mg/g, and soybean pods
BC@Prussian blue: 203.888 mg/g). In real water treatment
samples, soybean pods BC@Prussian blue still have a high
adsorption capacity for Cs™ in contrast to other adsorbents.
Another explanation for the decline in adsorption capac-
ity was the possibility of soybean pods BC@Prussian blue
combining with the contaminants present in tap water. In
addition, the authors accentuated that the presence of alkali
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Table 5 Overview of thermodynamics of adsorption of biomass waste-derived biochar for radio-contaminants
Biomass waste biochar Radionu- Temp AG° AHC AS? Comment Ref.
clide (K) (kJ/mol)= (kJ/mol) (J/mol.K)
pollutant AH-TAS
adsorbed =RTInK,
rice straw Ut 288 -17.13 32.94 172.78 Endothermic, and
203 -18.21 spontaneous processes  [33]
298 -19.36 associated with a
303 2015 disorder increase at the
’ solid-liquid interface
313 -21.37
Salvadora persica branches Th* 298 —11.45 —240.17 -0.77 Exothermic, and sponta-
308 —-7.61 Nneous process associ- [36]
318 ~3.77 ated with a randomness
313 007 reduction at the solid-
liquid interface
reed straw Ut 283 -12.65 Endothermic, and
208 -15.11 spontaneous processes  [30]
313 1757 associated with a
disorder increase at the
328 2008 solid-liquid interface
spent coffee ground@ bismuth I 288 —-13.89 5.88 68.56 Endothermic and spon-
208 —14.49 taneous process associ-  [48]
308 1531 ated with increased
318 ~15.90 randomness at the solid-
liquid interface
spent coffee Sr?* 288 —25.8 279 0.1864 Spontaneous
298 -27.5 [20]
308 -29.5
bamboo powder@MoS, U 288 -23.57 17.27 0.14171 Endothermic and
208 —24.98 spontaneous [51]
308 —26.40
318 —27.82
KOH-activated peanut shell Sr?* 303 -5.117 —21.068 —0.053993 spontaneous and exo-
313 —-3613 thermic process associ-  [39]
323 —3.45] ated with decreased
333 —3434 randomness at the solid-
liquid interface
orange peel us* 288.15 -—16.64 33.33 0.17343 Endothermic and
203.15 -17.51 spontaneous processes  [42]
298.15 —18.38 associated with a
303.15 —19.25 disorder increase at the
31315 —20.98 solid-liquid interface
orange peel@magnesium silicate us* 298 —40.223 16.801  0.19153 Endothermic and
308 —42.277 spontaneous processes  [43]
323 ~45.029 associated with a degree
of freedom increase at
the solid-liquid interface
rice straw Sr?t 298 4.3 41.0 0.122 Endothermic associ-
308 4.0 ated with a degree of [32]
328 1.0 freedom increase at the
solid-liquid interface
Acidosasa edulis shoot shell Tt 298 —26.18 11.85 0.12746 Endothermic and
303 —27.35 spontaneous processes  [23]
308 2873 associated with a degree
of freedom increase at
the solid-liquid interface
Salvadora persica branches Ut 298 -12.17 —218.17 -0.69 Exothermic, and sponta-
308 —-8.71 neous process associ- [36]
318 ~596 ated with a randomness
313 ~180 reduction at the solid-

liquid interface
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Table 5 (continued)

