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Abstract
Several treatments for the removal of toxic heavy metals like uranium from wastewater have been developed, but none of 
them are sufficiently effective. Biosorption is the most feasible, eco-friendly, cost-effective, reusable technique for uranium 
removal. The relationship between different influencing factors in biosorption, mechanisms, competency of different biosor-
bents utilized, and significance of biosorption over other conventional methods have been described elaborately. The use 
and potentiality of genetically engineered biosorbents, modified nanoparticles for efficient biosorption are also highlighted. 
Among given biosorbents, Chlorella salina, Laminaria japonica, Candida utilis, chemically modified Spirulina platensis, 
genetically modified Deinococcus radiodurans, and Brassica juncea showed maximum biosorption capacity considering 
the reaction parameters. Thus, different biosorbents shows different uranium uptake potentiality due to different pH level 
and ionic charges present in them. Recent trends of biosorption of uranium and their present and future impact in the field 
of innovative and advance technology are discussed.

Keywords  Uranium removal · Biosorption · Microbial biosorbents · Isotherm models · Biosorption kinetics and 
mechanism · Immobilization

Introduction

In recent days, the releases of environmental pollutants have 
increased remarkably due to intensive industrial and urban 
growth [1, 2]. One of the major contaminations in such pol-
lutants is coming from metals, in particularly from uranium 
which is the most deleterious metal for the entire environ-
ment. Radioactive mining and milling waste gets flushed 
from the tailings to the rivers and other water sources and it 
causes a deadly radiological impact in water sites [3]. Due to 
excessive use of nuclear power plants and nuclear fuel cycle, 
unprocessed uranium-containing waste liquid directly enters 
into the natural environment and this uranium migrates to 

the water bodies and soils due to its serial dissolution and 
sedimentation and causes damage to DNA, reproductive sys-
tem of living beings [2, 3]. A certain percentage of U(IV) 
and U(VI) may causes severe damage to the living system 
in the environment. Maximum Contaminant Level (MCL) 
of uranium in potable drinking water has been established 
as 15 µg/L by World Health Organization (WHO) [4] and 
beyond this limit, it’s treated as carcinogen for human beings 
[4]. Therefore, consumption of such contaminated with per-
sistent and non-degradable metal pollutants can cause severe 
disease in human body [5]. The presence of these heavy met-
als like lead, mercury, uranium, cadmium etc. in drinking 
water are the reason of many life-threatening diseases such 
as cancer, neurological disorders etc. to human. Uranium 
possesses both radiotoxic as well as chemo toxic property 
thus consumption of uranium contaminated water leads 
directly into bloodstream of human beings and results in 
detrimental effect [6]. Besides, it can even damage the liver 
and kidneys of humans [7]. Therefore, a special attention 
is highly required due to its toxicity and potential to bioac-
cumulation via food chain.

Various chemical and biological methods are available for 
the removal of heavy metals from wastewater as well as from 
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surface water [8]. Some of the traditionally used processes 
for the removal of heavy metals especially uranium from any 
kind of waste water include ion-floatation, ion–exchange, 
reverse osmosis, ultra-filtration, electrodialysis, electrodi-
alysis reversal, membrane filtration, chemical precipita-
tion, electrocoagulation-flocculation etc. [9] as tabulated 
in Table 1. From the extensive literature survey, it is clear 
that the above mentioned conventional methods have several 
disadvantages, such as high cost, non-reusability, lower effi-
ciency, and are unable to operate at low concentration [25, 
26]. Besides, it is also difficult to remove the sludge coming 
out while using these conventional methods [26]. Therefore, 
recent research is more concerned for the development of 
biosorption process which is an inexpensive, highly effec-
tive, eco-friendly technique. Biosorption is a segregation 
process influenced by the concentration gradient in which 
desired molecules, and ions are diffused into a specialised 
biosorbent at the solid–liquid interface until the equilib-
rium is attained [27]. The versatile and recyclable nature 
of biosorbents have made this technique as the most sig-
nificant and innovative idea for complete uranium biosorp-
tion. Uranium is a positively charged radionuclide which 
confers strong binding affinity with negatively charged 
biosorbents. There are several stages involved in uranium 
adhesion and remediation from the wasteeffluent, namely, 
ion-exchange, complexation, and physical or surface adsorp-
tion. Each mechanisms depends on some influencing fac-
tors. For example, effects of pH condition on U(VI) species 

is a crucial parameter for biochemical interactions between 
biosorbents and uranium ions in the biosorption process. If 
pH of the solution is less than 4 then UO2

2+ divalent cation 
is a dominant species of hexavalent uranium regardless of 
the air [28]. Thus, any negatively charged biosorbents could 
strongly bind U(VI) through ionic interaction (electrostatic 
interaction) [28]. Whereas, In basic & neutral pH condition, 
UO2(OH)+, (UO2)3(OH)5

+, (UO2)4(OH)7
+, UO2CO3, and 

UO2(OH)2 are the dominant species of uranium radionuclide 
respectively, thereby any kind of positively charged biosorb-
ents can easily sorbed U(VI) ions through other biochemical 
interactions [28]. At high pH condition (> pH 8), negatively 
charged UO2(CO3)3

4−, and UO2(OH)3
− are dominant spe-

cies. From this concept, we can say that gradual increment 
of pH value of wasteeffluent favours strong binding affin-
ity between positively charged biosorbents and negatively 
charged uranium ions. In sum, considering pH value of 
solution could help researchers in selecting efficient biosor-
bents for the uranium biosorption. Another important fact 
is that when initial pH of solution is relatively low, uranyl 
cation remains extremely mobile and are not easy to capture 
[28]. Many hydrions in the solution ensure that the func-
tional groups (binding sites), namely, hydroxyl, carboxyl, 
amino groups, thiols, and phosphate group present on the 
biosorbent surface are deprotonated and negatively charged, 
which accelerate the biosorption of positively charged ura-
nyl ions because of specific biochemical interactions [27, 
28]. In contrast, if we use positively charged biosorbent for 

Table 1   Conventional methods used for uranium remediation from various kinds of wastewater

Conventional methods Reservoirs of uranium Removal efficiency of 
uranium

References

Ultrafiltration (UF) Nuclear plant generated wastewater 97% [10]
Ion-Floatation (IF) Sea water  > 99% [11]
Reverse Osmosis (RO) Drinking water 90% [12]
Electrodialysis Reversal (EDR) Drinking water 55% [12]
Ultrafiltration (UF) Drinking Water 35.5–46% [12]
Ultrafiltration (UF) Industrial wastewater _ [13]
Electrodialysis (ED) Nuclear wastewater 31.3% [14]
Electrocoagulation-Flocculation (ECF) Municipal wastewater 67% [15]
Reverse Osmosis (RO) Radioactive wastewater _ [16]
Electrodialysis (ED) Radioactive wastewater _ [16]
Ultrafiltration (UF) Radioactive wastewater _ [16]
Ion-Exchange (IE) Industrial wastewater  > 98% [17]
Ultrafiltration (UF) Any kind of uranium-contaminated wastewater 95% [18]
Chemical precipitation (CP) Acid mine drainage wastewater 65.5–94.5% [19]
Ion exchange (IE) Mining wastewater 25% [20]
Reverse Osmosis (RO) Industrial wastewater 87–90% [21]
Membrane-filtration (MF) Industrial wastewater 87.7% [22]
Membrane-filtration (MF) Mill-tailings wastewater 78.54% [23]
Ultrafiltration ( UF) Laundry & floor-cleaning wastewater 70% [24]
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uranyl cation removal, then the same hydrions present in 
the solution ensure that the binding sites on the biosorb-
ent surface are substantially protonated which retards the 
biosorption process because of electrostatic (ionic) repul-
sion [28]. Carbohydrates, proteins, teichuronic acid, pepti-
doglycan, teichoic acid, lipids and other biomolecules are 
dispersed on the cell wall surface (mosaic form) of biosor-
bents and provide distinct functional groups responsible for 
uranium ion binding [29]. The biosorbent dosage at a par-
ticular initial uranium ion concentration in solution deter-
mines the biosorption capacity and the removal capacity of 
the biosorbent towards the uranium removal. The biosorb-
ent dosage is directly proportional to the higher percent-
age remediation of the uranium ions. Increase in biosorb-
ent dosage implies increase in the number of binding sites 
on the surface of biosorbent. Another influencing factor is 
adsorption isotherm that helps us to understand biosorb-
ent’s maximum biosorption capacity as well as biosorption 
process. Langmuir, Freundlich, Dubinin-Raduskevich, and 
Temkin isotherm are commonly used to understand this pro-
cess. Thermodynamic parameters value reveal that whether 
the biosorption process is endothermic or exothermic and 
the spontaneity of the process. At a specific point of time, 
the biosorbents become saturated with the uranium ions and 
then results in desorption process. At the equilibrium time, 
the biosorption and desorption rate become equal. Once the 
biosorption process reached the equilibrium state, there will 
not be any further interaction of the uranium and biosorb-
ent, thus known as contact time. Additionaly, increase in 
temperature induces enlargement of biosorbent pore size, 
increase of biosorbent functional groups, reduction in the 
diffusion layer thickness around biosorbent, increment of 
uranium ions mobility, and enrichment of biosorbent sur-
face activity that eventually aids in efficient biosorption 
of uranium ions within less time of contact [29]. All these 
parametes are discussed in detail in this review.Microorgan-
ism or biological materials have been used for the effec-
tive removal of toxic heavy metal ions especially uranium 
from the waste effluent in bisorption process [26, 30, 31]. 
Non-living modified or unmodified algal biomass, bacterial 
biomass and fungal biomass are used as biosorbent due to 
their higher biosorption capacity [32], low-cost, eco-friendly 
and reusability properties. Moreover, On the basis of 16S 
rRNA gene PCR amplification, high-throughput sequencing, 
and phospholipid-fatty acid evaluation, it has been reported 
that three phyla, namely Proteobacteria, Firmicutes, and 
Actinomycetes are commonly found in U(VI) contaminated 
sites [33]. They can survive in oligotrophic ecosystems and 
exhibit radionuclide resistance, thereby play an imperative 
role in immobilization and biosorption of uranium [33]. 
Among bacteria, Shewanella sp. are used as a model organ-
ism for U(VI) remediation research [33]. Vegetative cells as 
well as spores of Clostridium acetobutylicum, Geobacter, 

and Desulfovibrio remediate uranium ion species using 
H2 as the electron donor and form U(VI) precipitate [33], 
Among algal biosorbents, Spirulina platensis biomass has is 
an effective algal biosorbent for the biosorption of uranium 
ions, other radioactive ions and heavy metal ions [34]. The 
dry algal biomass of Spirulina platensis has been modified 
by using amidoximethatis composed of basic amino group 
and acidicoxime group [35]. These modifications have been 
done to improve and enhance the biosorption capacity of 
algal biomass. Such modifications result in more number 
of functional groups in the binding sites of algal biomass 
cell surface and adsorbed more number of uranium ions 
wastewater. Quercetin (3,3’,4’,5,7-Pentahydroxy-flavone) is 
a natural flavonoid compound, acting as an antioxidant, anti-
cancer and anti-inflammatory agent [36, 37]. It is mainly 
found in many plants, fruits and vegetables like broccoli, 
onions, apples, green tea [38] etc. Quercetin acts as a chela-
tor for metal ion [39] as it contains a functional group such 
as hydroxyl group (-OH) in its structure.

