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Abstract
The work demonstrates a new greener approach in developing bio-composite magnetic nanoparticles (Fe3O4@PBP) con-
taining a sorbent extracted from papaya (Carica papaya) bark for efficient uranium (VI) sorption from aqueous media. The 
findings showed that Fe3O4@PBP nano composites exhibited a characteristic average size of around 26.4 nm, as inferred from 
the XRD data. Further, these nano composite performed well in the uptake of uranium (VI), revealing the removal efficiency 
and the maximum adsorption capacity to be 88.8% and 120.48 mg/g, respectively. The thermodynamic investigation indicated 
that the endothermic uranium(VI) uptake sorption process by expeditious Fe3O4@PBP nano composite is naturally impulsive.
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Introduction

In today's technology-driven time, sustainable utilization 
of natural resources is linked to issues such as reducing 
pollution, the use of native plants as scavengers of pollut-
ants, and so on. The prevalence of hazardous toxic met-
als, as a result of fast industrialization and technological 
advancement, is a global environmental issue. Recently, 
there has been a boom in interest in the use of biomass 
from diverse sources to reduce toxic metals from diluted, 
large-volume solutions. Human beings require a lot of 
energy as a civilization. Because of the expansion of 
civilization, the world's energy demand has gone through 
the roof in the last few decades [1]. Among the differ-
ent sources of energy, such as sound, light, mechanical, 
electrical, chemical and nuclear energy; nuclear energy 
is crucial in the modern period. Uranium is one of the 
primary basic elements used in nuclear fission for radioac-
tive disintegration [2]. Numerous radioactive isotopes and 
heavy hazardous metals are discharged into the wastewater 
from the nuclear reactor during the disintegration process. 
The high levels of uranium and heavy toxic elements found 
in the water samples are extremely dangerous to human 
health and all other living creatures. The WHO recom-
mends that the permissible limit of 30 µg/ L for Uranium 
in drinking water (World Health Organization) [3]. Ura-
nium ions are discharged into water bodies from various 
causes such as uranium radioactive waste, mining and geo-
logical interaction [4, 5]. Uranium is toxic to the kidneys 
lungs, and even the neurological system. The formation 
of complexes with phospholipids and proteins in cells has 
been ascribed to uranium's adverse effects on the organs. 
Because of the high uranium concentration, major health 
risks such as nephrotoxicity and cancer risk may occurs 
in the body system [6]. To prevent such condition, it is 
essential to extract uranium and heavy hazardous elements 
from contaminated water samples. Research teams have 
currently developed a variety of strategies for removing 
heavy hazardous metal ions, including bio-reduction [7], 
reverse osmosis [8], adsorption [9], and precipitation [7]. 
Adsorption is the most commonly used approach due to its 
convenience, ease of operation, and able to quickly remove 
any target toxicant from the medium [10]. However, typi-
cal adsorbent materials have some limitations, such as 
less adsorption potential and higher material develop-
ment costs. Therefore, researchers are always attempting 
to produce less expensive, higher potential, and environ-
mentally acceptable sorbents to extract uranium and other 
heavy hazardous metals from raw water [11]. Iron-loaded 
biochar [12], alumina [13], iron zirconium oxide [14], 
and waste materials from agriculture [15] have all been 
investigated for their ability to adsorb arsenic. For removal 

of arsenic, maghemite, hematite, and magnetite [16] have 
been employed at various pH levels along with their 
minimal cost and local availability. Ion-imprinted mag-
netic chitosan resins, chitosan powder, calcium alginate 
beads, tea waste, citrus waste, nano porous and non-nano 
porous alumina, zeolite NaA, natural white silica sand, 
magnetite nanoparticle, silica gel with benzylthiourea 
derivatives, activated carbon prepared from olive stones, 
chitosin coated attapulgite, wood powder and wheat straw, 
and activated carbon have also been reported for uranium 
adsorption [17]. The use of iron oxide papaya bark powder 
hybrids i.e. Fe3O4@PBP magnetic bio nanocomposite for 
uranium removal is a novel method. The papaya bark pow-
der (PBP) provides a porous surface to spread and hold the 
iron oxide adsorbent, as well as increasing the surface area 
of the iron oxide. Nanocomposites are easily produced by 
adding the base to an aqueous Fe2+ and Fe3+ containing 
solution. Because these particles rapidly agglomerate, a 
moderate surface-area carrier, such as PBP, can be used 
to disperse the particles while maintaining total adsor-
bent particle sizes suitable for the batch adsorption process 
[18]. Co-precipitation [19] was used to produce Fe3O4@
PBP magnetic bio nanocomposite as a metal ion adsorbent 
in this work. Fe3O4@PBP magnetic bio nanocomposite 
was made with Fe3O4 loading and successfully used to 
remediate uranium-contaminated water in this study. The 
main objective of the study was to look into the potential 
of Fe3O4@PBP as a bio-sorbent in minimizing uranium 
(VI) concentrations in an aqueous path. Carica papaya is 
the scientific name for papaya, which belongs to the Cari-
caceae family. Papaya is an herbaceous plant with self-
supporting stems, not a tree. [20]. The important chemical 
components of papaya wood are protein (4.41%), crude 
fiber (32.39%), and mineral ash (6.25%) [21]. Crude fiber 
contains lignin and cellulose, an indication of the pres-
ence of hemicellulose and associated polysaccharides [22]. 
Magnetic biocomposites are in high demand due to their 
applicability in a wide range of fields, including medicine 
antimicrobial agents, biosensors, and recycling techniques 
[23]. Researchers pay attention to the significant poten-
tial of Fe3O4 particles, such as their magnetic capabili-
ties. Fe3O4@PBP is used as plant-based magnetic particle 
with unusual capabilities due to the presence of cations, 
Fe2+ and Fe3+, in its crystalline structure. Because of the 
presence of many functional groups on the surface of bio 
sorbent, they have the potential to gather and hold pollut-
ants from an aqueous medium [24]. The purpose of this 
research is to demonstrate and gather information on the 
potential usage of magnetic adsorbents for the removal 
of U (VI) from the aqueous phase. This study makes use 
of the findings of a batch adsorption study that looked 
at several parameters for U (VI) removal. The main pur-
pose of the research is to assess the potential of magnetic 
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adsorbents to adsorb metal contaminated water. Green 
synthesis is significant as it stands as an essential exam-
ple in the synthesis of Fe3O4@PBP as an adsorbent that 
is potentially harmless to humans. After all, the materials 
used are taken from a natural source, such as plant extract. 
Plant extracts can act as both stabilizing and reducing 
agents during the Fe3O4@PBP synthesis process. This 
method is not only simple but also inexpensive. To put it 
into perspective, the green technique is a non-hazardous 
to the environment or human exposure method of produc-
ing magnetic particles. The focus of this research is to 
develop novel methods for producing magnetic particles 
using native plants. In current history, research teams have 
been looking for sustainable ways to make magnetic bio-
composites from regenerative waste resources to achieve 
global demands.