Biomass waste biochar Radionu- Temp AG° AHC AS® Comment Ref.
clide (K) (kJ/mol)= (kJ/mol) (J/mol.K)
pollutant AH-TAS
adsorbed =RTInK,
corn stalk 105~ 298 2.1539 18.7244 0.0556056 Endothermic and non-
308 1.5979 spontaneous process [31]
318 1.0418
spent coffee Co** 288 —24.4 29.8 0.1878 Spontaneous
298 -26.1 [20]
308 -28.2
Magnetized watermelon rind Ut 293 -2.02 14.35 Endothermic and spon-
303 279 taneous process [49]
313 -3.23
323 -3.74
rice husk@Fe,0, us 288 -3.79 2.68 0.02243 Endothermic and spon-
303 -5.15 taneous process [22]
318 -7.55
soybean pods@Prussian blue Cs* 298 —4.06 4.34 0.028 Endothermic and
308 433 spontaneous process [38]
318 _4.61 associated with high
328 _4.90 disorder at the solid-
liquid interface
corn stalk 105~ 298 4.8745 111.0279 0.3562193 Endothermic, non-spon-
308 13124 taneous process and [31]
318 ~2.2498 spontaneous (at 318 K)
Citrullus lanatus L. seeds@MnFe,0, us 298 —24.13 23.63 0.17 Endothermic and
303 —25.89 spontaneous [52]
318 —27.45
bamboo powder@ MoS,-PO, us 288 —25.92 21.95 0.16611 Endothermic and
208 —27.58 spontaneous [51]
308 —29.24
318 -30.90
Corn straws@ZnFe,0, Th** 288 -17.50 4.19 0.06743 Endothermic, and
208 —18.51 spontaneous processes  [53]
308 ~19.50 associated with a
disorder increase at the
solid-liquid interface
Luffa rattan Ut 298.15 —6.74 14.88 0.072514 spontaneous and
308.15 —7.46 endothermic [54]
318.15 -8.19
rice straw (Oxidized) Ut 288 -14.04 58.26 247.41 Endothermic, and
203 -15.17 spontaneous processes  [33]
298 -16.34 associated with a
disorder increase at the
303 -18.27 solid-liquid interface
313 -20.08
Fe,0,@banana peel Sr?* 298 —294.13  —2.641 0.978x107°  Exothermic, and
313 —-308.8 spontaneous process [55]
328 32347 associated with a high
disorder at the solid-
liquid interface
fiddle-leaf fig seed I 303 —2.43 9.36 0.03910 Endothermic, and spon-
313 -2.74 taneous process [89]
323 -2.99
328 -3.13
NaOH-activated spent coffee Ba?* 288 -30.6 81.3 0.3874 Spontaneous
298 -33.4 [20]
308 —38.4
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Table 5 (continued)
Biomass waste biochar Radionu- Temp AG° AHC AS® Comment Ref.
clide (K) (kJ/mol)= (kJ/mol) (J/mol.K)
pollutant AH—-TAS
adsorbed =RTInK_
spent coffee grounds@FeCl, Sr?* 288 —21.838 8.359  0.104810 Endothermic, and
208 —22.849 spontaneous processes  [47]
308 -23.936 associated with a
disorder increase at the
solid-liquid interface
Wheat straw Ut 293 -31.89 36.28 0.10884 Endothermic, and
313 —34.07 spontaneous processes  [72]
333 —~36.24 associated with a
disorder increase at the
solid-liquid interface
phosphoric-activated fiddle-leaf fig seed I 303 —2.88 9.16 0.03988 Endothermic, and spon-
313 -3.13 taneous process [89]
323 -3.41
328 -3.56
NaOH-activated spent coffee Co*" 288 -29.5 42.4 0.1878 Spontaneous
298 -31.9 [20]
308 =345
pine needles us 288 -12.7 36.1 0.1697 Endothermic, and
208 —14.4 spontaneous processes  [74]
308 ~16.1 associated with a
disorder increase at the
318 178 solid-liquid interface
328 -19.5
spent coffee grounds Sr?* 288 -21.915 8.419  0.105301 Endothermic, and
208 —22.943 spontaneous processes  [47]
308 —24.022 associated with a
disorder increase at the
solid-liquid interface
Microcystis Ut 298 -6.92 44.86 0.17378 Endothermic, and
308 —8.66 spontaneous [27]
318 -10.40
spent coffee Ba®* 288 -27.1 21.6 0.169 Spontaneous
298 287 [20]
308 =304
Wheat straw Th* 293 -39.30 63.42 0.13412 Endothermic, and
313 —41.98 spontaneous processes  [72]
333 —44.66 associated with a
disorder increase at the
solid-liquid interface
coconut shell@ Ti;C,T, and@polydopamine@  Cs” 298 -2.01 14.80 0.05645 Exothermic, and
polyethyleneimine 313 22.94 spontaneous processes  [58]
333 -3.99 associated with a ran-
domness increase at the
solid-liquid interface
Bamboo residues@polyethyleneimine@NaOH ~ U®" 298 —6.60 -25.79  —0.06551 Exothermic, and
313 —5.47 spontaneous processes  [35]
328 —4.52 associated with a ran-
domness decrease at the
solid-liquid interface
H,0,-modified residual coffee waste St 288 —27.30 20.97 0.168 Endothermic, and
208 22933 spontaneous processes  [59]
308 -30.65 associated with a ran-

domness increase at the
solid-liquid interface
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Table 5 (continued)

Biomass waste biochar Radionu- Temp AG° AH® AS° Comment Ref.
clide (XK) (kJ/mol)= (kJ/mol) (J/mol.K)
pollutant AH-TAS
adsorbed =RTInK,
cotton straw U 283.16 -3.40 545 723
293.16 -3.34 [65]
303.16 -3.26
313 -3.18
NaOH-activated spent coffee Sr?t 288 -30.2 58.2 0.2004 Spontaneous
298 332 (20]
308 -36.3
camphor wood sawdust@GO Sr?* 298 -17.80 261.1 0.933 Endothermic, and
303 -19.89 spontaneous processes  [45]
308 ~27.19 associated with a ran-

domness increase at the
solid-liquid interface

NaOH@H,0,-modified residual coffee waste Sr? 288 —-30.09 46.09 0.26512 Endothermic, and
298 -33.29 spontaneous processes  [59]
308 3537 associated with a ran-

domness increase at the
solid-liquid interface

Microcystis@Fe;0, us 298 —6.08 14.25 0.06823 Endothermic, and
308 —6.76 spontaneous [27]
318 —7.44