The present review deals with the removal of uranium 
ions from the waste effluent by using different microor-
ganisms peel waste, chemically modified microorganisms, 
nanoparticles and genetically engineered microorganisms. 
The relationship between several reaction parameters such 
as pH, biosorbent dose, retention time, reaction temperature, 
functional groups etc. and the removal efficiency in biosorp-
tion process have been intensively investigated. Besides, 
mechanism, adsorption kinetics and thermodynamics stud-
ies, advantages and disadvantages of biosorption process 
are also highlighted.

Hazardous effects of uranium

Anthropogenic activities are responsible for influencing the 
environment by producing huge amount of toxic liquids con-
taining heavy metals, metalloids, radio nuclides and other 
various organic pollutants [40]. Uranium (U) is one such 
naturally occurring radioactive substance, found in various 
form, out of which the most common is in the form of uranyl 
ion (UO2

2+) in acidic condition present in solution [41, 42]. 
When the toxicity level of uranium that mainly found in 
the form of either uranyl ion or U(VI) exceeds beyond the 
threshold limit, then it becomes a perilous element for the 
environment, water, human health, animals etc. [43]. It is 
responsible for causing cancer, brain damage, DNA damage, 
infertility problems, high blood pressure and renal failure 
to human beings [44] as depicted in Fig. 1. Due to its high 
radioactivity along with high toxicities, these long-live radi-
onuclides are extremely hazardous element. Abshire et al. 
[45], showed that uranium can be present in water effluents 
in the form of its isotopes such as, U-238 (99.27%), U-235 
(0.72%) and U-234 (0.01%). Several studies have reported 
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that uranium contamination in aquatic invertebrates may 
cause malformations, growth inhibition and survival time 
reduction [46, 47].

Effects of uranium on human health

Mitochondrion of human cells is the main target for Depleted 
uranium (DU) which simply leads to apoptosis. DU affects 
bronchial cells of the human lungs and leads to cancer. 
Moreover, uranyl acetate damages the human chromosomes. 
Several reports suggested that the individuals who were 
residing near the uranium-mining wastes had higher chances 
of having cells with chromosomal aberrations. One example 
is rogue cells which are common in uranium miners. This 
implies that uranium shows genotoxic effects on humans. 
Birth defects are also found due to uranium exposure. Ura-
nium also has toxic effects on human kidneys [7, 48]. High 
uranium intakes cause acute renal failure and even death; 
damage proximal tubules. Accumulation of uranium in bone 
causes severe bone cancer, thyroid cancer etc. Another most 
common disease is lung cancer which is being caused by the 
accumulation of uranium in human body [49]. Abnormal 
gene expression, infertility, gulf war syndrome, neurological 
disorders and many others occur due to uranium contamina-
tion in human body as shown in Fig. 1.

Effects of uranium on plants

Uranium is a natural radionuclide exists in its isotopic forms 
238U; 235U; 234U and these isotopes are used in medical treat-
ment, agricultural purposes, mining and other industries. 

It is reported that higher concentration of uranium inhib-
its seed germination. Uranium also effects leaf area, root 
length, plant height etc. It also induces oxidative damage 
due to increase in Reactive Oxygen Species (ROS) in plants 
which lead in blockage of photosynthesis [50–53] as shown 
in Fig. 1.

Effects of uranium on animals

Uranium being naturally-occurring radioactive element, 
has hazardous effects on animals, especially aquatic species 
such as; fishes and terrestrial animals. These accumulate 
in the food chain and then cause deformities and reproduc-
tive issues for them as explained in Fig. 1. Waterborne ura-
nium causes thyroid disruption in Zebra-fish [54]. Another 
report suggests that exposure of aquatic animals to uranium 
inhibits ATPase activity and ATP production respectively 
[55–57]. Exposure of lower concentration of uranyl ions 
to Calamoceras marsupus inhibited its signal transduction 
and cell growth regulation enzyme Na+/K+ ATPase activity 
[46, 58]. One reason behind uranium entering into animal 
organs is due to the formation of uranium-oxyhemoglobin 
complex [46, 59, 60]. Exposure of uranium also leads to 
DNA damage of animals by binding of uranyl ions to nucleo-
tides through phosphoric groups present in DNA strands 
[61]. Several mineral supplements containing dicalcium 
phosphate are given to the cattle in order to enhance their 
reproductive capacity and milk production since, these sup-
plements contain high amount of natural uranium and daily 
consumption of these supplements damages cattle’s intes-
tine and kidneys [62, 63]. On the other hand consumption 

Fig. 1   An overview of hazardous impacts of uranium on human health, plants and animals
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of uranium contaminated water and soil by animals cause 
kidney damage [48].

Biosorption

Biosorption is a reversible physicochemical process that 
permits certain biosorbents to passively adhere toxic ions 
or other heavy metals onto their cellular surface. In this pro-
cess, biomasses of microorganisms or plants are used for the 
adsorption of toxic heavy metal and uranium ions from the 
wastewater. It can also be defined as uptake of toxic pollut-
ants from wastewater by using non-living biosorbents. It can 
remove inorganic, organic, soluble, insoluble toxic pollutants 
from the waste effluent. Biosorption is known as metabolic-
independent bioremediation process due to its independency 
on cellular metabolism during the removal of toxic contami-
nants from waste effluents. Numerous researches are still 
going on for the development of novel techniques involv-
ing complete and efficient bioremediation of toxic heavy 
metals including radioactive metals. Heavy metals such as, 
cadmium (Cd), zinc (Zn), lead (Pb), chromium (Cr), copper 
(Cu), nickel (Ni), manganese (Mn), mercury (Hg), arsenic 
(As) and radioactive metals, like uranium (U), radium (Ra), 
polonium (Po), thorium (Th), plutonium (Pu), strontium 
(Sr), etc. are toxic and hazardous for the environment. Their 
accumulation in the environment inhibits photosynthesis, 
reduction of chlorophyll production, improper seed germi-
nation, and functioning of enzymes. These toxic pollutants 
are also responsible for skin infections, chronic asthma, 
nervous system deregulation, kidney dysfunction, various 
types of cancers (bone cancer, liver cancer, lung cancer and 
breast cancer), diarrhea, Wilson disease, gulf war syndrome, 
neurological disorders etc. Even today, complete remedia-
tion of these toxic pollutants especially uranium by using 
chemical techniques showed incomplete removal along with 
several additional drawbacks as discussed in previous sec-
tion. Therefore, bioremediation process is one of the best 
possible alternatives to resolve these issues. Several biosor-
bents such as, macro-algae; micro-algae; bacteria; geneti-
cally engineered bacteria, fungi; plants; transgenic plants; 
biopolymers; nanoparticles such as graphene-oxide; iron-
oxide; human black hair; fruit peels such as, pomelo peels; 
pomegranate peels; chitosan; mesoporous silica; other waste 
products of fermentation industries etc. are used for the effi-
cient biosorption of uranium and other toxic heavy metals 
from wastewater.

In this process, uptake of uranium and other heavy metal 
ions involve either active or passive transportation. There 
are mainly two phases involved in this process, (a) Solid 
phase or biosorbent (e.g., bacteria, algae, fungi, plants etc.) 
and (b) Liquid phase or sorbate (metal ions present in waste-
water) [64]. This technique is reported as the most effective 

in detoxifying all types of toxic metals including uranium 
in lower concentration. Every cell surface of biosorbents 
contains biosorption sites such as, cell wall with different 
functional groups (e.g. carboxyl; amine group; hydroxyl; 
sulfhydryl; phosphoryl etc.), contributing in biosorption 
of metal ions from wastewater. Optimum pH; temperature; 
contact time of biosorbent and metal ions (uranium); initial 
and final uranium concentration; binding sites etc. play a 
vital role in enhancing the biosorption capacity of biosor-
bents. Recently, researchers have reported that isotherm 
models and thermodyanic studies are also important factors 
for facilitating efficient biosorption and removal of uranium 
and other heavy metal ions [65, 66]. Biosorption capacity of 
the biosorbent can be calculated using the following formula 
[64, 67],

Here, qe = capacity of biosorption.
Co and Ce = initial and equilibrium concentration of metal 

ion solution (mg/L) respectively.
V = volume of metal ion solution (L).
W = amount of dose of biosorbent (g).
Biosorption process involves physico-chemical sorption, 

electrostatic interaction, ion-exchange, complexation, chela-
tion and lastly precipitation. In bioaccumulation, living- bio-
mass is only eligible for the removal of toxic pollutants, but, 
in biosorption process non-living biosorbents are more effi-
cient than living-biosorbents. Recently, membranes such as, 
silicon rubber membrane tubes can be used as biosorbent for 
successful uranium removal. These membrane biosorbents 
are also applicable for the removal of gas stream from the 
waste gas stream. In spite of the high efficiency of this pro-
cess, few researches have been reported till date. Therefore, 
more studies on membrane based biosorption of uranium 
from wastewater are required.

Significance of biosorption

There are many methods for the remediation of all kinds 
of heavy metals from the wastewater. Especially bioaccu-
mulation and biosorption process are used synonymously, 
but on the basis of removal mechanism of pollutants, both 
the process are different from each other. In, bioaccumula-
tions, remediation of pollutants are done using living biosor-
bents as explained in Fig. 2. On the other hand, based on 
several published research articles, dead-biomass is only 
involved in biosorption process as they have more capabil-
ity for complete and efficient remediation of pollutants [68, 
69]. Therefore, biosoption is a significant approach for the 
bioremediation of heavy metals especially uranium. It is a 
reversible process where used biosorbents can be reused and 
regenerated further for next biosorption cycle. The rate of 

qe =
(

Co−Ce

)

V∕W
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remediation is also faster than bioaccumulation and other 
conventional methods reported. Till now, the reasons of 
better biosorption capacity of non-living biosorbents com-
parative to the living-biosorbents are not well understood. 
Researchers are trying to realize the exact mechanism behind 
this phenomenon. In exploration of this, several novel pro-
teins, enzymes, genes have been discovered which are 
responsible for this process. Moreover, in this study, several 
genetically engineered biosorbents have been discussed. 
Studies on combined use of dead-microbial biomass and 
plant wastes as biosorbents in bioremediation processes are 
in progress.