Materials and methodology

Required chemicals for analysis

A standard Uranium solution of 1 g/L in distilled water was 
made using 2.1308 g of UO2(NO3)2 ·6H2O and Arsenazo 
III procured of Sigma-Aldrich (USA) make; Merck (India) 
manufactured tartaric acid (> 99%) and iron (II) sulfate 
[(FeSO4·7H2O) 99%] were used. The DTPE [(diethylenetri-
aminepentaacetic acid) 99%] and 99% anhydrous ferric chlo-
ride (FeCl3) were used of Loba Chemie Pvt. Ltd. India and 
Molychem make.

Collection and screening of sample

The sample was gathered from the local area, and the bark 
was collected from a fallen trunk of a mature plant of papaya 
(Carica papaya). The trunk was debarked, sliced into small 
pieces, immersed in boiling water for around 45 min, cleaned 
exhaustively under running water, and placed in distilled water 
for 3–4 h. Further, the water was changed 2–3 times to eliminate 
the undesirable particles. This was done to soften the sorbent 
(Carica papaya) [25]. They were oven dried at 40° C till crisp 
(approx. 48 h). The dried materials were then mashed and sieved 
using a 150 µm sieve before being used for sorption tests. The 
papaya bark has a considerable surface area, which is ideal for 
metal sorption [21]. For trials, the papaya bark powder (PBP) 
was stored in sterile environment i.e. in a sealed jar.

Green synthesis of magnetic bio 
nanocomposite (Fe3O4@PBP)

A simple method for producing nanoparticles requires 
only a metal salt (precursor) and a green substrate 
(Reducing agent). Several parameters including metal 

salt concentration, green substrate concentration, reaction 
time, temperature, and solution pH were modified dur-
ing the nanoparticle synthesis process to get the features 
desired for different applications. An aqueous solution 
comprising iron salts and a base (NaOH) was hydrolyzed 
at room temperature in an ambient environment to pro-
duce Fe3O4. In brief, Fe3O4@PBP was synthesized by co-
precipitating Fe2+ and Fe3+ in a stociometric ratio on a 
magnetic stirrer at 60–70 °C for 24 h [19]. In this work, 
papaya bark powder (PBP) was utilized as a reducing and/
or stabilizing agent to assist enough particles to escape 
the aggregation process and reduce the mean particle size 
overall. Finally, the Fe3O4@PBP as a sorbent was filtered 
and rinsed many times with distilled water, followed by 
ethanol (until the neutral pH), and finally dried at 50 °C in 
the oven. A magnetic sample (Fe3O4@PBP) was isolated 
using a permanent magnet. The hydroxylation of the Fe2+ 
(ferrous) and Fe3+ (ferric) ions results in the formation of 
Fe(OH)2 and Fe(OH)3 at high pH. When NaOH was added 
as a precipitant, the precipitate was produced immediately. 
As a result, black precipitation led to the formation of 
Fe3O4 nanoparticles. The reaction is fast, with a high yield, 
and magnetite (Fe3O4) crystals appear instantly following 
the addition of an iron from its salt [26]. The proposed 
reaction scheme for the synthesis of magnetic particles 
(Fe3O4@PBP) is as follows:

1.	 Fe3+ + 3OH−
Hydroxylation

⟶ Fe(OH)3
2.	 Fe(OH)3 → FeOOH + H2O

3.	 Fe2+ + 2OH−
Hydroxylation

⟶ Fe(OH)2
4.	 2FeOOH + Fe(OH)2 → Fe3O4 ↓ (Black ppt.) + 2H2O

5.	 Fe3O4 + PBP → Fe3O4@PBP (Magnetic bio − composite)

Instrumentation

EDX (Energy Dispersive X-Ray) and Scanning electron 
microscopy (FE-SEM) i.e. field emission scanning elec-
tron microscope (ZEISS) were used for obtaining the 
elemental characterization and surface morphology of 
Fe3O4@PBP, in the laboratories of IIT Bhilai (Chhattis-
garh, India). To determine the functional groups present on 
the magnetic bio composite surface (Fe3O4@PBP), Fourier 
transform infrared spectra were performed on the samples 
in the 4000–400 cm−1 spectral region, the samples. FTIR 
spectra were acquired using an FTIR spectrophotometer 
(Bruker OPUS-7.5.18) based on the KBR pellet approach. 
The NCNR Pt. R.S.U. Raipur (C.G.) was subjected to 
analysis. The crystallographic compositions of Fe3O4@
PBP magnetite nano composite were investigated using 
X-ray powder diffraction (XRD) (D8 Advance X-ray dif-
fractometer). The sample was described using an x-ray 
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diffractometer and an x-ray diffraction analysis of Fe3O4@
PBP in the 10–90 degree range. For X-ray detection, a 
Cu K-alpha tube with a wavelength of 0.154 nm from the 
UGC-DAE cooperation scientific research Indore was used 
(Bruker Lynx Eye detector).

Adsorption analysis

Batch studies were carried out in a closed polypropylene bottle 
(125 ml) at a G value of 6.73 to assess the adsorption of ura-
nium (VI) onto Fe3O4@PBP. A 50 mL concentrated solution 
of uranium (VI) [10–200 mg uranium (VI) /L] was prepared 
in which 0.01–0.3 gm of Fe3O4@PBP was added. After the 
batch experiment, the filtrates were collected from 5 to 70 min 
at equal time intervals. The pH 2–10 of sample solutions keyed 
with NaOH (0.1 N) was measured using a HAANA HI 5521 
and HI 5522 multipara meter digital analyzer. Spectrophotom-
eter equipment (SYSTRONICS UV–VIS spectrophotometer 
117 at 651 nm) followed by the Arsenazo-III as the chromog-
enic agent was used to determine the concentration of uranium 
(VI) [27]. All studies were conducted using a magnetic stir-
rer (LabQuest MHS5P). Equations 1 and 2 [28] were used to 
compute the sorption removal efficiency (R %) and sorption 
capacity [qe (mg/g)] of uranium (VI) ions:

where CO represents the initial concentration before being 
shaken and Ce represents the final concentration of the metal 
ion solution [uranium (VI)] after shaking with the Fe3O4@
PBP (sorbent), V (L) symbolized the volume of the metal 
ion solution taken for the batch adsorption trial, and M rep-
resents the mass (gm) of the Fe3O4@PBP sorbent.

Quality assurance and quality control 
for applied method

Quality assurance and control strategies involve the use of 
certified sample solutions together with the assessment of 
control samples. Each measurement was carried out using 
only standard certified chemicals and equipment. In all tests, 
the standard uranium solution was employed. To ensure the 
reproducibility of the outcomes and data gathered, all trials 
in this work were carried out in triplicates. The experimen-
tal results fluctuation stayed within the estimation errors 
(± 10%). For precision, lab tools such as an analytical bal-
ance and a micropipette were used. The detection limit was 
found to be 0.025 mg/L.

(1)(R%) =
Co − Ce

Co
X100

(2)qe( mg
g
) =

Co − Ce

M
XV

Results and discussion

Influence of the batch operational parameters

Effect of pH and contact time of the solution

Figure 1a and b presented the influence of initial pH and 
contact time of metal ion solution on uranium (VI) sorption 
in batch testing at 30 °C using 0.04 gm Fe3O4@PBP added 
to 50 mL of uranium (VI) solution. Based on the results, 
pH 7 of the solution is favorable for uranium (VI) sorption 
by Fe3O4@PBP sorbent. At the specified pH, Fe+3 inhib-
its OH− precipitation, and may alter the interaction with 
OH− ions, finally achieving higher adsorption, i.e. 27.75 mg/
gm [29]. The pH of the solution has an effect on the uranium 
(VI) species. Below pH 5, the major species is UO2

+2, but 
at pH 5.0–7.0, the dominant species are UO2OH+ (hydroly-
sis complexes) and (UO2)3(OH)5

+ (multinuclear hydrox-
ide complexes) Fig. 1e. The improvement in uranium (VI) 
adsorption when pH rises up to pH = 7 can be explained by 
reducing competition for surface areas between proton and 
uranium (VI). When the pH exceeds 7, the removal effi-
ciency decreases (from 88.8–40.4%) leading to the formation 
of UO2CO3, [(UO2), (CO3)2

2−], [(UO2), (CO3)3
4− (carbonate 

uranyl ions)] and the charge of uranium (VI) species shifting 
from positive to negative. [30]. However, during the initial 
contact span time, the sorption rate was rapid and increased 
until it reached equilibrium (19.75–27.75 mg/gm). This is 
because most uranium (VI) binds to the sorbent (Fe3O4@
PBP) at the beginning of the sorption process. On another 
end the equilibrium indicates that the uranium (VI) adsorp-
tion curves against time (min.) are relatively smooth, imply-
ing that uranium (VI) is likely encased in a monolayer on 
the surface of the Fe3O4@PBP [31]. The optimal removal 
efficiency of uranium (VI) was achieved at an initial pH of 
7 in 40 min of contact span time for Fe3O4@PBP, as shown 
in Fig. 1 (b).