Residual coffee waste Sr2* 288 -26.86 20.69 0.16522 Endothermic, and
298 -28.64 spontaneous processes  [59]
308 -30.16 associated with a ran-

domness increase at the
solid-liquid interface

Bamboo residues@polyethyleneimine@HNO; U 298 —5.06 -21.80  —0.05592 Exothermic, and
313 —4.37 spontaneous processes  [35]
328 ~3.40 associated with a ran-

domness decrease at the
solid-liquid interface

KOH-activated bamboo shoot shell T 298 -2.86 -63.91 —0.20477 Exothermic, and
303 -1.83 spontaneous processes  [44]
308 -1.81 associated with a ran-

domness decrease at the
solid-liquid interface

NaOH-modified peanut husk Sr¥* 303 —0.01221  13.48 —0.0042x 1072  Endothermic, and
308 -0.01219 spontaneous processes  [80]
313 —0.01217 associated with a ran-
323 ~0.01215 dor.nne.ss c'iec.rease at the
333 0.01213 solid-liquid interface
spent coffee grounds Sr?* 288 —5.484 14396  0.069221 Endothermic and
298 —6.352 spontaneous processes  [21]
308 —6.860 associated with a
disorder increase at the
solid-liquid interface
orange peel@MnO, Ut 288.15 —13.49 57.67 0.24697 Endothermic and
293.15 -14.73 spontaneous processes  [42]
298.15 —15.96 associated with a
303.15 —17.20 disgrde.:r ir.lcr.ease at the
31315 —19.67 solid-liquid interface
spent coffee ground I 288 —8.47 -13.93 —18.82 Exothermic and
298 -8.30 spontaneous processes  [48]
308 -829 associated with a
318 783 disorder decrease at the

solid-liquid interface
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Table 5 (continued)
Biomass waste biochar Radionu- Temp AG° AHC AS® Comment Ref.
clide (K) (kJ/mol)= (kJ/mol) (J/mol.K)
pollutant AH-TAS
adsorbed =RTInK,
coconut shell@ Ti,C,T, and@polydopamine@  U®* 298 -11.57 3.291  0.04988 Exothermic, and
polyethyleneimine 313 -12.33 spontaneous processes  [58]
333 21332 associated with a ran-
domness increase at the
solid-liquid interface
Where Tc’" is surrogated by Re’" or Cr’*
Table 6 Overview of adsorption-desorption studies
Biomass waste biochar Radionu-  Eluting/Regenerat- % No.of % Refer-
clide ing agent adsorbed cycle adsorbed ences
pollutant @ 1st @ nth
adsorbed cycle cycle
rice straw Ut 1.0 mol/L HC1 95 5 >90 [33]
KOH-activated peanut shell Sr?* 0.1 mol/L HNO; ~84 5 ~76 [39]
Acidosasa edulis shoot shell T 0.1 mol/L KOH >94 3 >75 [23]
Fe;0,@pine needles us 0.1 mol/L Na,CO5;  99.6 4 62.6 [70]
Watermelon rind@ Fe;0, Ut 0.1 mol/L Na,CO; 99 3 44 [49]
soybean pods@Prussian blue Cs* 0.1 mol/L HC1 >90 3 >80 [38]
Corn straws@ZnFe,0, Th** 0.5 mol/L citric acid >95 6 86.08 [53]
Citrullus lanatus L. seeds@MnFe,0, Ut 0.5 mol/L HCl >80 5 >60 [52]
Banana peel@Fe;0, Sr?* 0.1 mol/L HNO; >60 3 >40 [55]
pine needles Ut 0.05 mol/L HC1 99.11 4 88.37 [74]
KOH-activated fish scales us 94 5 83 [46]
Brewer’s spent grain Sr?t 0.01 mol/L HNO; 100 5 32.7 [91]
coconut shell@ Ti,C,T, and@polydopamine@ polyethyleneimine Cs* 1 mol/L HCI ~90 4 >75 [58]
Bamboo residues@polyethyleneimine@NaOH Ut 0.01 mol/L HCI >85 5 >75 [35]
cotton straw us 0.1 mol/L Na,CO5; 98 6 96 [65]
Olive pomace Th* 1.0 mol/L HNO; 100 2 100 [77]
Brewer’s spent grain Co** 0.01 mol/L HNO; 100 5 36.2 [91]
Microcystis@Fe;0, [ 0.1 mol/L Na,CO;  ~30 5 >25 [27]
Bamboo residues@polyethyleneimine@HNO; Ut 0.01 mol/L HCI >80 5 >66 [35]
teak peel Sr?* 0.1 mol/L HNO; >99 5 >80 [79]
phosphorus-doped pomelo peel Ut 0.5 mol/L HNO; >97 5 >97 [63]
orange peel@MnO, us 1.0 mol/L HCl ~100 5 ~95.60 [42]
bamboo shoot shell ™ 0.1 mol/L KOH 97.1 3 ~80 [26]
coconut shell@ Ti;C,T, and@polydopamine@ polyethyleneimine U®* 1 mol/L HCI ~90 4 >75 [58]
cow manure@ TiO,@SiO, Ut 0.05 mol/L HCI >90 5 >87.6 [78]
Citrullus lanatus L. Seeds Ut 0.5 mol/L HCl >60 5 <40 [52]
Fish scales Ut 72 5 60 [46]
cow manure@ TiO,@SiO, Th* 0.05 mol/L HC1 >95 5 >92.5 [78]
cotton straw Ut 1 mol/L Na,CO, 98 6 87 [65]

metals and their coexisting ions (sulfate, nitrate, and chlo-
ride ions) in tap water also influences the adsorption output.
In particular, the rivalry between K*, Na*, and Cs* would
impact the sorbents’ ability to remove Cs" [38].