Advantages of biosorption over other methods

There are several advantages of biosorption process over 
other traditional methods,

•	 Eco-friendly and low cost
•	 No energy required
•	 Less time consumption (rapid process)
•	 Regeneration and reuse of biosorbents
•	 Metals or solutes can be recovered from the biosorbent 

surface by using different desorbing agents
•	 Not a complex process

•	 All the biosorbents have an excellent biosorption 
capacity

•	 Excellent biosorbent-sorbate interaction
•	 Applicable for all kinds of waste effluents
•	 Applicable for all kinds of toxic heavy metals espe-

cially uranium
•	 Agricultural wastes are also applicable for bisorption 

of uranium
•	 Metabolic-independent process
•	 Aseptic conditions not required
•	 Like living-biomass, non-living biomass also have 

same biosorption capacity
•	 In-situ biosorption process is applicable at the contami-

nated site
•	 No secondary pollutions
•	 Applicable for dyes, antibiotics and other pollutants 

removal
•	 Capable of removing soluble or insoluble – organic or 

inorganic toxic pollutants
•	 Biosorption is a broad-spectrum process
•	 No additional nutrient requirements

Thus, based on the above mentioned advantages, one 
can easily say that biosorption process is a significant 

Fig. 2   Schematic representation of all uranium bioremediation process from the wastewater
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approach in the field of environmental microbiology and 
environmental biotechnology.

Mechanism of biosorption

Several studies demonstrated different mechanisms involved 
in biosorption of uranium or other heavy metals based on the 
type of biosorbents used. We have already discussed differ-
ent classes of biosorption based on location in previous sec-
tion. Metabolism-independent biosorption mechanism con-
sists of ion-exchange, physical adsorption, complexation and 
sometimes precipitation as shown in Fig. 3 [26]. In spite of 
many mechanisms involved in biosorption process, very few 
have been discovered properly according to the published 
literature from 1996 to 2021. It’s due to the complexity in 
structures of biosorbents such as microbial biomass, human 
black hair or other fermentation wastes. Several researches 
are still going on to understand its mechanism properly in 
order to put more emphasis on genetically designed biosor-
bents further.

Ion‑exchange

Ion-exchange mechanism involves exchange of metal ions 
with the counter ions of the biosorbents [70]. Here, func-
tional groups of some biosorbents are involved [71] for 
the uranium biosorption, especially microorganisms such 
as, microalgae, bacteria, fungi etc. In case of microalgae, 
their cell wall participates in this mechanism. It is composed 
of proteins, lipids and polysaccharides, extracellular poly-
saccharides and contains functional groups like carboxyl, 
hydroxyl, phosphate, amino and aromatic compounds [69, 

72]. Sometimes, sulfhydryl functional groups are also pre-
sent which contribute a negative charge on their cell surface 
and thereby uranium ions binds on their cell surface and 
involved in metal exchange via this mechanism [73]. These 
ligand arrangements remain proper on the algal cell surface 
due to the porous structure of the cell wall [74, 75]. But, in 
case of microalgae biosorbent, two mechanisms are involved 
called passive and active biosorption [76].

In case of bacteria, such as, Pseudomonas halodenitrifi-
cans cell wall, calcium ions and lipopolysaccharides (LPS) 
are present due to which, cobalt and uranium ions were eas-
ily biosorbed through this ion-exchange mechanism [77]. 
Bacterial cell wall consists of various kinds of functional 
groups such as carboxyls, phosphomono-esters, phosphodi-
esters, amines, hydroxyls, etc. [77]. Uranium and zinc sorp-
tion by using Pseudomonas putida biofilm showed carboxyl 
like complexes where ion-exchange mechanism showed an 
efficient biosorption of uranium as well as zinc respectively 
[78, 79].

Complexation

Complexation or co-ordination step can be defined as com-
bination of cationic sorbates and anionic biosorbents. Due to 
electrostatic interactions between the uranium ions, chelat-
ing agents and biosorbents, complex formation occurs [80]. 
Furthermore, during the interaction between uranium and 
biosorbents on biological surface, uranium ions co-ordinates 
in formation of complex species [81]. The mechanism of all 
uranium biosorption process from the wastewater has been 
illustrated in Fig. 3.

Fig. 3   General mechanism of biosorption of uranium using biosorbents
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During the biosorption of uranium ions, Pseudomonas 
putida cell wall contains carboxyl and phosphoryl groups 
which contributed in the formation of uranium-phosphoryl 
complexes as well as uranium-carboxyl complexes [82]. On 
the cell wall of Bacillus sp., an inner sphere complex forms 
between U(VI) and phosphate groups at pH 4.5–5.0 [83, 84]. 
Cell wall of Escherichia coli contains amido and hydroxyl 
groups which formed complexes with uranium ions and 
showed efficient biosorption capacity for this toxic metal 
ion [85]. Thus, bacterial cell wall compositions and structure 
plays an important role in biosorption process. Therefore, 
complexation or co-ordination mechanism occurs due to 
bio-surfactants, proteins, lipids, nucleic acids and polysac-
charides present on some cell surface of biosorbents [86].

Physical adsorption

Physical adsorption is a phenomenon of adhesion of uranium 
ions on the surface of biosorbent [87]. In Fig. 3, it has been 
described that physical adsorption occurs due to various 
types of interactions between sorbate and biosorbent such 
as van-der waal’s force, electrostatic interactions, covalent 
bonds, redox reactions and few other interactions [88]. Sur-
face area of biosorbents is the most important parameter 
for the physical adsorption mechanisms. In some studies, 
it is reported that pH of solution also plays an important 
role in efficient adsorption. Several studies suggested that, 
human black hair [89], modified wheat bran [90] and some 
fruit peels such as, pomelo peels [91], pomegranate peels 
[92] biosorbed U(VI) ions through physical adsorption 
mechanism. In this process, a layer of sorbate forms on the 
surface of the biosorbents [93]. This layer may be of mon-
olayer, bilayer or multilayer. In case of modified wheat bran, 
langmuir isotherm confirmed monolayer adsorption for the 
uranium (VI) removal [90]. In this mechanism, uranium con-
tains positively charged ions while biosorbents for uranium 
uptake are negatively charged. Therefore, uranium ions are 
attracted by the negative charge containing biosorbent on the 
cell surface. From this, it is clear that adsorption depends 
on the pH of the process solution. Another report regarding 
bacteria as biosorbents suggests that extracellular polymeric 
substance (EPS) which is produced by bacteria also involve 
in bioremediation of uranium ions by physical adsorption 
mechanism.

Biosorbents and its role in uranium 
biosorption

Biosorbents are required for the bioremediation of uranium 
ions, which simply bind on the cell surface of various kinds 
of biosorbents. It could be any biological materials like 
bacteria, fungi, algae, agricultural wastes, polysaccharide 

etc. and capable of sorption of heavy metal ions including 
uranium from aqueous solution. In this context, these biosor-
bents are categorized into solid phase as liquid phase signi-
fies wastewater where toxic radioactive materials such as, 
uranium, thorium, strontium then toxic heavy metals such as, 
cadmium, zinc, lead are present. So, genetically engineered 
microorganisms, bacteria, fungi, algae, are named as living 
biosorbents, whereas plant wastes, fruit wastes, agricultural 
wastes, exo-polysaccharide materials and other biopolymers 
such as, alginate, chitosan and peat moss are non-living 
biosorbents. An ideal biosorbents should be easily avail-
able, cheaper, reusable, pollution free with more number 
of functional groups on the surface, have the ability to be 
genetically or chemically modified for enhanced biosorption 
capacity and available on large scale for its application.

Most of the biosorbents with hydroxyl, carboxyl, amino, 
sulfhydryl, phosphate, ester group on the cell surfaces are 
charged biosorbents. The cell surfaces possess an overall 
negative charge and act as a strong binding site for cationic 
uranium ions. During the interaction (due to van-der-waals 
force or electrostatic interaction) between positively charged 
uranium ions and proteins or genes or binding group pre-
sent on the cell surface of biosorbents, a complex species 
is formed due to pH effect. In this way uranium ions are 
being adsorbed onto the cell surface of the biosorbents and 
removed from the wastewater in less time.

Algae as biosorbents

Algal cells are eukaryotic cells containing membrane-bound 
organelles, mainly nucleus, chloroplast and mitochondria. 
There are several types of algae based on their habitat 
e.g., aquatic algae which are predominantly found in fresh 
water, ponds, pools, lakes, rivers, tanks, marine water etc. 
Few other algae are Cladophora sp., Volvox sp., Microcys-
tis sp., Chara sp., planktonic algae (found in free-floating 
water surface), benthic algae (attached to the bottom of the 
shallow pools), endozoic algae (grows inside the body of 
aquatic animals or vertebrates), epizoic algae (grows on the 
surface of other aquatic animals), epiphytic algae (known 
to grow on the surface of aquatic plants) [94]. Halophytic 
algae (found in extremely high salinity type of area) such as, 
Chlamydomonas ehrenbergii, Oscillatoria sp., Ulothrix sp. 
Thermophytic algae (found in hot springs that is in extreme 
temperature above 85◦C); some of them are Synechoccus 
sp., Synechocystis sp., Phormidium sp., Scytonema sp. 
Most importantly, Cyanophyceae group of algae belongs to 
this thermophytic algae group. Cryophytic algae grows on 
the surface of mountains, snow and in polar regions such 
as,Chlamydomonas nivalis, Chlamydomonas yellowstonen-
sis, Nostoc sp. Parasite algaelive as parasite and semi-para-
site on the algal surface. Symbiotic algae grow in association 
with plants such as, Anabaena, Azollae–Azolla sp.Terrestrial 
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algae are found in soils, moist rocks, moist wood logs etc.
such as, Anabaena sp., Euglena sp., Nostoc sp., Vaucheria sp 
[95]. Most of the algal cells contain cell wall which consists 
of Fibrillar cellulose, mannans, xylans and amorphous alg-
inic acid, fucoida, galactans. Algae are of two types which 
includes microalgae and macroalgae [96, 97].