Effect of initial uranium (VI) concentration

The efficiency of biosorption is controlled by the concen-
tration of metal ion it is an essential factor to consider for 
efficient biosorption. With a uranium initial concentration of 
25 mg/L, the highest adsorption capacity (qe) and removal 
efficiency (R %) were 27.75 mg/gm and 88.8%, respectively. 
As a result, this (25 mg/L) concentration was preferred as 
optimal and used in further trials. Figure 1c depicts the 
variation in removal efficiency with varying metal ion con-
centrations (10–200 mg/L). The amount of uranium (VI) 
adsorbed on the Fe3O4@PBP sorbent increased as the metal 
ion concentration increased (from 10 to 25 mg/L). However, 
as the metal ion concentration increased up to 200 mg/L, 
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the percentage removal steadily declined to 43.25% due to 
saturation of the Fe3O4@PBP reactive sites. Raising the 
concentration of uranium in the solution is supposed to 
boost qe until biomass saturation (Fe3O4@PBP) is reached. 
With a concentration of 25 mg/L, the optimal value of qe 
(27.75 mg/g) was recorded. This is attributed to binding 
site saturation and an increase in the number of ions hoping 
for available reactive sites in the biomass (Fe3O4@PBP) for 
uranium binding at 25 mg/L concentration [32, 33]. Further-
more, higher metal ion concentrations increase mass transfer 
driving force and metal ion adsorption per unit mass of sorb-
ent (Fe3O4@PBP) [34]. "Many studies show that the adsorp-
tion increases with increasing initial adsorbate (uranium) 
concentration and vice versa. If we reduce the adsorbate 
concentration further below 10 mg/L, as a concern for drink-
ing water, adsorption would drop, but it would still be on the 
higher side, indicating that applied adsorbent is significant 
for adsorbing the uranium at low concentrations as well."

Effect of adsorbent dosage (Fe3O4@PBP)

The sorbent dose is an important aspect to consider for 
effective uranium (VI) ion sorption. It determines the sys-
tem's sorbent (Fe3O4@PBP) sorbate (uranium VI) balance. 
The number of binding sites adaptable for sorption is also 
determined by the amount of sorbent (Fe3O4@PBP) intro-
duced to the uranium (VI) solution. The effect of Fe3O4@
PBP dosage on uranium (VI) adsorption was investigated 
using varied dosages ranging from 0.01 to 0.3 gm, whereas 
other sorption parameters (pH, initial metal ion concentra-
tion, contact span time, and temperature) were held con-
stant. Figure 1 d depicts the relationship between biosorp-
tion capacity (qe) and percent removal (R %) with biomass 
(Fe3O4@PBP) concentration. As per the findings, boosting 
the adsorbent mass from 0.04–0.3 gm reduced the biosorp-
tion capacity from 27.75 to 3.7 mg/g. Despite the fact that 
the majority of functional groups on the sorbent surface 
available for metal ion binding increases with sorbent dos-
age, the results of this investigation indicated the reverse 
tendency. Since the Fe3O4@PBP magnetic bio-composite 
particles agglomerated or clustered when the sorbent mass 
was increased, the binding capacity for uranium ions was 

reduced as the sorbent mass was increased. Similar findings 
were found in the research of Saleem et al. and Kausar et al. 
[34, 35]. The same results were found in the investigations 
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Fig. 1   a Effect of the pH onto Fe3O4@PBP composite surface for 
uranium (VI) sorption concentration = 25  mg/L; temperature = 30; 
time = 40  min.; Fe3O4@PBP composite dose 0.04 gm. b Effect of 
contact time onto Fe3O4@PBP composite surface for uranium (VI) 
sorption concentration = 25  mg/L; temperature = 30  °C; pH = 7; 
Fe3O4@PBP composite dose 0.04 gm. c Effect of the metal ion con-
centration onto Fe3O4@PBP composite surface for uranium (VI) 
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PBP composite dose 0.04 gm. d Effect of Fe3O4@PBP compos-
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time = 40 min.; concentration = 25 mg/L. e uranium species under dif-
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of Nuhanovi et al. and Šabanović et al.,who employed Sugar 
beet and Lemon beet as agricultural waste for uranium sorb-
ent material [36, 37]). In all of the experiments mentioned, 
the optimal removal of uranium (VI) ions was accomplished 
with the least amount of bio sorbent mass (Fe3O4@PBP) 
utilized, i.e. 0.04 gm. As a result, 0.04 gm/50 mL was con-
sidered the best mass/volume ratio in further trials.

The effect of nanocomposite particle sizes 
on uranium (VI) adsorption

Variations in the adsorbent (Fe3O4@PBP) grain size can 
affect its physiochemical properties. [38].To change the par-
ticle size, the adsorbent (Fe3O4@PBP) was sieved through 
several meshes, ranging from 75–600 micron (specifically 
75, 125, 150, 300, 500, and 600 µm). The findings demon-
strate that uranium (VI) was extracted 88.8% through the 
150 micron sorbent size (Fig. 2). The findings are interesting 
because adsorption is normally proportional to the surface 
area therefore increasing particle size is expected to cause 
greater adsorption. But here opposite trend was observed 
that uranium (VI) adsorption was better at smaller sizes of 
particles (i,e. 150 µm). As an outcome, the size of the nano-
particles utilized in the research protocol as the sorbent was 
kept at 150 µm.