Also, Philippou’s research group [102] employed Luffa
Cylindrica fibers BC coated Ag and non-Ag BC to clean up
Po*" from the seawater sample. When comparing the seawa-
ter sample treated with Luffa Cylindrica fibers BC@Ag to
the blank sample, which did not receive BC treatment, and

the sample treated with non-coated Luffa Cylindrica fibers
BC, it is evident that the Po*" concentration in the seawater
sample has significantly decreased (~90%) while 30% of
the Po*' is eliminated in the sample that had Luffa Cylin-
drica fibers BC treatment. Additionally, the tubular form of
the biochar fibers gives them a large exterior surface area,
which is linked to rapid material exchange and a greater
number of surface binding sites for better Po*" radio-con-
taminant adsorption [102]. In another research [74], pine
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Fig. 9 (a) Impact of eluent on desorption of adsorbed Sr** and regen-
eration of KOH-activated peanut shell (b) Adsorption—desorption
cyclic performance study for Sr** adsorption using KOH-activated
peanut shell [39]. Adsorption—desorption cyclic performance study for
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polydopamine@ polyethyleneimine BC [58]. (e) Desorption efficiency
of Sr** by different eluting agents, (f) the recyclability performance of
teak peel BC [79]
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Fig. 10 The SEM image of the
(A, B, C) NaOH-modified bam-
boo residues@polyethyleneimine
BC and (D, E, F) HNO;-modified
bamboo residues@polyethylenei-
mine BC after regeneration [35]
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needles biochar was employed to remove simulated U®*
nuclear industrial effluent to show off its adsorption capa-
bilities and usefulness in extracting U®" from wastewater
mixed with other ions. The wastewater was generated fol-
lowing the uranium hydrometallurgy plant’s resin adsorp-
tion tail liquid composition. 15 mg/L U®", 10 g/L SO,*,
1 g/lL NO5, 0.2 g/L Mg*", 0.5 g/L Ca*", and 1.6 g/L Fe**
were all present in the wastewater. It was looked at how
much adsorbent was used to remove U®" from wastewater.
The proportion of U®" that was adsorbable rose when the
BC dose was raised. With 2.0 g biochar, it was feasible to
remove all of the U%" (~99.9%) from 1.0 L of industrial
effluent that contained 15.0 mg of U* [74].

In another report [46], in order to assess the applica-
bility of KOH-activated fish scales in a variety of water-
ways, artificial ground, and surface waters were utilized
to mimic water tainted with uranium. The uptake capabili-
ties of KOH-activated fish scales toward U" in deionized
water were greater than those of synthetic groundwater with
228.22 mg/g and synthetic surface water with 252.31 mg/g,
as indicated in Fig. 14c. Notwithstanding this, over 49% of
U®" was adsorbed on KOH-activated fish scales in a variety
of fluids, indicating the material’s wide application potential
in the disposal of U®" wastewater [46].

Also, Liao and co-workers [78]explored the dynamic of
adsorption of Th*" and U®" using cow manure@ TiO,@
Si0, BC. The results of five times of continuous adsorp-
tion at Ci=5 mg/L for U%" and Th*' show that the dynamic
elimination effectiveness of cow manure@ TiO,@SiO,
BC reached 99.5% and 99.8%, respectively as presented in
Fig. 14a, and nearly totally captured the pollutants in the
solution. These results were below the World Health Orga-
nization’s limit of 30 pg/L for U®" and 246 pg/L for Th*,
further demonstrating the high efficiency of cow manure@
TiO,@Si0, BC in U®" and Th*" removal. The dynamic U**
and Th*" elimination efficiencies of cow manure@Ti0,@