Macroalgae as biosorbents

Macroalgae have three groups that are, (Chlorophyta) green 
algae, (Phaeophyta) brown algae and (Rhodophyta) red 
algae. These groups are based on their chlorophyll pigmen-
tation. Macro-algae are multicellular autotrophic organisms 
found in fresh water and saltwater. Macroalgae are also 
known as seaweed. Macroalgae are commonly famous for its 
high biosorption capacity for uranium and other radioactive 
as well as toxic heavy metals from its surrounding environ-
ment. Padina pavonia which is a brown marine macroalgae 
has a higher biosorption capacity for the uranium ions from 
the wastewater at pH 4 in 120 min at 323 K temperature [98] 
as explained in

Supplimentary Table 1. Sargassum sp.,brown algae also 
have higher biosorption capacity for the uranium at pH 5. 
In case of brown algae, carboxylic acid; sulfonic acid of 
fucoidan are the most abundant functional group. At low 
pH, sulfonic acid functional group of brown algae uptake 
uranium ions, while, carboxylic acid of brown algae binds 
with uranium at high pH. The brown algae most frequently 
studied for uranium biosorption, Laminaria japonica, Sar-
gassum sp., Fucus vesiculosus, Gelidiella acerosa, Padina 
sp. as explained in Fig. 4.

Rhodophyta, more commonly known as red algae are 
photosynthetic multi cellular eukaryotes mainly found in 
marine water, less in fresh water and also contain florid-
ean starch as a reserve food outside of their plastids [99]. 
The presence of red pigment, r-phycoerythrin is responsible 
for their red colour. They lack flagella and their cell wall 
consists of cellulose and sulfated phycocolloids. Gracilaria 
corticata, a photosynthetic red algae (found in both sea 
coast and fresh water regions) having carboxyl and hydroxyl 
functional groups on their cell surface showed maximum 
biosorption capacity (200 mg/g) at pH 4.5 within 3 h of 
contact time and this process was spontaneous, followed 
Freundlich isotherm model (R2 = 0.988) which means these 
given sorbent’s surface was heterogenous or was in linear 
form and followed pseudo-second order kinetic model [100]. 
Catenella repens, a red algae having functional groups car-
boxylates, hydroxyl, sulfate, and phosphate are present on 
their cell surface biosorbed more than 90% of U(VI) ions 
within 30 min between 15 and 55 °C at pH 2.5 from any 
kind of wastewater.

Microalgae as biosorbents

Microalgae belong to the group of photosynthetic organisms 
and are found in fresh water as well as in marine water. It 
has several advantages as biosorbents for uranium removal 
from wastewater like rapid and higher biosorption capac-
ity, less time consuming, eco-friendly; reusable, recycla-
ble, polynomial, low-cost, easy recovery and regeneration 
capability. Most common microalgae studied for uranium 
biosorption are, Chlamydomonas reinhardtii, Dunaliella 
salina, Chlorella sp., Scenedesmus abundans, Spirulina 

Fig. 4   Maximum uranium 
biosorption efficiency (mg/g) of 
few algal species as biosorbents
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platensis, Spirogyra sp., etc. During the photosynthesis, 
these microalgal biomass produce peptide bond and this 
peptide bond binds to uranium ions and thereby forms orga-
nometallic complex and thus the toxic effects of uranium 
get neutralized. Both macroalgae and microalgae differs 
from each other in their biosorption capacity. In 2014, Lee 
et al. [101] have reported that Laminaria japonica have 
maximum biosorption capacity for uranium ions at pH 4.5 
at temperature 30 °C within 60 min as shown in Supplemen-
tary Table 1.

Bacteria as biosorbents

Bacteria are of two types, gram-positive bacteria and gram-
negative bacteria which differ from each other in their cell 
wall composition and thickness. In gram-positive bacteria, 
peptidoglycan is thicker and this macromolecule is made up 
of series of glycan cross-linked by peptide side branches. 
Gram-positive bacteria have higher bioremediation capacity 
for cationic uranium than gram-negative bacteria [102, 103]. 
This is due to the presence of significant electronegative 
charge density as they have teichoic and teichuronic acids 
linked by phosphodiester bonds attached to peptidoglycan of 
their cell wall. In case of bacteria as biosorbents for uranium 
removal, functional groups such as, carboxyl, phosphate, 
amino is involved [78, 104, 105]. Several reports suggest 
that oxygen-containing functional groups were responsible 
for the uranium ions biosorption [82, 106, 107].

Role of bacterial biofilms as biosorbents

Biofilms are complex consortium of surface-attached micro-
bial cells which are enclosed in the extracellular polymeric 
substances (EPS). Bacteria; fungi; algae etc. are capable 
of forming biofilms. Bacterial biofilms play an important 
role by providing protection from fluctuating pH; dehydra-
tion; anti-microbial agents. Especially, bacterial biofilms are 
suitable and for removal of uranium ions from wastewater 
as shown in Supplimentary Table 1. The reason of using 
bacterial biofilms is due to their fast growth and stability 
in extreme environmental conditions. Enzymatic activity of 
bacteria plays an important role in the biofilm formation 
and is involved in remediation of uranium ions. Biofilms of 
Staphylococcus aureus, Pseudomonas aeruginosa, Deino-
coccus radiodurans are mainly studied and used for uranium 
biosorption [108–110] and are shown in Fig. 5. Functional 
group of biofilm biomass confirmed the involvement of 
phosphate, hydroxyl and carboxyl groups in uranium ions 
binding [111].

Fungi as biosorbents

Recent studies reported that, fungi have rich cell wall con-
tent which signifies of having huge amount of functional 
groups favoring the biosorption process [112]. The fungal 
cell wall is consists of chitin; cellulose; β-glucan; α-glucan; 
chitosans; glycoproteins; polyuranides; lipids and other 
inorganic salts. Fungi can be easily grown and cultivated 

Fig. 5   Maximum uranium 
biosorption efficiency (mg/g) 
of different bacterial species as 
biosorbents
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in a low-cost. Aspergillus fumigatus removed U(VI) rapidly 
within 1 h at pH 5.0 at the temperature of 5–50 °C [113]. 
Mangrove endophytic fungus Fusarium sp. #ZZF51 from the 
South China Sea removed uranium rapidly within 60 min at 
pH 4.0 [114] as explained in Supplimentary Table 1. Tricho-
derma harzianum removed U(VI) ions from milling waste 
water rapidly within 1 h at the temperature of 303 K at pH 
6.0 [115]. Several studies reported that hydroxyl; amino 
and carboxyl groups are the most common functional group 
present on the cell surface of fungi responsible for uranium 
biosorption [116, 117]. Trichoderma harzianum, chemically 
modified Lentinus concinnus and Aspergillus fumigatus have 
maximum uranium biosorption capacity as shown in Fig. 6.

Nanoparticles as biosorbents

One of the key factors for the biosorption of uranium by 
using nano sized materials is the high surface to volume 
ratio of nanoparticles (NPs) [118]. They are selective and 
have high capacity for removing uranium from waste efflu-
ents. Till now, microbial cells immobilized on magnetic 
NPs have been used a biosorbent for uranium biosorption 
and considered them as an innovative technique for efficient 
treatment of wastewater [104]. Even though nanoparticles 
based biosorption of uranium is most efficient process, but 
very limited research has been carried out related to gra-
phene-based nanoparticles. As mentioned above, due to the 
high surface area of the NPs, maximum number of uranium 
ion uptake is possible within a very less time [119, 120]. 
Amine-functionalized magnetite-silica NPs showed efficient 
biosorption of U(VI) ions within 30 min at the temperature 

of 293–313 k [121]. Chitosan-coated magnetic silica NPs 
showed efficient biosorption capacity at pH 4.0 [122] as 
tabulated in Supplimentary Table 1.

Rice and coffee husks as biosorbents

Rice husks with –OH, –O–CH3, Si–H, C–C functional 
groups are most stable biosorbents used for uranium, tho-
rium and other heavy metal removal from wastewater [123, 
124]. Some of the research articles reported that chemical 
modifications of these rice husks can biosorb huge amount 
of uranium ions from wastewater. Rice husks are feasible, 
easily available and one of the potential candidates to be 
used as biosorbent to reduce efficient amount of environ-
mental pollutions in a cheap cost.

Coffee husks are comprised of dry outer skin, pulp and 
parchment, having –COOH, C = O and –OH functional 
groups and have good capacity of uranium biosorption. 
Very limited research has been reported regarding rice and 
coffee husks for uranium ions biosorption. The biosorption 
capacity of these two huskes has been documented in Sup-
plimentary Table 1. They have higher and good biosorption 
capacity for uranium ions removal within 2 h at pH 4–7.5 
[125].

Wheat bran, eggshell membrane, sugar beet pulp 
and pomelo peels as biosorbents

Wheat bran, a by-product of conventional wheat milling 
industries is composed of phenolics and flavonoids [126, 
127]. It has many nutritional as well as other important 

Fig. 6   Maximum uranium 
biosorption efficiency of fungi 
as biosorbents
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properties as biosorbent. Several researchers have shown 
the successful biosorption of uranium using wheat bran, 
which is easily biodegradable, economically viable, com-
mercially available [90, 128]. The use of wheat bran over 
microorganisms in biosorption is due to the unexpected 
microbial growth during higher uranium ion concentrations 
in solution.

Recent studies also reported that the magnetically modi-
fied wheat brans exhibit enhanced biosorption activity. Wang 
et al. have used nano and micro level magnetic iron oxide 
nanoparticles for the modification of wheat brans which 
showed excellent biosorption capacity at pH = 7.0 at 30◦C 
within 45 min [90]. Therefore, magnetic wheat bran is the 
most promising biosorbent for bioremediation of uranium 
from any kind of waste effluents. The eggshell membranes 
are composed of protein fibers such as Type I, V, X colla-
gen, osteopontin and sialoprotein [129–131]. The structure 
of eggshell membrane (ESM) has amino, amido and car-
boxyl functional groups and these ESM can easily biosorbed 
uranium ions from all kinds of radioactive wastewater [132]. 
In most of the published research article, carboxyl-rich 
agents are used for enhancing the biosorption capacity for 
uranium biosorption. Thus, ESM-COOH showed an excel-
lent biosorption of selective U(VI) ions from radioactive 
wastewater and can be reused for further biosorption process 
[129]. The adsorption capacity was around 84% of the initial 
value after six cycles as reported in Supplimentary Table 1. 
Beside, both sugar beet pulp and pomelo peels are novel 
biosorbents that have been used for biosorption of U(VI) 
ions from wastewater [91, 133]. All these reports suggest 
that, biological wastes are usable for the bioremediation of 

large concentration of uranium ions from wastewaters as 
explained in Figs. 7 and 8.