Zero point charge (pHZpC)

Metal adsorption is primarily a pH-dependent action; 
adsorption equilibrium was attained in this investigation at 
pH 7. This behavior can be understood by the Fe3O4@PBP 
zero point charge (pHzpc), which was reported to be at pH 
3.9 (Fig. 3). The H+ ions successfully raced with the uranyl 
ion, resulting in less adsorption at pHzpc. However, when 
the pH of the Fe3O4@PBP exceeded pHzpc, the surface of 
the sorbent became negatively charged and electrostatically 
adsorbed the positively charged uranyl ions. Similar find-
ings have been found for mango peel and banana peel [39, 
40]. With increasing pH, the % removal of the Fe3O4@PBP 

adsorbent increased. The minimal concentration of uranyl 
ion uptake by the Fe3O4@PBP sorbent at lower pH lev-
els could be caused by an increase in the concentration of 
hydrogen (H+) ions, which fight for receptors on the adsor-
bent mass with uranyl ions. As the pH drops, the maximum 
surface charge on Fe3O4@PBP becomes positive, preventing 
positively charged metal cations from approaching. There 
is a net negative charge on the surface of Fe3O4@PBP at 
pH levels above the isoelectric point, and the ionic point of 
ligands such as carboxyl, hydroxyl, and amino groups are 
free to facilitate contact with metal cations. The adsorbent's 
metal absorption capacity (qe) is determined by its nature 
and its pH and/ or the pHPZC of Fe3O4@PBP (i.e. 3.9).

Equilibrium isotherm study

The most extensively utilized Langmuir [41] and Freundlich 
isotherm [42] models were employed to model equilibrium 
data (Fig. 4a and b). According to the Langmuir model, the 
maximal monolayer adsorption capacity, (qmax mg/g), as 
well as other characteristics were determined by the follow-
ing equation:

where Ce denotes the equilibrium / final concentration of the 
uranium (VI) solution and KL represents the adsorption con-
stant for Langmuir whereas, in Eq. 5, qe (mg/g) is the het-
erogeneous adsorption capacity of Fe3O4@PBP for uranium 
(VI) was computed using the Freundlich isotherm equation:

(3)Langmuir[41] ∶
1

Qe

=

(

1

KLQmax

)

1

Ce

+
1

Qmax

(4)RL =
1

1 + KLc0

(5)Freundlich[42] ∶ logQe = logKF +
1
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The heat of the sorption process is demonstrated by calcu-
lating the parameter bT (J/mol), depicted in Eq. 6 which comes 
from the Temkin model as shown in Fig. 4c

The information was obtained experimentally and opti-
mally fits to the Langmuir adsorption isotherm (r2 = 0.988). 
It also reveals a good  agreement with Temkin's model 
(r2 = 0.965) as shown in Table 1. The computed RL value 
from Langmuir's calculation was within the 0–1 range, indi-
cating that the investigated sorption is favorable. The KL 
value for this isotherm, in contrast is low, indicating that 
Fe3O4@PBP adsorbent has a strong affinity for metal ions, 

(6)Temkin[43] ∶ Qe =

(

RT

bT

)

ln
(

AT

)

+

(

RT

bT

)

ln
(

Ce

)

leading to the high adsorption of uranium (VI) to nanocom-
posite surfaces. Further to deduce the nature of adsorption 
caused physically can be attributed to weak van der Waals 
forces, due to which the uranium (VI) ion complexes are in 
harmony with the Fe3O4@PBP adsorbent surfaces. Hence 
this action is associated with decreased adsorption energy 
[44].

Equilibrium kinetic study

To explore the process of biosorption, kinetic data were used 
to fit the first-order Lagergren model [45], a pseudo-second-
order model [46], and a Weber and Morris model (intrapar-
ticle diffusion) [47] model. The governing equations for the 
corresponding models are written as follows:

where qe = adsorption capacity (mg/g) at equilibrium 
qt = adsorption capacity (mg/g) at time (t) k1 = pseudo first-
order constant (per min.) k2 = pseudo second order constant 
(g/mg min−1) kint = rate constant (mg/g·min−1/2) of intrapar-
ticle diffusion model C = constant related to the thickness of 
the boundary layer (mg/g).

Figure 5a, b and c represents the adoption of alternative 
kinetic models to uranium sorption by Fe3O4@PBP biomass 
suggests that uranium sorption by Fe3O4@PBP biomass fol-
lows the pseudo second-order model (0.996), which repre-
sent that uranium adsorption is proportional to the square 
of unoccupied biomass sites. The value of qe (26.66) comes 
from the pseudo-second-order model is quite near to the 
experimental qe value (27.75), whereas the value obtained 
from the pseudo-first-order model was quite small (10.19) 
which is shown in Table 2.

According to the pseudo-second-order model, chemisorp-
tion controls the adsorption rate by sharing or exchanging 
electrons between the sorbent (Fe3O4@PBP) and sorbate 
(uranium VI). As an outcome, the pseudo-second-order 
kinetics adsorption process should be impacted by a chemi-
cal process [48].