Si0, BC in various water systems are displayed in Fig. 14b.
The findings demonstrated that the water system did not
affect the dynamic adsorption efficiency of cow manure@
TiO,@Si0, BC for Th*" (over 97%), indicating the good
selectivity of cow manure@TiO,@Si0O, BC for Th*". Cow
manure@TiO,@Si10, BC dynamic adsorption behavior for
U was dependent on the water system, which may have
been caused by ions in the water system itself occupying
active spots. Nevertheless, cow manure@TiO,@SiO, BC
U®" removal efficiency was still greater than 75%, demon-
strating the material’s promise for treating wastewater con-
taining U®" and Th*" [78]. By and large, the background
ions affect the adsorption of radio-contaminants based on
the proximity and the largeness of hydration/ionic radii.
Specifically, competing ions with a big hydration radius
(HR) can be effortlessly captured/trapped by the BWDBC,
diminishing the interaction between radio-contaminant spe-
cies and active spots [62]. Also, background ions with HR
that are very close to the HR of the radio-contaminants of
interest tend to compete strongly and have a negative impact
on the entire adsorption capacity and efficiency. For exam-
ple, the HR of cesium ion and sodium ion is 3.25 and 3.6 A,
respectively, and because of these comparable HR, Cs, and
Na' ions contend to bind with the mesquite wood waste-
base BC during Cs" adsorption operation [28]. As shown in
Fig. 14d, the author also relates the negative impact of Ni,
Na, Mn, and Cd to their ionic radii that are close to that of
the adsorbed Sr*>" and Co*" by brewer spent grain BC [91].
In another study, it was found that NaClO, shows a minor
ionic effect on the adsorption of U®" using oxidized rice
straw BC. The authors opined that this may be because of
the larger ionic size and low charge density of Na*, which
cause significant interactions between the other sodium ions
and the surrounding H,0 molecules rather than the oxidized
rice straw BC employed. In addition, it was accentuated
that the outer-sphere reacts more readily to any alteration in
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at different times and (f) recyclability performance of cow manure@
TiO,@Si0, for U and Th** [78]
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Fig. 12 SEM images (a) cow manure@ TiO,@SiO,, (b) cow manure@
TiO,@SiO, after U uptake, (c) cow manure@ TiO,@SiO, after
Th*" uptake, (d) cow manure@ TiO,@Si0, after stirring in deionized

ionic strength than inner-sphere complexes and this proves
that the mechanism of adsorption of U®" by the biochar is
inner-sphere complexation [33]. Similarly, the obtained
results for the investigation on the effect of Na*, Ca?*, Mg?"
and K" showed no discernible impact on the removal of
U®" adsorption, most likely because inner-sphere complex-
ation is primarily responsible for U%" adsorption on orange
peel@magnesium silicate BC [43]. In another experiment,
the HR ratio, charge, and electronegativity of the coexist-
ing ions were examined concerning their impacts on the
removal characteristics of horse manure@Bi, O, BC and
horse manure BC to U%*. Except for AI**, Ca®*, CO,*", and
PO, the adsorption behavior of horse manure@Bi,0; BC
for U" was independent of the majority of coexisting ions,
as seen in Fig. 15a and b. The adsorption effectiveness of
horse manure@Bi,0; BC to U®" fell from 93.9 to 20.6%,
particularly for AI**, but this had no discernible impact on
the adsorption behavior of horse manure@Bi,0; BC for
K" and Na*. The biochar could readily absorb the cations
with a wide HR, minimizing the interaction between U®"
species and active sites. The adsorption efficiency of horse
manure@Bi,0; BC to U%* dropped from 93.9 to 76.7% for
Ca*" as well. However, the adsorption behavior of horse
manure@Bi,0; BC for Zn?* and Mg®" remained unaf-
fected significantly. In addition, the following factors were
used to explain the negative effects of CO32’ and PO,* on
U®" adsorption by horse manure@Bi,0; for anions: firstly,
horse manure@Bi,O; surface charge distribution would
be altered by the presence of CO327 and PO437 in the solu-
tion, resulting in distinct ESI with U®" species; secondly,

H,O0, (¢) cow manure@ TiO,@SiO,-U after the elution and (f) cow
manure@ TiO,@SiO,-Th after the elution [78]

UO,CO; and UO,PO,” formed in the solution, and horse
manure@Bi,0; found it challenging to capture these sta-
ble and soluble complexes [62]. Contrarily, as shown in
Fig. 15¢c, the Ahmed research team [52] reported that the
uptake capacity of Citrullus lanatus L. seeds@MnFe,0,
BC for U%was observed to remain high in the presence
of K', Mg?*, Ca®*, Na', CI", SO,*” CO,* and NO; ions,
demonstrating that the co-existing ions have no meaningful
effect on the adsorption operation [52] and this is in very
good agreement with what was reported in Fig. 15d for the
the effect of NO;, Cl, and PO,*" on the adsorption of U%"
by magnetized watermelon rind BC [49].

Column Adsorption Studies

Research on the effectiveness of adsorption in a column
setup is quite common since the results of a study may
have practical applications. Moreover, in order to mini-
mize downtime, industrial operations are mostly continu-
ous. Such industrial applications are easier to achieve using
column adsorption [82]. In addition, one important test of
the practicality of newly discovered adsorbents is dynamic
column adsorption [63].

Although there is a dearth of studies on column adsorp-
tion research on radio-contaminants clean-up by biomass
waste-derived biochar. However, a few studies found in the
literature are pragmatically discussed below and summa-
rized in Table 8.
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Table 7 Overview of competitive adsorption performance evaluation of biomass waste-derived biochar for radio-contaminants

Biomass waste biochar Radionuclide Competing species Maximum change with com-  Refer-
pollutant peting species ences
adsorbed

Mesquite wood waste Cs* Na* reduced by 38.1% [28]

Artemia egg shell@Cu,0/Cu’ I Cr No significant reduction [50]

rice straw Ut NaClO, Minor effect [33]

rice straw St Ca® Show significant effect [83]

Mesquite wood waste +chicken manure Cs* Na* Obvious reduction [28]

horse manure@Bi,0; us SO, Minor effect [62]