Advantages of biosorption 
over conventional methods, 
bioaccumulation, bioprecipitation 
and bioreduction for uranium 
bioremediation

In recent times, many researchers have studied and dis-
covered several kinds of treatment technologies for the 
efficient removal of uranium from waste effluent. Technol-
ogies include physicochemical, electrochemical and oxida-
tion–reduction method. Membrane-filtration, ultra-filtration, 
chemical precipitation and ion-exchange are categorized 
under physicochemical method [134]. Electrochemical 
method consists of electro-dialysis, electro-dialysis rever-
sal, electro-coagulation, flocculation and reverses osmo-
sis. There are many floatation techniques for the removal 
of toxic heavy metals from waste effluents which comprise 
dissolved-air floatation, precipitate flotation and ion-floata-
tion. Among these, ion-floatation technique is commonly 
used for the uranium-removal from the wastewaters. Filtra-
tion techniques include membrane-filtration, nano-filtration, 
ultra-filtration and out of which only membrane-filtration 
and ultra-filtration are used for the uranium removal. Elec-
trocoagulation, chemical coagulation etc. are used for the 
heavy metal removal from wastewaters. Electrodialysis and 
electrodialysis reversal methods are used for the uranium 
remediation from the wastewater. A brief outline has been 

Fig. 7   Maximum uranium 
biosorption efficiency (mg/g) by 
different biosorbents
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shown regarding the advantages of biosoption over conven-
tional methods which are used for the uranium removal.

For complete and efficient bioremediation of uranium, 
many methods have been developed mainly biosorption, bio-
accumulation, bioprecipitation and bioreduction. All these 
methods have some limitations and biosorption is the most 
suitable and environmental friendly process among all these 
methods. Biosorption is a metabolism-independent passive 
process in which the uranium ions simply binds with the 
active sites present on any biosorbent’s cell surface. It is 
a reversible process, while bioaccumulation is an irrevers-
ible process and depends on the cellular metabolism for the 
bioremediation of uranium. This process does not need any 
living biosorbents. Bioaccumulation process composed of 
much complex operating system while biosorption operating 
system is much simpler and there is no requirement of any 
additional nutrients as explained in Table 2. Considering bio 
precipitation and biosorption process, the later is again more 
suitable, cost effective method and it works on very small 
surface area, while, bioprecipitation requires large surface 
areaas as shown in Table 3. Also, in biosorption process, 
there is no involvement of uranium conversion from liquid 
to solid phase and that’s why this process is quick and biore-
mediate uranium completely.

While, comparing biosorption and bioreduction process 
for uranium bioremediation, the former is less time con-
suming than bioreduction process. Bioreduction involves 
enzymatic reduction of uranium ions, while biosorption 
simply involves adsorption of uranium ions onto the cell 
surface of any kind of biosorbents. Large operating space 
is not required in biosorption. This process is applicable 
even in harsh environmental conditions, since there is no 

risk of any reduction in microbial activites as explained in 
Table 4. Comparing both these processes with biosorption, 
it is clear that biosorption is the most simple, suitable, envi-
ronment friendly and less time consuming process. Another 
important aspect of biosorption process is the possibility of 
regeneration of biosorbent which is not there in bioreduction 
and bioprecipitation processes.

Genetically modified/ engineered 
microorganisms and plants as novel 
biosorbents

In recent years, many researchers have reported more effi-
cient biosorption of heavy metals (HMs) and radionuclides 
by modified/engineered microorganisms which can sustain 
harsh environmental conditions [135–137]. They can eas-
ily uptake large amount of metal ions as well as radionu-
clides along with other pollutants from waste effluents at a 
time. The Deino-flr-2 radiation–resistant genetically engi-
neered bacterial strain have flr-2 fluorine-resistant gene, 
the recombinant plasmid pRADK-flr-2 transformed into 
Deinococcus radiodurans R1and it become fluoride-resist-
ant genetically engineered bacteria, removed 90% of U(VI) 
ions from uranium-containing wastewater [138] as shown 
in Supplimentary Table 1. The Shewanella RCR17, MtrF 
gene is expressed in this strain, removed 97% of uranium 
from wastewater, while exppressing MtrC, OmcA genes 
in Shewanella RCR17 have much lower ability to remove 
uranium of higher concentration from uranium-containing 
wastewater [139].

Fig. 8   Optimum pH, tem-
perature and contact time on 
biosorption of uranium ions by 
different kinds of biosorbents
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For efficient or enhanced biosorption of uranium from all 
types of waste effluents, genetically engineered plants also 
can be used. So, to remove uranium from wastewater effi-
ciently, we need to understand the molecular mechanism of 
radionuclide-tolerance in plants. Transgenic plants are used 
for uranium removal from wastewaters. Genetic engineering 
technique is used to transfer the desired trait’s genes from 
one organism to another. This technique include, transforma-
tion of genes which are uranium-tolerance, use of particle 
gun or electroporation, or by overproducing genes involved 
in the biosynthesis of chelating agents, use of transporter 
genes as it has an all-in-one quality, by overexpressing genes 
involved in metal-sorption and tolerance, by using regula-
tory genes. Brassica juncea, Chenopodium amaranticolor 
[140, 141] and Amoracia rusticana plants were engineered 
by using Agrobacterium rhizogenes which is a soil bacte-
rium, the plants transformed by this soil bacterium contains 

Ri genes which is responsible for inducing hair root sys-
tem (uptake more uranium and other radionuclide metals 
from waste effluents), thereby Ri genes can be transfer into 
transgenic plants [140]. Overexpressing of red alga Por-
phyra yezoensis containing CYTC6 (Cytochrome c6) genes 
in transgenic plants showed to be the best biosorbent for 
enhanced biosorption of uranium. HDG11 is also reported 
to be an ideal gene for phytoremediation of uranium and 
other radionuclides as well [140]. Recently, CRISPR/Cas9 
genome editing technology has been used for the cadmium 
transporter gene OsNramp5 characterization in rice [140, 
142]. Hence, it can be utilized in near future, for chara-
terization of uranium and other radionuclide biosorption 
or transporter genes. An Arabidopsis transgenic plant have 
MATE proteins, showed enhanced removal of uranium from 
waste effluents [140]. Construction of PhoN (Periplasmic 
enzyme) expressing recombinant Deinococcus radiodurans 

Table 2   Advantages of biosorption process over bioaccumulation process for uranium bioremediation from different kinds of wastewater

Features Biosorption of uranium Bioaccumulation of uranium

Cellular-metabolism Metabolism-independent process Metabolism-dependent process
Binding time Binding of uranium is quicker than bioaccu-

mulation process
Much slower process

Reversible/irreversible process Reversible process Irreversible process
Mode of bioremediation process Passive bioremediation process Active bioremediation process
Nutrient requirements Nutrient-independent process Nutrient–dependent process
Type of uranium uptake process extracellular-uranium uptake process Intracellular-uranium accumulation process
Binding process Physico-chemical interaction occurs between 

uranium and functional groups present on 
the cell surface of any living/ immobilized/
dead biosorbents

Uranium binds with intracellular compounds of 
any living microbial cells only

Occurrence of any secondary compounds dur-
ing bioremediation process

No production of secondary compounds There is a high chance for secondary compound 
production during this process

Bioremediation efficiency Completely bioremediates uranium from the 
wastewaters

Incomplete bioremediation of uranium from the 
wastewaters

Impact of temperature, pH, energy source and 
other parameters

Low or high temperature, pH, energy source 
are unable to inhibit this process

This process can be easily inhibited by low 
temperature, low/high pH, lack of source of 
energy

Aseptic conditions No aseptic conditions required Aseptic conditions are required
Surface area of microbial cells or other bio-

logical materials
Large surface area for uranium biosorption Very Less surface area for uranium accumula-

tion
Low-concentration uranium removal from the 

wastewater
Applicable even for low concentration ura-

nium removal from the wastewater
Not applicable for low concentration uranium 

removal from the wastewater
Recovery of uranium Desorption is possibleby using physical 

methods without damaging the structural 
integrity of any biosorbents and thereby 
biosorbed uranium are easily recovered from 
the biosorbents and the biosorbents are reus-
able for the next cycle

Recovery of bioaccumulated uranium from 
biomass is impossible and thereby biomass 
cannot be utilized for the next cycle

Cost-effectiveness Low-cost and efficient proces sthan bioac-
cumulation

Expensive process than biosorption

Mode of reaction Adsorption Absorption
Rate of uranium uptake Very rapid process due to extracellular 

biosorption method and less time consuming
Much slower than biosorption process due to 

intracellular accumulation mode which is time 
consuming
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strain (DrPhoN), showed more than 90% biosorption capac-
ity of uranium from nuclear waste effluents [143]. “Extrem-
ozymes” enzyme/proteins present in Extremophilic micro-
organisms such as Halophiles, Thermophiles, Psychrophiles, 
Acidophiles, Alkaliphiles, Basophiles showed enhanced 
biosorption of uranium ion in harsh environmental con-
ditions [144]. Genetic engineering techniques are used to 

modify and improve different extremophilic bacterial or 
fungal strains or their extremophilic proteins for enhanced 
uranium and other radionuclide biosorption.

Novel bacterial strain Stenitrophomonas bentonitica BII-
R7 have cell wall proteins CreD & OmpA; with phosphatase 
activity of PAP2 or ALP-like phosphatases; and RND trans-
porters, thereby helps this bacterial strain to cope up with 

Table 3   Advantages of biosorption over bioprecipitation process for uranium bioremediation from the wastewater

Features Biosorption Bioprecipitation

Complexity Biosorption is a simplest bioremediation 
process for uranium

Bioprecipitation is the most complex process 
than biosorption

Cost Low-operational cost High operational cost
Secondary pollution This process is an environmental-friendly 

process
This process has a possibility of producing 

secondary pollutants in environment
Scaling up This process is possible to scale up from pilot-

scale to largescale operations
This process is not possible to scale up from 

pilot-scale or batch-scale to large-scale opera-
tions

Mechanism Simply uranium ions binds to the active sites 
present on the cell surface of the biosorb-
ents. No conversion of uranium from liquid 
to solid precipitates

Converts uranium from its liquid phase into 
solid phase

Biological material used Any microorganisms, plant, plant wastes are 
capable of biosorbing uranium ions from 
aqueous solution

Microorganisms, especially bacteria are used in 
this process

Rate of bioremediation process or time con-
sumption

Quick and complete bioremediation of ura-
nium from all kinds of wastewater

Slow and incomplete bioremediation of ura-
nium ions from wastewaters

Type of microbial population
& metabolism-dependent /independent 

process

This process is metabolically independent 
process and works efficiently by using 
immobilized or dead microbial populations 
and other biosorbents