(7)
Pseudo − f irstordermodel[45] ∶ ln

(

qe − qt
)

= lnqe − k1 ⋅ t

(8)Pseudo − secondordermodel[46] ∶
t

qt
=

1

k2q
2
e

+
1

qe
⋅ t

(9)Intraparticledif fusionmodel[47]qt = kint ⋅ t
1
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Fig. 4   a Langmuir sorption model of uranium (VI) onto Fe3O4@PBP. 
b Freundlich sorption model of uranium (VI) onto Fe3O4@PBP. c 
Temkin sorption model of uranium (VI) onto Fe3O4@PBP

Table 1   Isotherm (Langmuir, 
Freundlich and Temkin) 
parameters for sorption of 
uranium (VI) onto Fe3O4@PBP

Langmuir’s model Freundlich’s model Temkin’s model

KL (L/mg) Qmax (mg/g) r2 KF(mg/g) / (mg/L) n r2 AT (L/g) bT (J/mol) r2

0.0897 120.48 0.988 14.13 2.02 0.832 1.133 103.809 0.965
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Temperature influence and thermodynamic 
modeling

The influence of temperature on the sorption capacity of 
Fe3O4@PBP biomass was investigated at temperatures rang-
ing from 25 to 40 °C, with the findings displayed in Fig. 6. 
As seen in the figure, the sorption capacity increased with 
increasing temperature, showing that uranium (VI) sorption 
on Fe3O4@PBP biomass was endothermic. At 30 °C, the 
optimal sorption capacity (27.75 mg/g) was observed. Ther-
modynamic aspects are used in adsorption tests to assess 
the spontaneity and feasibility of these processes. As an 
outcome, test results from the sorption process are used to 

derive thermodynamic parameters such as Gibbs free energy 
(ΔG0), enthalpy (ΔH0), and entropy (ΔS0), as shown in the 
equation.

where Kd (L/g) = distribution coefficient R (kJ/mol·K) = gas 
constant (8.314 × 10−3) T (K)) = temperature.

Table 3 presented the values for ΔG°, ΔH°, and ΔS° 
for uranium (VI) sorption, with the negative ΔG° demon-
strating that the adsorption mechanism is spontaneous. A 
positive ΔH° value means that the adsorption path is endo-
thermic, and positive ΔS° values explain the enhanced 
randomization between the solid–liquid [Fe3O4@PBP – U 
(VI)] boundary, revealing that the Fe3O4@PBP adsorbent 
has a desire for uranium (VI). Physisorption comes into 
play when the heat seems to be between 2.1–20.9 kJ/
mol, whereas chemical adsorption arises when the heat 
is somewhere between 80–200 kJ/mol[49]. Sorption of 
uranium (VI) onto Fe3O4@PBP is thus best summed up 
as a physicochemical sorption process. Negative ΔG° val-
ues suggest that the examined adsorption mechanism is 
spontaneous since the values vary from -20 to—80 kJ/mol 
simultaneously.

Desorption test

One of the most significant parts of any successful sorp-
tion process is the recovery of metal ions [uranium (VI)] 
trapped onto the biomass. Adsorbed metal ions should be 
easily separated under proper circumstances for frequent use 

(10)lnKd = −
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+
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Fig. 5   a Pseudo-first order kinetics for uranium (VI) sorption onto 
Fe3O4@PBP. b Pseudo-second order kinetics for uranium (VI) sorp-
tion onto Fe3O4@PBP. c Intra particle diffusion kinetics for uranium 
(VI) sorption onto Fe3O4@PBP

Table 2   Parameters for Kinetic 
of uranium (VI) sorption by 
Fe3O4@PBP

S.NO Pseudo-first order Pseudo-second order Intraparticle diffusion 
model

qexp K1 (1/min) qe (mg/g) r2 K2 (g/mg min) qe (mg/g) r2 Kint C r2

27.75 0.0386 10.19 0.971 0.0138 26.66 0.996 1.5486 16.22 0.920
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Fig. 6   Plot of ln Kd versus t^1/2 for uranium (VI) sorption onto 
Fe3O4@PBP
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of biosorbent. Desorption is an essential phase in sorption 
analyses because it promotes sorption. The desorption of 
adsorbed uranium (VI) ions from Fe3O4@PBP biomass was 
tested in batch mode under ideal conditions (for 24 h). After 
employing several eluents (HCl, CH3COOH, EDTA, and 

NaHCO3), the findings are presented in Fig. 7. As inferred 
from the figure, HCl was an effective de-sorbent (82.8% 
desorption with 0.1 M HCl). Table 4 shows the desorption 
effectiveness of HCl followed by CH3COOH, EDTA, and 
NaHCO3. HCl showed great regeneration efficiency, which 
can be related to its ion exchange abilities. The same method 
was performed five times for the following adsorption–des-
orption cycles after optimizing the strength of the HCl solu-
tion (0.1 M). These findings indicate that the Fe3O4@PBP 
biomass has a high potential for periodically removing ura-
nium ions from the aqueous phase with no noticeable reduc-
tion in total biosorption capability. The desorption efficiency 
was calculated using Eq. 12 (Table 5).