KOH-activated peanut shell Sr¥* Ca** Decrease by 32.03% [39]

horse manure@Bi,0, us CO> Significant effect [62]

horse manure@Bi,0; ust Cl No significant effect [62]

orange peel@magnesium silicate U Ca** no significant impact [43]

Artemia egg shell@Cu,0/Cu’ I NO;~ No significant reduction [50]

Mesquite wood waste +food waste Cs* Na* Obvious reduction [28]

KOH-activated peanut shell Sr?* Mg** Decrease by 10.90% [39]

KOH-activated Mesquite wood waste +food waste Cs* Na* Reduced by 6% [28]

rice straw Sr?t Na® Show significant effect [83]

orange peel@magnesium silicate Ut Mg** no significant impact [43]

horse manure@Bi,0; Ut Clo,~ No significant effect [62]

KOH-activated peanut shell Sr?* K* Almost insignificant effect [39]

Fe;0,@pine needles us NaClO, not affected [70]

Mesquite wood waste Sr?* Ca* Decreased by 7.8% [28]

Magnetized watermelon rind Ut Cl” No significant effect [49]

horse manure@Bi,0; Ut NO;~ No significant effect [62]

orange peel@magnesium silicate Ut Na* no significant impact [43]

soybean pods@Prussian blue Cs* Na* reduced significantly, [38]

Magnetized watermelon rind us NO;~ No significant effect [49]

Mesquite wood waste +chicken manure Sr?* Ca* Decreased by 6.1% [28]

horse manure@Bi,04 Ut Mg** No significant effect [62]

Citrullus lanatus L. seeds@MnFe,0, Ut S0,> No significant effect [52]

KOH-activated peanut shell Sr?* Na* Almost insignificant effect [39]

Bamboo shoot shell@ZnO T I Low impact [71]

Mesquite wood waste +food waste Sr?* Ca* Decreased by 5.2% [28]

rice straw Sr?* K" Show little effect [83]

soybean pods@Prussian blue Cs* Ca® reduced significantly, [38]

Bamboo shoot shell@ZnO T NO,- Low impact [71]

orange peel@magnesium silicate us* K* no significant impact [43]

Citrullus lanatus L. seeds@MnFe,0, us CO> No significant effect [52]

Magnetized watermelon rind U PO, No significant effect [49]

Artemia egg shell@Cu,0/Cu’ I S0,2 No significant reduction [50]

Bamboo shoot shell@ZnO T NO;- Low impact [71]

rice straw (Oxidized) us* NaClO, Minor effect [33]

rice straw Sr2t Mg2+ Little effect [83]

Citrullus lanatus L. seeds@MnFe,0, [ Ca** No significant effect [52]

horse manure@Bi,04 Ut Zn* No significant effect [62]

Brewer’s spent grain Sr?* Cd Decreased by 59.7% [91]

soybean pods@Prussian blue Cs" K* reduced significantly, [38]

Bamboo shoot shell@ZnO T SO Low impact [71]

KOH-activated Mesquite wood waste +food waste Sr?* Ca* Decreased by 23.7% [28]

Citrullus lanatus L. seeds@MnFe,0, Ut NO;~ No significant effect [52]

Bamboo shoot shell@ZnO T PO, Low impact [71]

horse manure@Bi,0, us K* No significant effect [62]

Brewer’s spent grain Sr?* Na Decreased by 30.2% [91]

rice straw Sr?* AP Show little effect [83]

palm tree fibers Th** NaClO, No effect [73]
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Table 7 (continued)

Biomass waste biochar Radionuclide Competing species Maximum change with com-  Refer-
pollutant peting species ences
adsorbed

soybean pods@Prussian blue Cs* Mg** reduced significantly, [38]

pine needles Ut KNO; Significant effect [74]

Bamboo shoot shell@ZnO T Cu®* Low impact [71]

Citrullus lanatus L. seeds@MnFe,0, us* K* No significant effect [52]

Brewer’s spent grain Sr?* Ni Decreased by 29.4% [91]

KOH-activated fish scales Ut NaNO, Almost no effect [46]

Bamboo shoot shell@ZnO T Fe** Low impact [71]

Brewer’s spent grain Sr?* Mn Decreased by 25.2% [91]

Wheat straw Th** Na* no strong effect [72]

Citrullus lanatus L. seeds@MnFe,0, Ut Na* No significant effect [52]

Bamboo shoot shell@ZnO T AP Low impact [71]

cotton straw Ut K" 45.3% reduction [65]

Citrullus lanatus L. seeds@MnFe,0, Ut Mg** No significant effect [52]

Brewer’s spent grain Co*" Mn Zero effect [91]

cotton straw Ut Cu** 55.7% reduction [65]

watermelon rind Ut PO, No significant effect [49]

magnetic crayfish shells Sr?t Na Variable [61]

Microcystis@Fe;0, Ut NaNO, No significant effect [27]

Brewer’s spent grain Co*" Na Zero effect [91]

cotton straw us* Mn?* 12.1% reduction [65]

horse manure@Bi,05 us AT 73.3% reduction [62]

spent coffee grounds Sr?* bovine serum albumin 4.3% reduction [21]