Metabolically-active microbial populations are 
required

Surface area for bioremediation of uranium 
from wastewater

This process works efficiently even in small 
surface area

This process requires large surface area

Nutrient requirements There is no requirement of nutrients as biosor-
bents are used as immobilized form

There is a requirement of nutrients for maintain 
microbial growth conditions

Table 4   Advantages of biosorption over bioreduction process for uranium bioremediation from the wastewater

Features Biosorption Bioreduction

Rate of bioremediation process Less time consuming bioremediation process More time consuming process
Regeneration and reusability Regeneration of bioremediating agents (biosorbents) 

is possible
Regeneration of agents is impossible and is not reusable 

for the next bioremediation cycles
Operational cost Low-cost treatment method High-cost treatment method
Mechanism Direct binding of U (VI) ions onto the cell surface of 

biosorbents
Enzymatic reduction of soluble U (VI) into insoluble 

U (IV)
Mode of reaction Adsorption Enzymatic reduction
Operating space Biosorption of uranium can occur even in small 

operating space
Large operating space is required

Environmental conditions This process is applicable even in harsh environmen-
tal conditions due to no risk of any reduction in 
microbial activities as this process can be carried 
out by using immobilized microbial cell biomass or 
any other biosorbents

Due to unfavorable environmental conditions, there is a 
risk of reduction in microbial activities

Nutritional requirement No additional nutrients requirement Additional nutrients may be required
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uranium for effective biosorption of this metal from various 
waste effluents [145]. Several studies reported that the native 
or genetically engineered microorganisms and plants con-
tains some novel proteins or genes such as, DrPhoN, NiCoT, 
phoK, ChrR6, merA, czc, fccA, ctyc3 and PpcA which are 
involved in effective bioremediation of uranium on a large 
scale [146–149]. Phytochelatin are the small peptides with 
general structure (Glu-cys) which are rich in cysteine, while 
metallothioneins proteins are also cysteine rich and both of 
them have higher uranium binding and uptake capacity in 
the process of biosorption [135].

Chemical modifications on biosorbents 
and its importance

Recently, most of the biosorption process is carried out by 
chemically modified biosorbents, be it plant wastes, bacte-
ria, algae or fungi. Several modifying agents like sodium 
hydroxide, formaldehyde, calcium hydroxide, sodium car-
bonate, hydrochloric acids, nitric acid, sulfuric acid, tartaric 
acid, citric acid, thioglycolicacid, ethylenediamine, metha-
nol, acetic acid, hydrogen peroxide, few dyes like reactive 
orange 13 are involved in chemical modification of biosor-
bents for uranium biosorption [150, 151]. Tri-amidoxime 
[112], 2,5-diaminobenzene sulfonic acid, sodium-alginate, 
calcium-alginate, some flavonoids like Quercetin [25] has 
been used by many researchers for the modification of 
biosorbents. Now, the reason behind doing this modification 
is to increase the biosorption capacity of the biosorbents. 
It cause changes in functional groups as well as cell sur-
face properties of biosorbents. This chemical modifications 
enriched structural polymers of cell wall of the microogan-
isms. Negative charge present on the cell surface of biosor-
bents also increases due to this chemical modifications. In 
this way, removal efficiency of uranium from waste effluents 
become enhanced. Many examples are given below showing 
the biosorption and removal efficiency of biosorbents after 
modifying them chemically.

Quercetin‑NaOH modified Spirulina platensis 
for biosorption of uranium

The modified-dead biomass of microalgae such as, Spirulina 
platensis and some marine unicellular Cyanobacterium such 
as, Synechoccus elongatus has a greater biosorption capacity 
for the polyvalent metallic ions like U(VI) from the waste 
effluent. It has been observed that for increasing the adsorp-
tion efficiency of Spirulina platensis, these microalgae can 
be modified by using Quercetin [152] followed by NaOH 
[25]. The chemical modification of microalgae by using 
NaOH increases the negative charge on the cell surface of 
Spirulina platensis, while quercetin deprotonate in alkaline 

media and thus, the modified Spirulina platensis algal cell 
biomass surface becomes enriched and enhanced its biosorp-
tion capacity [153].

Biosorption of U(VI) by chemically modified 
marine‑derived mangrove endophytic fungus 
Fusarium sp.#ZZF51

Mangrove endophytic fungus Fusarium sp. located in Chi-
nese Zhanjiang sea area, are chemically modified by using 
formaldehyde, methanol and acetic acid. The reason behind 
its chemical modification is to enhance affinity of biosorp-
tion of U(VI) ion from wastewater. Through this modifica-
tion, number of functional groups increased on the cell sur-
face of Fusarium sp. #ZZF51 which induces more number of 
binding sites for U(VI) ions and thereby increases in removal 
efficiency in neutral pH at less temperature and time [154].

H3PO4 modified pomegranate peel as biosorbent

Pomegranate peel is the source of phenolic compounds like 
catechin, epicatechin, lignins, ellagic tannin, etc. [155]. The 
important constituents of pomegranate peel are carbon, oxy-
gen and hydrogen, nitrogen along with the functional groups 
like carboxylic acid, phenol, carbonyl, etc. It is therefore 
used for the biosorption of various radioactive metal ions, 
mainly U(VI) and U(IV) ions from uranium-contaminated 
waste water due to its low-cost, easily available, reusuable 
and non-pollutant. For efficient bioremediation of uranium 
from waste water, some researchers has used H3PO4 chemi-
cal for modifying the cell surface properties of pomegranate 
peel. The activated carbon produced by pomegranate peel 
[156] make it as a good biosorbent for biosorption of ura-
nium (VI) ions from all kinds of wastewater [157].

Sodium‑alginate modified Bacillus megaterium 
as biosorbent

Bacillus megaterium is commonly used for the remediation 
of U(VI) and other heavy metals from all types of waste 
effluents such as, textile effluents, industrial waste effluents, 
nuclear waste effluents, mining or milling waste effluents etc. 
and the reasons behind using this bacteria for water treat-
ment is due to its fast growth rate and presence of maximum 
metabolites. [158], modified this bacterial strain chemically 
by using sodium alginate. Sodium alginate is a linear anion 
copolymer having homopolymeric blocks which linked 
covalently to each other [159]. It contains carboxyl groups 
and pyranose oxygen atom which has the ability to form 
five membered chelates with metal ions and induces the 
efficiency of adsorption capacity of biosorbents [159–161] 
like Bacillus megaterium in a stable form. Sodium algi-
nate includes surface grafting of functional groups on the 
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biosorbent which increases the specific uranium ion uptake 
capacity [159]. Here, carboxyl groups plays an important 
role in providing binding sites for cationic uranium ions and 
another one is cross-linking, involved in building a 3D struc-
ture, it simply enhance the mechanical strength of biosorb-
ents by changing its solubility [159]. Sodium-alginate was 
mixed with Bacillus megaterium for better biosorption of 
uranium ions on the cell surface of the bacterium [158]. 
This chemical modification enhances the binding sites for 
uranium ions for complete removal of uranium from aque-
ous solution. In this experiment, 8 mg of adsorbent is used 
for the biosorption of U(VI) ions at pH 3–9 and the adsorp-
tion capacity is 74.61 mg/g at 30 °C. Here, the adsorption 
capacity is not decreased even after reusing it for 5 times 
when Bacillus megaterium is chemically modified with more 
number of functional groups like C–H and C = O [158].

Factors affecting efficient biosorption 
of uranium from various waste effluents

There are many parameters influencing the biosorption 
process accurately. These factors play an important role in 
interaction between cationic uranium and anionic biosorb-
ents. The fore most important factor among all the factors 
are pH and contact time, for an efficient biosorption of ura-
nium ions, researchers are looking for genetically engineered 
biosorbents along with some chemical modifications. Pres-
ently, biosorption of uranium at neutral pH, in less time with 
less biosorbent dosage with more number of binding sites 
(functional group) is the main goal of all the researchers.

pH

The most vital factor for biosorption process is pH of the 
solution. Here metabolism of biosorbents play a significant 
role, as it determines optimum pH for efficient biosorp-
tion process. The behavior of functional groups present on 
the cell surface of biosorbents as well as the behavior or 
chemical nature of uranium metal ions are affected by pH. 
It is reported by many researchers that the value of pH is 
directly proportional to biosorption capacity of biosorbents 
[82, 162, 163]. The biosorption of U(VI) ions are usually 
reduced at low acidic pH level < 3.5. At low pH, the repul-
sion between uranium cationic ions and anionic charged cell 
surface (binding functional groups) of biosorbents occurs 
at high range which leads in less removal of uranium from 
wastewater. The optimum pH range for biosorption of ura-
nium ion species is between pH 3.0–9.0. At this pH range, 
affinity between uranium species and biosorbents containing 
functional groups on cell surface enhanced and thereby leads 
to excessive removal of uranium from wastewater. Differ-
ent predominant uranium species such as (UO2)2(OH)2

2+, 

UO2
2+, (UO2)3(OH)5+, (UO2)4(OH)7

+, U3O8, UO2(NO3)2 
have different affinity towards the functional groups of 
biosorbents that determines the biosorption process. In some 
cases, it is reported that higher pH leads to the develop-
ment of negative or non-complexible uranium species due 
to hydrolysis of uranium [164]. Furthermore, formation of 
precipitate such as (4UO3. 9H2O) is also responsible for 
gradual decline in uranium biosorption capacity [165, 166].

Temperature

Temperature also plays an important role in biosorption pro-
cess and most of the reactions are reported to be temperature 
dependent [167]. Increase in temperature induces increment 
of biosorbent pore size, active sites, and cell layer thickness 
reduction. Mostly, biosorptive remediation of uranyl ions 
are endothermic in nature and higher temperature mostly 
enhances the attachment of radionuclide ions onto the 
biosorbent surface [167].Efficient and complete biosorption 
of U(VI) ions occurs in the temperature range of 15–37 °C, 
above which biosorption capacity decreases. Beside, tem-
perature affects the surface activity of the biosorbent and 
thereby the biosorption capacity. It has been observed that, 
thermodynamic study is the most important factor that deter-
mines the temperature for biosorption process [167]. Khani 
et al. [167] in the year 2010, reported that the spontaneous 
and exothermic nature of uranium biosorption process from 
industrial waste water by using Padina sp.The biosorption 
competency of the biosorbent shows retardation towards the 
uranium ion remediation which implies exothermic nature 
of the process. This negative impact may be due to the dam-
age of biosorbent binding sites. Another reason may be due 
to desorption tendancy of the radionuclide ions from the 
biosorbent surface. Furthermore, higher temperature may 
cause physical disruption of biosorbent. For this reason, 
remediation of uranium through this process at room tem-
perature is mostly beneficial [168]. Algal biomass at the 
temperature of 15 °C increased biosorption efficiency of 
uranium ions [168].