Characterization analysis of Fe3O4@PBP

Infrared study of Fe3O4@PBP

Spectral analysis in the middle-infrared region 
(4000–500 cm−1) has been used to detect key functional 
groups often during U(VI) adsorption on the Fe3O4@
PBP composite (Figs.  8a and b). As a matter of fact, 
the sorption of target ions over Fe3O4@PBP composite 
is reflected in an alteration in FTIR peak values. The 
broad peak at 3351.07 cm−1 for Fe3O4@PBP adsorbent 
is ascribed to OH stretching vibrations of phenols, alco-
hols, and carboxylic acids on the spectrum upon adsorp-
tion (3236.80  cm−1). The asymmetric and symmetric 
stretching vibrations of -C = O groups are responsible 
for the peak at 1614.39 cm−1, which is slightly moved 
to 1615.48 cm−1 further to adsorption. Spectrum peaks 
in the 580–625 cm−1 range could be assigned to Fe3O4 

(12)

Desorption%[50]

=
Desorbed uranium (VI) in milligram per litre

Adsorbed uranium (VI) in milligram per litre
× 100

Table 3   Thermodynamic Parameters for sorption of uranium (VI) 
onto Fe3O4@PBP

Temperature 
(K)

ΔHº (kJ/mol) ΔSº (J/mol·K) ΔGº (kJ/mol)

298 22.435 96.326 – 28.68
303 – 29.16
313 – 30.12
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Fig. 7   Impact of eluent on a percentage of uranium (VI) elution

Table 4   Desorption percentage with different desorbing solution

Desorbing 
solution

0.1 M HCl 0.1 M 
CH3COOH

0.1 M EDTA 0.1 M 
NaHCO3

Desorption 
percentage

82.8 78.6 75.6 70.4

Table 5   Maximum sorption 
capacity from the earlier work 
compared to present results

S.No Sorbent Optimal Temp Optimal pH Maximum adsorption 
capacity (qmax)

References

1 GO-CTS 298 K 5 50.51 mg/g [53]
2 Oxidized MWCNTs 298 K 5 45.9 mg/g [54]
3 Zeolite 293 K 6 11.13 mg/g [55]
4 Magnetic Chitosan 298 K 5 42 mg/g [56]
5 Fe3O4@SBA-15-PDA/

HBP-NH2

298 K 6 77.4 mg/g [57]

6 CS-Ppy- Fe3O4-AO 298 K 6 3.75 mg/g [58]
7 Fe3O4@PBP 303 K 7 120.48 mg/g Current study
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(Fe–O bond), indicating effective binding [51]. The FTIR 
analysis of the uranium ion-loaded Fe3O4@PBP com-
posite  reveals which functional groups are engaged in 
the sorption of the uranium ions. The bands at 2889.77, 
1614.39, 1316.72, and 1106.80 cm−1 were displaced to 
3236.80, 1647.42, 1316.65, and 1027.17 cm−1 showing 
that carboxyl and hydroxyl as well as N–O stretching of 
aromatic amines, had a role in associating uranium ions 
to the Fe3O4@PBP composite. FTIR study findings indi-
cate that functionalization of uranium with carboxyl and 
hydroxyl group emerges in uranium (VI) binding onto 
Fe3O4@PBP. Furthermore, after the disappearance of an 
IR band, such as the band at 570 cm−1, an extra peak at 
905 cm−1 is seen and can be referred to as the U–O bond 
[52]. The disappearance and appearance of new bands, 

along with alterations in band intensity, may be believed 
to be due to uranium adsorption over the Fe3O4@PBP.

Surface morphology and elemental (SEM–EDX) 
study of Fe3O4@PBP

The SEM imaging of unloaded uranium (VI), Fe3O4@
PBP sorbent (Fig. 9a) and loaded uranium (VI), Fe3O4@
PBP sorbent (Fig. 9b) demonstrate the difference in surface 
morphology. The surface morphology of unloaded uranium 
(VI) Fe3O4@PBP sorbent was cavity whereas that of loaded 
uranium (VI) Fe3O4@PBP sorbent was porous. The porous 
structure of the loaded uranium (VI) Fe3O4@PBP adsorbent, 
as demonstrated by SEM, renders the composite suitable 
as an adsorbent. There is heterogeneity prior to adsorption 

Fig. 8   A and B FTIR spectrum 
of Fe3O4@PBP, A before ura-
nium (VI) sorption and B after 
sorption of uranium (VI)

Fig. 9   a and b SEM morphology of Fe3O4@PBP a before uranium (VI) sorption and b after sorption of uranium (VI)
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that adjusts upon adsorption due to basically round and/
or spherical surface morphologies. An EDX (Energy Dis-
persive Spectroscopy) of the proposed adsorbent material, 
namely Fe3O4@PBP adsorbent, proves the presence of Ca, 
C, Cl, Fe, P, Na, and O elements. One of the most important 
analytical techniques for determining the elemental content 
of materials is EDX (Fig. 10a and b). Analyzing the EDX 
spectra of the Fe3O4@PBP adsorbent composite obtained 
after the remediation investigation indicated the extraction of 
uranium (VI) (Fig. 10b). Meanwhile, an extra uranium (VI) 
peak is clearly evident on the uranium (VI) laden Fe3O4@
PBP adsorbent. The action of an X-ray source with objects 
is defined.