Bamboo shoot shell@ZnO T U0, Low impact [71]

watermelon rind Ut NO;~ No significant effect [49]

horse manure@Bi,05 us Ca? 17.2% reduction [62]

Citrullus lanatus L. seeds@MnFe,0, Ut Cr No significant effect [52]

NaOH-modified peanut husk Sr?t Co*" Cu?h Ni?h cd*™ Strong effect [80]

Zn>" Mn?" Pb?" I”> and
cr!

cotton straw Ut Cs* 33.3% reduction [65]

spent coffee grounds Sr¥* Alginate 14.6% reduction [21]

orange peel@MnO, us NaClO, Little effect [42]

Brewer’s spent grain Co* Cd Decreased by 24.1% [91]

watermelon rind Ut Cl” No significant effect [49]

horse manure@Bi,04 Ut Na* No significant effect [62]

Brewer’s spent grain Co** Ni Decreased by 32.3% [91]

cotton straw us Srt 46.8% reduction [65]

spent coffee grounds Sr2* humic acid 14.3% reduction [21]

Where Tc”* is surrogated by Re’* or Cr’*

For example, Jang’s research group [83] studied the
adsorption of Sr** onto rice straw BC beads in a fixed-bed
column. The study examined the impact of operational fac-
tors on the adsorption capacity, including flow rate and start-
ing concentrations of Sr**. It was discovered that because
Sr?* did not have sufficient time to come into touch with the
BC beads, the breakthrough curves were steeper at elevated
flow rates. With a surge in flow rate, there was a fall in both
the breakthrough and saturation times. Furthermore, when
the flow rate increased, the column’s saturation adsorp-
tion capacity diminished. Moreover, due to an enhanced
diffusion coefficient, a spike in the initial concentration of

strontium resulted in a quicker mass-transfer flow from the
bulk solution to the particle surface. Therefore, improved
column performance was seen with a surge in driving force
and a reduction in the duration of the adsorption zone during
the adsorption process. In addition, the analysis found that
the experimental data fit both the Yoon-Nelson and Thomas
models well. This supported the Langmuir isotherm, as well
as the idea that the rate of Sr** sorption decline is proportion-
ate to the breakthrough [83]. In another study [84], NaOH-
modified duckweed BC was investigated for the adsorption
of Th*". At optimal conditions, a remarkable experimental
qmax of 73.8 mg/g was accomplished and this is somewhat
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Fig. 13 Alpha spectra of 2*!Am polluted seawater samples before and following reaction with the 10 mg and 100 mg Luffa cylindrica BC and

oxidized Luffa cylindrica BC [101]

higher than that of theoretical qmax of 71.7 mg/g. In addi-
tion, the Thomas model was found to be suitable for the
experimental data description with 0.975 R? [84].

In another study [63], the authors here employed a fix-
bed column packing with phosphorus-doped pomelo peel
BC to adsorptively remove U®" from U%'-containing solu-
tions and actual nuclear effluent in order to illustrate the
great effectiveness of phosphorus-doped pomelo peel BC in
dynamic U®" adsorption (Fig. 16a). The adsorption column
is capable of effectively removing uranium from a 5 mg/L
U®" solution, as seen in Fig. 16b. The fix-bed column can
also effectively remove U®* from the solution when the con-
centration of U®" is increased to 50 mg/L (Fig. 16c¢). Follow-
ing 2000 min of adsorption, phosphorus-doped pomelo peel
BC column adsorption capacity surpasses 422 mg/g, signifi-
cantly surpassing that of nearly all other biochar adsorbents.
In addition, the fix-bed column may be readily recycled by
eluting it with 0.5 M diluted HNO;, and its adsorption effec-
tiveness won’t reduce when it’s employed straight again
in the subsequent cycle (Fig. 16¢). Remarkably, U®" with
a concentration of 14 ug/L can be removed from a genu-
ine nuclear effluent using the fix-bed column. After going
down the column, the U®" content may be reduced to around
3 png/L (Fig. 16d). These findings show that phosphorus-
doped pomelo peel BC has a strong chance of being used in
real-world nuclear wastewater disposal scenarios where U®*
is present [63]. Summarily, the majority of research found
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that the Thomas model best described radio-contaminant
sorption by biomass waste-derived biochar, and according
to this model, during radio-contaminant adsorption, plug
flow dispersion predominates in the adsorption bed.

Perspective and Future Research Directions

Notably, this review revealed that significant research
advancement and achievements have been made in the use
of biomass waste-derived biochar for the sequestration of
radio-contaminants. However, we were able to figure out
problematic issues and knowledge gaps that could provide
a basis for future research endeavors, and give direction for
future research hotspots.