Contact time

Contact time is the third most imperative factor for effec-
tual biosorption process. One of the important reasons of 
using of bacteria, fungi, algae, plant wastes, agricultural 
wastes, fruit wastes etc. as biosorbents because they have 
shown complete and efficient biosorption of uranium at less 
time. It’s important to mention that at maximum bisorption 
capacity, binding sites become fully saturated and at this 
point of time, increase in contact time doesn’t show any 
effects. For uranium biosorption by all kinds of biosorb-
ents, range of contact time showed between 30 min and 48 h. 
In case of Sodium-alginate modified Bacillus megaterium 
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biosorbent, 5 h sorption period showed good potentiality for 
uranium biosorption [158]. On the other hand, Deinococ-
cus radiodurans bio-film biosorbed all uranium ions within 
15–60 min [108] while, biosorption time for U(VI) ions by 
Ulva lactuca completed within 1 h [169].

Biosorbent dosage, initial and final uranium 
concentration

The dose of biomass also plays an important role dur-
ing biosorption process. It is inversely proportional to the 
biosorptive capacity of uranium ions, but in case of highly 
contaminated water, this concept is not correct, as it is 
known that the cell surface of biosorbents are composed of a 
large number of functional groups that acts as a binding site 
for uranium ions. Hence, if less amount of biosorbent is sup-
plied into the complex aqueous solution contaminated with 
uranium, then high competition occurs for these binding 
sites between the uranium ions and therefore less biosorption 
of uranium ion occurs. On the other hand, if the amount of 
biosorbent dosage is more supplied into this complex water 
contaminated with huge amount of uranium then, less or 
almost no competition occur for the binding sites of biosorb-
ent and maximum biosorption of uranium takes place. The 
amount of biomass or biosorbent dosage used by most of 
the researchers was in between 0.1 and 20 g/L [170–172].
It is important to record the initial uranium concentration 
before starting biosorption process. Thus after completion 
of biosorption process, it can easily determine the potenti-
ality of novel biosorbents by comparing the final uranium 
concentration with initial one. Researchers showed that, the 
amount of initial uranium concentration was between 0.8 
and 600 mg/L [71].

Sites (functional groups)

Surface area of the biosorbents plays a key role in biosorp-
tion process. It is directly proportional to the biosorption 
capacity of the biosorbent materials. Alternatively, more the 
number of functional groups that act as sites for binding of 
uranium ions, higher will be the biosorption capacity [173]. 
Anionic functional groups which are present on bacteria, 
fungi, algae and other biosorbent materials are hydroxyl, 
carboxyl, sulfhydryl, amino, amide, phosphate, alkyl and 
other aromatic compounds. These functional groups con-
tribute negative charge to the cell surface of biosorbents 
due to which they easily involved in ion-exchange, physical 
adsorption and then forms complex with cationic uranium 
ions. Algal cell wall is composed of cellulose, hemicellulose, 
pectin, alginic acid, mucilage, fucin, fucoidin. In addition to 
this, cell wall of Chlamydomonas sp., Volvox sp., Ulothrix 
sp., Spirogyra sp., Spirulina platensis, Sargassum sp., are 
composed of polysaccharides and lignin. Cyanobacterial cell 

wall is composed of peptidoglycan, polymer of N-acetyl glu-
cosamine and beta-1,4-N-acetylmuramic acid and therefore, 
they have carboxyl groups due to which they are involved in 
binding and uptake of uranium ions [174, 175].

Specifically, algal cell wall is composed of cellulose, 
hemicellulose, pectin, alginic acid, mucilage, fucin, fucoi-
din whereas cyanophycea cell wall composed of mucopep-
tide which consists of amino acids, glucosamine, muramic 
acid, The protoplast is surrounded by cell membrane (lipid 
and protein like other eukaryotic cell membrane), addition-
ally some macro- and micro-algae chloroplast is present for 
example, Chlamydomonas sp., Volvox sp., Ulothrix sp., Spi-
rogyra sp., Spirulina platensis, Sargassum, Catenellarepens. 
Furthermore, polysaccharides and lignin are also available. 
In case of bacteria, its cell structure is simple just like algal 
cell, bacterial cell is also consists of cell wall, cell mem-
brane, capsule, slime layer, etc. Here slime layer contains 
functional groups such as, carboxyl, amino, sulfate, phos-
phate for biosorption of uranium ions. Gram-positive bac-
terial cell contains thick peptidoglycan layer connected by 
series of amino acids, their cell wall also contains teichoic 
acids which are connected to lipids of lipid bilayers and 
thereby forming lipoteichoic acids. Gram-negative bacte-
rial cell contains outer-membrane and lipopolysaccharides, 
teichoic acids due to which they exhibit negative charges on 
them. Some bacteria also contain extracellular polysaccha-
rides which also facilitate for uranium binding [80]. Bacteria 
such as, Bacillus sp., Pseudomonas sp., Deinococcus radio-
durans (genetically engineered bacteria) are involved. Many 
Extremophiles, having extremozyme i.e. enzyme which help 
them to remain stable even in harsh environmental condi-
tions acts as an excellent biosorbents for uranium biosorp-
tion. Thermophiles such as, Thermus thermophilus, Thermus 
scotuductus, Thermoanaerobacter sp., Psychrophiles such 
as, Arthrobacterpsychro lactophilus, Rhodobacteraceae, 
halophiles such as, Alcaligenes latus, Methylobacterium 
extorquens, Pseudomonas sp., recombinant Escherichia coli. 
Most of the halophiles contain Poly hydroxyl alkanoates 
(PHA) and Polyhydrobutyrate (PHB) [176]. Acidophiles 
namely Acidithiobacillus ferrooxidans, Acidithiobacillus 
caldus and basophiles such as, Natronocella acetinitrilica, 
Pseudomonas putida and Pseudomonas pseudoalcaligenes 
are involved in uranium ion biosorption from all types of 
wastewater.

For instance, fungal cell wall is more rigid than bacterial 
cell wall. Fungal cell wall consists of various polysaccha-
rides which forms complex with proteins, lipids and some 
pigments. The outer layer consists of glucans, mannans, 
galactans and inner layer consist of chitin chains, polymer of 
D-glycopyranose or sometime non-cellulosic glucan. It also 
contains polyphosphates and some inorganic ions. It con-
sists of hexomine, lipid, phosphorus, carbohydrate. Chitin-
chitosan and phosphate-glucoronic acid of fungal cell wall 
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mediates binding of uranium ions through ion-exchange. 
Several functional groups such as, carboxyl, phosphate, 
uranic acids nitrogen-containing ligands on chitin or chi-
tosan, protein facilitates effective biosorption of uranium 
from various kinds of waste effluents [177–179]. In recent 
times, plant wastes such as, wheat bran, pomegranate peels, 
pomelo peels, and human black hair contributes similar 
mechanisms for binding of uranium ions on their cell sur-
face by modifying them using magnetic iron-oxide nano- or 
micro-particles or by using chemicals [89]. Thus, it is clear 
that functional groups of biosorbents are the most important 
factor for uptake of uranium ions from waste effluents.

Desorption

After the completion of biosorption process, the same 
biosorbent is reusable simply by removing the uranium ions 
and safely discarding them. Several desorbing agents such 
as sodium carbonate, sodium citrate, EDTA, dilute hydro-
chloric acid, dilute hydrogen sulphate, potassium hydrox-
ide, citric acid, lactic acid, acetic acid, thiosulphate, sodium 
hydroxide are used in this process [119, 173]. The physical 
and chemical properties of biosorbents did not change dur-
ing desorption process and thus, biosorbent materials can 
be reused and regenerated for further cycle. Scenedesmus 
obliqus was used for uranium removal in biosorption process 
followed adding 0.1 M NaOH and 2.0 M NaCl desorbing 
agents for the reuse of the biosorbent [180]. Akhtar et al. 
have reported that use of 0.1 M HCl desorbing agent for the 
removal of uranium ions from the Trichoderma harzianum 
biosorbent after the completion of biosorption process in 
order to reuse this biosorbent for the next biosorption cycles 
[181]. On the other hand, after completion of U(VI) ions 
biosorption by using novel graphene-oxide immobilized 
Saccharomyces cerevisiae gel beads, 0.1 M HNO3, 0.1 M 
HCl, 0.1 M NaOH desorbing agents were used for the des-
orption process. For removal of U(VI) ions from the amine 
and dithizidine-functionalized magnetite chitosan hybrid 
biosorbent material, two desorbing agents 0.3 M Na2CO3 
and 0.1 M H2O2 were used [182]. Exact mechanism for des-
orption process is not yet understood vividly and therefore, 
more in depth research is highly required.

Equilibrium study

Generally biosorption isotherm study is an important curve 
that describes the phenomenon governing retention or 
mobility of uranium compounds from the liquid phase to a 
solid-phase at the same temperature and pH [108]. These are 
depicted graphically by plotting the solid-phase against its 
concentration. This model determines whether the adsorp-
tion remains constant or decline with increasing concentra-
tions [183]. These isotherm models help us to know whether 

multilayer or single layer or no layer formed on biosorbent 
material [88, 145]. The reports showed that for uranium 
biosorption, Freundlich and Langmuir isotherm models are 
common compared to other models. Langmuir-type adsorp-
tion is a monolayer process, while Freundlich-type adsorp-
tion is a multilayer process in which the adsorbate amount 
per unit adsorbent mass increases gradually. Freundlich 
isotherm model is only applicable for adosorption process 
not for desorption [42, 184]. Freundlich isotherm can be 
formulated as follows [185],

Were, KF and n are the Freundlich rate constants designated 
as adsorption capacity and intensity respectively. It can be 
obtained from slope and intercept of the plot of logqe versus 
logCe. 1/n denotes whether the adsorption capacity remains 
constant or decline with increasing concentrations.

Langmuir isotherm model can be formulated as follows 
[186],

Were, Ce = concentration of sorbate or adsorbate at equilib-
rium (mg/g).

These models are used to determine the biosorption 
capacity of biosorbents.

In case of Langmuir isotherm model, adsorption is 
proportional to the fraction of the open adsorbent surface 
while, desorption is directly proportional to the fraction of 
the adsorbent covered surface [186, 187]. Dubinin-Radush-
kevich Isotherm model is referred as an empirical adsorption 
model which is only suitable for intermediate concentra-
tions of adsorbate [188]. It is applicable only for physical 
adosorption mechanism qualitatively for the adsorption of 
gases and vapors on micro porous sorbents [189]. General 
application of this isotherm model is to differentiate between 
the physical and chemical adsorption of uranium metal ions. 
It is temperature-dependent [189].