XRD analysis of Fe3O4@PBP composite

Co-precipitation was implemented to produce Fe3O4@PBP 
nano biocomposites. The particle sizes of such composite 
(Fe3O4@PBP) were computed by using the Debye-Scherer 
equation. As illustrated in Fig. 11, the XRD pattern of 
Fe3O4@PBP was matched to the usual JCPDS data for peak 
indexing (JCPDS 85–1436). The diffraction pattern was seen 
to be similar to the cubic phase of the Fe3O4@PBP pattern 
exhibiting different peaks at 2θ. As a result, the XRD pattern 
obviously shows the sorbent's Fe3O4 contents. Diffraction 
peaks demonstrate the exceptional crystallinity of Fe3O4 at 2 
θ (in the range of 10–90°). The XRD spectra showing several 
peaks at 2θ values of 16.54°, 29.74°, 35.7°, 43.42°, 57.6°, and 
63.10° are corresponding to (111)c, (220)c, (311)c, (400)c, 
(511)c, and (440)c orientations of Fe3O4, as well as other 

minor peaks. The most desired orientation was observed to 
be at 29.640, which closely matched the most intense peak of 
Fe3O4 shown to be at 35.440 for the (311)c peak. As a result, 
the X-ray diffraction analysis clearly support the presence 
of Fe3O4.

Using XRD, Eq. 13 is applied to determine the particle 
size of a material. The average particle size of magnetic 
particles in the XRD peak is 26.4 nm.

where D and � = average crystalline size and wavelength of 
the X-ray used. k = Scherrer constant (approximately 0.9). 
� = intensity in angular line (FWHM), � = Bragg angle.

Mechanism

Green synthesis of nanoparticles employs a bottom-up 
approach in which metal atoms form clusters and, eventually, 
nanoparticles. The biological components of green materials 
may serve also as reducing and capping agents, enabling the 
stabilization of nanoparticles during the synthesis process. 
This enables you to alter the surface morphology (via. size 
and shape) of the nanoparticles, which can therefore be used 
in a variety of ways. It's indeed to grasp the basic adsorption 
behavior for the removal of target metals (uranium VI) from 
samples taken (Water). Not just do surface properties, func-
tional groups and the appropriate arrangement of sorbent 

(13)D =
kλ

βcosθ

Fig. 10   a and b EDX spectrum of Fe3O4@PBP a before uranium (VI) sorption and b after sorption of uranium (VI)



308	 Journal of Radioanalytical and Nuclear Chemistry (2023) 332:297–310

1 3

(Fe3O4@PBP) materials influence the mechanism, but also 
the type of target metal ion (uranium VI). When Fe3O4@
PBP was used as a sorbent to adsorb uranium (VI), interac-
tions such as physical adsorption, ion exchange, and electro-
static attraction were observed. On the surface of Fe3O4@
PBP composite, uranium (VI) ions are likely associated 
with nitrogen or oxygen of electron-dense functional [i.e. 
carboxylic (-COOH), hydroxyl (OH−) and amine (NH2

−)]. 
Fe3O4@PBP composite has Fe-OH groups on their surfaces. 
All above group also deprotonates when pH upturn and pro-
tonates further since pH drops. As an outcome, adjusting the 
pH of the solution directly impacts the acceptance or disgust 
of uranium (VI). Along with oxygen, the principal coop-
eration in the optimal pH range is metal–ligand chelation. 
When the SEM–EDX patterns of produced Fe3O4@PBP in 
the loaded and unloaded uranium (VI) were compared, it 
was noted that loaded uranium (VI) into the sorbent sur-
face of (Fe3O4@PBP) clearly exhibited alterations in their 
surface morphology (Fig. 9a and b). In this investigation, 
the occurrence of carboxylic, hydroxyl, and amine groups 
in FTIR spectra (Fig. 8a and b) was mostly relevant for the 
sorption of uranium (VI). The XRD spectrum was employed 
to identify phase transparency and the most significant peak 
in the Fe3O4@PBP XRD profile, as shown in Fig. 11.

Conclusion

The Fe3O4@PBP composite showed potential as a suitable 
adsorbent for aqueous uranium (VI) removal. The adsorption 
of uranium (VI) onto Fe3O4@PBP composite particles was 
significantly enhanced by increasing the pH. The optimum 
adsorption effect was attained at pH 7. Successful adsorp-
tion of uranium (VI) from an aqueous solution was achieved, 
with a maximum sorption capacity of 120.48 mg/g at 30 
degrees Celsius. It took only 40 min for the sorption equili-
bration to reach equilibrium. Uranium sorption can be per-
fectly described by the Langmuir isotherm model. Addition-
ally, the study's key findings provide a way to remove metal 
ions from water. Moreover, the pseudo-second-order kinet-
ics was closely matched to the results for the Fe3O4@PBP 
composite. Sorption of uranium (VI) has been confirmed to 
be endothermic and to take place spontaneously, according 
to thermodynamic studies. These Fe3O4@PBP composites 
proved effective Scavengers for extracting uranium (VI) 
from metal-containing water, as evidenced by the removal 
of the ion from the solution. Fe3O4@PBP nanocomposites 
were thoroughly analyzed using XRD, FT-IR, FE-SEM, and 
EDX. Green synthesis, as employed in this study, avoids the 
need for potentially dangerous chemicals, and expanding the 
operation is easy and cheap.

Fig. 11   a XRD pattern of 
Fe3O4@PBP composite b Peak 
with standard reference
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