To begin with, the techno-economic evaluation of
adsorbent use and the entire adsorption operation is part
of crucial issues for investors, industrial engineers, the
wastewater treatment sectors, legislators, and other stake-
holders. However, this study area is usually neglected and
thus in the future, it is obligatory to empirically evaluate
the techno-economic practicability and cost-effectiveness
of biomass choice, and production and application cost if it
is to be accepted in the actual world. More so, in our opin-
ion, the claim that AH® <21.0 or 40 kJ/mol is physisorption
automatically includes all exothermic radio-contaminant
adsorption operations, whereas, there are a few studies [36,
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Fig. 14 impact of (a) residence time and (b) water system on the
dynamic adsorption efficacy of cow manure@ TiO,@SiO, BC for US*
and Th*' [78]. (¢) U®* clean-up by KOH-activated fish scales from dif-

39, 44, 58] where the radio-contaminant adsorption is exo-
thermic but the mechanism involve chemisorption. Thus,
future researchers should pay attention to this ambiguity.
Also, there has been notable progress on the reusability of
expended BWDBC. However, their management and end
life after multiple reuses have not been considered and there
is no doubt that disposal of reused expended BWDBC can
still harm the environment and defeat the original aim of
win-win pollution management. Thus, we propose that the
reused expended BWDBC be repurposed as a photocatalyst
since many of the adsorbed radio-contaminants can respond
to light. Also, they can be employed as part of the ingre-
dients for making supercapacitors. Furthermore, there are
very few works on column adsorption studies. Hence, future
studies should focus more on this area and also explore
various column flow configurations for radio-contaminant
remediation, as this will boost the process’s real-life prac-
ticability potential and acceptance. Further research might
also focus on the use of innovative hybrid technologies by

Control Ni Mn Cd Na

ferent water systems [46]. (d) Effect of competing ions on the adsorp-
tion of Sr** and Co*" by brewer-spent grain BC [91]

combining the adsorption method with other techniques like
co-precipitation, photocatalytic degradation [103, 104], tri-
bocatalytic degradation [105], in situ oxidation, electroco-
agulation, and so on. In addition, while adsorption kinetics
has received much attention, it is recommended that future
studies expand to include desorption kinetics in order to get
a deeper knowledge of the potential for regenerability and
recycling of different types of BWDBC. The modeling of
fuzzy inference systems, density functional theory simula-
tion, and neural networks for radio-contaminant uptake by
BWDBC is not reported. As environmental and industrial
engineers move toward using Al-based tools to solve issues
[82], this is a crucial topic that has to be explored. All of
the above can take adsorption techniques to the next level if
fully explored.
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Table 8 Summary of column adsorption for the removal of radio-contaminants by biomass-waste-derived biochar

Biomass waste biochar Radio-pollutant Best-fit  Bed Vol. flowrate  Inlet Adsorption  Rate constant (L/ Refer-
model height  (mL/min) Conc. capacity min.mg) ences
(cm) (mg/L) (mg/g)
rice straw Sr?* Thomas 6 0.5 300 173.67 26.67x107° [83]
Duckweed Th* Thomas - 1 500 73.8 14.0x107° [84]
phosphorus-doped pomelo peel U - - 1 50 422 - [63]
NaOH modified duckweed Th* Thomas - 1 500 47.1 22.2x1073 [84]
camphor wood sawdust@GO Sr** Thomas 3 2.5 50 581.86 16.67x1073 [45]
Duckweed Th* Thomas - 1 500 55.9 18.6x 1073 [84]
Conclusion leaves@Bi,0; BC and cow manure@ TiO,@SiO, BC came

Over the years, a broad range of biomass waste-derived bio-
char has been used for radio-contaminant uptake; however,
considering the threshold of q ,,,,, > 1000 mg/g, wheat straw
BWDBC stands out with 1527.02 mg/g q,,, for U®" and
1158.16 mg/g q.c for Th*" at pH 5 and 20 °C tempera-
ture [72] while KMnO,-modified pig manure BC, camphor
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close from behind with g, of 979.3 mg/g for U*" [66],
885.8 mg/g for I [68], and 710.4 mg/g for Th*' [78]. Find-
ings from the review also show that most exhausted BWDBC
can be eluted/regenerated mostly with acid/base like HCI,
HNO;, KOH, and Na,CO; and reused up to 3—6 times with
an adsorption performance of >75% in most cases while
upholding their innate structural integrity. Furthermore, it
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Fig. 16 (a-c) Dynamic adsorption of U®" from U%"-containing solution in a fix-bed column. (d) Dynamic adsorption of U®* from real nuclear

wastewater in a fix-bed column [63]

was discovered that chelation/complexation (especially
inner-sphere complexation), pore diffusion, ion exchange, ©
electrons coordination, precipitation, van der Waals forces,
covalent bonding, m-n interactions, and electrostatic interac-
tions/attractions through oxygenated, and oxime functional
groups are the main mechanisms of radio-contaminant
adsorption. Moreover, the majority of radio-contaminant
adsorption was best described by the pseudo-second-order
kinetic and Langmuir isotherm. More so, the review revealed
that the Thomas model best described radio-contaminant
sorption in adsorption columns. Additionally, in authentic
radio-wastewater and competitive adsorption scenarios,
the existence of other ions typically reduced the sorption
of radio-contaminants. Glancing forward, research on inno-
vative hybrid techniques, neural network and Al modeling,

density functional theory simulations, and techno-economic
analysis should be considered. This review has fruitfully
expounded the research advancement and achievement
made in the field of study and it can be concluded that
adsorption is an effective method for the sequestration of
radio-contaminants in aqueous environment.
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