This Dubinin-Radushkevich isotherm model can be for-
mulated as follows [189, 190],

Here, beta is Dubinin-Radushkevich constant and E is 
mean adsorption energy.

Temkin isotherm model is applicable for an intermedi-
ate concentration of uranium ions. It is reported that due 
to increase in surface coverage, the adsorption heat of all 
molecules in the layer decreases linearly [191, 192].

Temkin isotherm model can be formulated as [193]:

Log qe = (1∕ n) logCe + logKF

Ce∕qe =
(

1∕ qmKe

)

+
(

Ce∕qm
)

Log qe = log qm−BE
2

qe = (Rt∕b) log KT + (RT∕b) log Ce
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Here, b is Temkin constant related to heat of sorption (J/
mol) and KT = Temkin isotherm constant and its unit is L/g.

The R2 for uranium adsorption by H3PO4 modified 
pomegranate peel biosorbent biomass is well explained by 
Freundlich isotherm which is an indication of multilayer 
formation on biosorbent [92]. In short, it indicates that mul-
tilayer adsorption occurs on heterogeneous surface with a 
uniform energy. It also followed Temkin isotherm model 
which indicates adsorption heat of all molecules in the layer 
decrease linearly with the increase of the coverage of utilized 
H3PO4 modified pomegranate peel biosorbent [92]. Uranium 
adsorption by tea waste biosorbent is well explained by Fre-
undlich’s isotherm model that means multilayer formation 
occurred on biosorbent [194]. Also, uranium adsorption 
by phosphonate functionalized ordered mesoporous silica 
(OMS-P) is well explained by Langmuir isotherm model 
which indicates that monolayer adsorption occur on the 
homogeneous surface of this adsorbent [195].

Adsorption kinetic and thermodynamic study

Adsorption kinetic plays an important role in controlling 
adsorption rate. It determines the time required for reaching 
equilibrium for the adsorption process. This model gives 
information about the pathways and mechanisms involved 
in adsorption process. To understand the adsorption mecha-
nism, two famous models are used, Pseudo-first order and 
Pseudo-second order models. This adsorption kinetics is 
used to measure the diffusion of adsorbate into the pores of 
the adsorbent/biosorbent material.

When the kinetic model best fits for Pseudo-first order 
model where R2 value is approximately one then, it indicates 
that the reaction is physical adsorption. On the other hand 
if it fits best to Pseudo-second order model, then it indicates 
chemical adsorption reaction. In case of using Quercetin-
NaOH modified Spirulina platensis for the biosorption of 
U(VI) ions from the waste effluent, Pseudo- first and second 
order model were best fitted which indicates that U(VI) ions 
adsorbed by chemical or surface complexion mechanism 
rather than mass transport and both physical and chemical 
adsorption occurred at the same time [25, 196].

The Pseudo-first order equation given by Lagergren 
model is given below,

Pseudo-second order equation is formulated as,

In both of these models, qe and qt = amounts of uranium 
adsorbed on adsorbent (mg/g).

t = time (minutes).
K2 = Pseudo-second order constant.

Log
(

qe− qt
)

= log qe− K1. (t ∕ 2.303)

(

t∕ qt
)

=
(

1 ∕ K2q
2
e

)

+
(

1∕qe
)

K1 = Pseudo-first order constant.

Other applications of biosorption

In search of a new inexpensive eco-friendly waste treatment 
technologies, lots of researches has been done on biosorption 
process to treat industrial as well as nuclear waste effluents 
containing toxic and radioactive heavy metals. Biosorption 
process is mainly concern for the bioremediation of toxic metal 
ions and in recovery of important metals such as gold, silver 
etc. Beside this, it has been reported that, biosorption process 
is also applicable for the remediation of dyes, antibiotics, anti-
biotic resistant genes, antibiotic resistant bacteria and polyaro-
matic hydrocarbons from the waste effluents.

Dye biosorption

Biosorbents such as, Terminalia catappa shell, Cassava root 
husks, water hyacinth, lichen such as, Pseudevernia furfura-
cea, apple pomace, wheat straw, fungi such as, Aspergillus 
japonica, Aspergillus niger, Rhizopus arrhizus, Saccharomy-
ces cerevisiae, algal species such as, Spirogyra sp., Euchema 
spinosum, Chlorella vulgaris, Sargassum sp. have been used 
for the biosorption of dyes like, indigo carmine, black dye 
[197], methylene blue, malachite green, reactive blue 160 dyes 
from various kinds of waste effluents especially textile efflu-
ents [198–201]. It is significant to remediate textile industrial 
dyes, plastic manufacturing industrial dyes, paper industrial 
dyes and cosmetic industrial dyes as most of the dyes are 
carcinogenic and possess a serious problems to all the liv-
ing organisms. Sulfonated tea waste has also been used as a 
biosorbent for complete biosorption of methylene blue dye 
from waste water and considered as an excellent eco-friendly 
biosorbent [202].

Antibiotic biosorption

In recent times, antibiotic resistance has become the most 
common problem. Rice husk, maize stalks, microorganisms 
such as, Cladophora sp., Spirulina sp., Chlorella sp., Sargas-
sum sp. have been used for the biosorption of antibiotics from 
wastewater treatment plants [203–205]. Very few researches 
have been done for antibiotic remediation from wastewater 
especially from hospital and industrial wastewater by biosorp-
tion process. There should be more research in this field to 
prevent antibiotic resistance problem in order to save life of 
next generations.
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Future perspectives

In this review, utilization of various biosorbents such as 
microorganisms, plant and fruit wastes, recombinant DNA 
technology utilization for biosorbent production for the 
biosorption and bioremediation of uranium ions have been 
illustrated. Based on the extensive literature survey, it is 
clear that biosorption is the cost effective, easiest process 
for uranium removal from waste waters. It can be used for 
the bioremediation of all types of radioactive as well as 
toxic heavy metals from the environment. Few researchers 
have started using genetically engineered microorganisms 
for efficient biosorption [138]. More research is needed in 
this field as almost no or limited research has been done 
on construction of genetically engineered algal species, till 
date. Through this biosorption process, one can remediate 
antibiotics, antibiotic resistant genes, antibiotic resistant 
bacteria from hospital and domestic waste effluents. Toxic 
dyes can also be removed in near future and it is observed 
that fewer studies are done in the field of remediation of 
toxic substances related to plastics [206].

Today’s research trend is in the direction of modifica-
tion and engineering techniques to improve the biosorption 
capacity of biosorbents for various types of toxic pollut-
ants. Regeneration of all types of biosorbents is the main 
goal of all the researchers working in this field. Recent 
studies showed that, novel immobilized gel beads are pre-
pared by using graphene-oxide and other chemicals for 
uranium biosorption and its remediation from the envi-
ronment [207]. Limited investigations have been done in 
nano-particles based biosorbent for uranium biosorption. 
In future, nanoparticle based biosorbent’s uptake capac-
ity of uranium need to be studied and more research is 
required. Moreover, it is expected that biosorption tech-
nique will become further renowned and common tech-
niques in near future. Recently, biosorbents based on 
microbial cells immobilized in magnetic nanoparticles has 
been used and proved to be the most innovative technique 
for efficient and complete biosorption of uranium and 
other toxic heavy metal ions from the public and industrial 
waste water. So, more research is needed to know whether 
these types of innovative biosorbents are reusable or not.

In this review, we have included the entire novel and 
innovative biosorbents that are commonly used, less stud-
ied by researchers, recent trends for biosorption of radio-
active heavy metals especially U(IV) and U(VI) and their 
present and future impact in the field of innovative and sci-
ence technology. Besides, possibility of using significant 
biosorbents in large scale are also highlighted, but, still 
more studies in this field are required. Most recently, plant 
wastes or fruit peels are used as a biosorbents for eco-
friendly biosorption process. Further investigation needs 

to be carried out to know whether these plants wastes work 
for long hours for biosorption of all radioactive metals 
from the aqueous solution at a time or not. In future, modi-
fications of biosorbents by two or more chemicals as well 
as two or more genes incorporation by using CRISPR/
Cas9 technology are needed. For biosorption of uranium, 
little attention has received, though there are still several 
processes where more research needs to be carried out in 
order to make this biosorption process fully accessible. 
Many studies have now focused in thermodynamic aspects 
to determine the behavior of biosorption process. Apart 
from this, other properties of microorganisms such as, 
metal-tolerance, metal-resistance, radioactive-resistance, 
metal-binding proteins, functional groups, and enzymes 
for tolerating harsh environmental conditions should be 
evaluated in lab-scale. Also, biosorbents, illustrated here 
are mainly for uranium removal from waste effluent, but, 
other toxic radioactive metals needs to be tested as well 
with these biosorbents. More research should be done to 
find out other parameters that are responsible for mediating 
efficient biosorption of radioactive metals. Most impor-
tantly, no research has been done yet for biosorption of 
toxic radioactive metals as well as heavy metals by using 
combination of biosorbents. In near future, potable biosen-
sors based on microbial fuel cells for monitoring water 
quality after completion of biosorption process needs to be 
prioritized to make this innovative eco-friendly biosorp-
tion process more approachable.

Conclusion

Biosorption is the best method for the bioremediation of ura-
nium metal ions from all kinds of waste effluent efficiently 
than other methods. This method is feasible, less time con-
suming, eco-friendly and reusable. The biosorbent materi-
als used in this method for the biosorption of uranium are 
all compatible and mediate efficient removal of uranium. 
The mechanism of biosorption suggest that pH of the pro-
cess solution is one of the most important factor that influ-
ence the functional groups present on the cell surface of the 
biosorbent and helps in efficient biosorption and removal of 
uranium ions from the waste water. Recently, nano-based 
particles like magnetic iron oxide, graphene oxide, chitosan 
etc. showed an efficient biosorption and removal capacity. 
Extensive researches require for the removal of other pollut-
ants like, antibiotics, reactive and toxic dyes, etc. Kinetic and 
thermodynamic studies played an important role in setting 
temperature during biosorption process. Plant wastes have 
also been used and proved to be an excellent biosorbent. 
Even, recent trends are in the direction of construction of 
genetically engineered microorganisms or transgenic plants 
for biosorption process. In order to increase more attention 



2430	 Journal of Radioanalytical and Nuclear Chemistry (2022) 331:2409–2435

1 3

towards biosorption process, more strategies need to be 
developed for making biosorbents into usable form. Investi-
gation in biosorption mechanism at molecular level will help 
to construct more genetically engineered biosorbents with 
improved biosorption capacity.
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