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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Novel eco-surfactant were synthesised 
from cottonseed and bayberry tannin 
via Free-Radical grafting.

• CPI-BT showed good UO₂²⁺ removal ca
pacity in aqueous environment.

• CPI-BT showed effective decontamina
tion of UO₂²⁺-contaminated fabric and 
other solid surfaces.

• Removal mechanism involved chelation 
by the phenolic hydroxyl, amino, and 
carboxyl groups.
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A B S T R A C T

Radioactive substances (Uranium) on the human body or facility surfaces are easy to diffuse in nuclear activity, 
posing a severe threat to ecological security and human health, especially for personnel working in and around 
uranium mining and nuclear facilities. In this work, a green protein-based surfactant was synthesized using the 
free-radical conjugating method to graft bayberry tannin (BT) onto cottonseed protein (CPI) for regulating its 
amphipathy and removing uranyl ions (UO₂²⁺) in both aqueous environments and solid surfaces. FTIR, CD 
spectroscopy, intrinsic fluorescence, conductometric titration, and SEM-EDX characterization techniques 
confirmed the successful covalent conjugation of BT onto CPI, inducing unfolding, conformational changes, and 
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enhanced hydrophilicity of CPI. Thus, leading to improved foaming and emulsifying properties. Notably, the 
surfactant exhibited high efficiency in UO₂²⁺ removal and selectivity from an aqueous environment, achieving a 
removal rate of 93 % within 30 minutes and a maximum adsorption capacity of 310.15 mg/g. Additionally, it 
also demonstrated effectiveness in decontaminating different simulated uranium-contaminated solid surfaces. 
The synergistic interaction between BT’s phenolic-hydroxyl groups and CPI’s structural versatility and functional 
groups facilitated the effective UO₂²⁺ complexation. This study demonstrates the feasibility of using agro- 
industrial waste-derived CPI-BT as an eco-friendly, sustainable, and cost-effective alternative to synthetic sur
factants for mitigating uranium contamination in environments near uranium mining operations and nuclear 
facilities.

1. Introduction

Nuclear energy is regarded as a critical candidate for meeting future 
energy demands due to its efficiency and cleanliness, with uranium 
currently the most essential nuclear fuel, and its stable supply implies 
nuclear energy’s long-term development [1,2]. However, as a result of 
improper disposal of nuclide-containing wastewater from large-scale 
nuclear power, unpredictable nuclear accidents, nuclear waste 
post-treatment, leakage, terrestrial uranium ore mining, military action, 
and other accidents, radioactive uranium has been discharged into the 
environment, posing a severe threat to human health and ecological 
security [1,3]. A significant occupational health and safety risk arises 
from the ubiquitous exposure of the workforce to radioactively 
contaminated surfaces during the daily operation and decommissioning 
of nuclear facilities [4]. Direct contact with uranium contaminants can 
result in their adsorption onto the skin, facilitating entry into the 
bloodstream and accumulation in vital organs, posing both chemical and 
radiological toxicity [5]. Delayed decontamination may result in the 
penetration of radionuclides deep into the surfaces or the generation of 
aerosols in the air, potentially causing radioactive contamination that is 
challenging to eradicate [4,6]. For these reasons, effective and timely 
surface-level radioactive decontamination research is as vital as envi
ronmental remediation.

Currently, chemical precipitation, oxidization, and adsorption are 
the conventional techniques to remove metal ions from aqueous envi
ronments [7,8]. However, these techniques are often limited by high 
operational costs, low performance, and potential secondary pollution 
[9]. In contrast, ion flotation offers significant advantages, such as 
shorter processing time, simple operation, removal of trace metal ions 
from large volumes of wastewater, reduced waste production, low en
ergy consumption, and ion selectivity [10,11]. Synthetic surfactants, 
such as cetyltrimethylammonium bromide, dodecyl diethylenetriamine, 
and many more, have been widely utilized in ion flotation processes due 
to their efficacy in facilitating separation. However, they exhibit several 
drawbacks, including significant environmental impacts, unstable 
chemical characteristics, bioaccumulation, high cost, and limited 
biodegradability [12,13]. Furthermore, effective metal ion recovery 
from the foamate presents a significant challenge. Hence, there is a 
higher demand for environmentally safer options in the industrial 
application of ion flotation.

Surfactants are surface active amphiphiles that serve multiple pur
poses, are found in various consumer and industrial products, and are 
essential to numerous industrial operations. Most surfactants currently 
in use are synthetic; however, their application directly or indirectly 
may be hazardous to health and the environment [14]. The global sur
factant production was about 14.1 million tons in 2017 [15], with about 
60 % of the total output re-deposited into the environment [16]. In to
day’s environmentally conscious world, surfactants should be less toxic, 
biodegradable, and surface-active. The potential of natural surfactants 
as replacements with similar functionality and properties while miti
gating the environmental consequences is of high interest. Bio
surfactants such as microbial surfactants represent the next generation 
of industrial surfactants, as they fulfill most criteria for low environ
mental impact and can be tailor-synthesized [15]. However, low 

productivity, high downstream production costs, and insufficient 
knowledge regarding their production in bioreactor systems limit their 
application [17]. Despite their properties, the high cost of synthesizing 
several biosurfactants restricts their widespread application in 
large-scale wastewater treatment processes [11,12]. Developing sus
tainable, functional, and cost-effective surfactants is warranted to 
overcome these environmental, technical, and economic defects.

A promising natural plant fiber source, cotton (Gossypium hirsutum 
L.), is grown in over 80 countries worldwide [18]. After stripping cotton 
from the seed and oil extraction, cottonseed meal is the primary waste 
product obtained, which is rich in high-quality protein with excellent 
composition and has been touted as a tremendous potential plant pro
tein source [19,20]. Cottonseed protein isolates (CPI) display a wide 
range of bioactivities, good emulsifying and foaming properties, fluo
rescence intensity, and oil/water absorption capacity, which points to 
their potential use in multiple industries [18,21]. The use of CPI in 
non-food applications, including adhesives, bioplastics, and interfacial 
applications, has also garnered much attention recently [19]. Never
theless, its application in certain fields is limited because CPI predomi
nantly comprises folded globular proteins characterized by large 
molecular weight, which diminishes their reactive activity and results in 
inadequate amphiphilicity [18,20,22]. Researchers are interested in 
phenolic compounds because of their wide availability, and they have 
been shown to provide structural and beneficial functionalities [23]. 
Tannin is a low-cost, renewable natural compound with multiple bind
ing sites that enable various interactions with alkaloids, poly
saccharides, proteins, metal ions, and other chemicals [24]. This makes 
it useful for metal adsorption, antioxidants, leather tanning agents, and 
many more [25]. Tannin molecules have a significant complexation 
capacity with UO₂²⁺ [2]. However, its high solubility makes it chal
lenging to use in an aqueous environment and needs to be modified to be 
effective. In previous studies, immobilizing tannin onto proteins such as 
bovine serum albumin and collagen improved the adsorption capacity of 
metal ions [2,26,27]. The interaction of tannin with protein weakens the 
hydrophobicity, and its polyphenolic groups enhance surface hydro
philicity, leading to an improved amphiphilicity [28]. They can also 
chelate metal ions, attributed to multiple phenolic hydroxyl groups in 
the molecules [29]. Plant proteins and polyphenols can interact in 
various complex ways, including covalent and/or noncovalent in
teractions, creating new bioactive substances with multi-functional 
properties [23,30,31]. Currently, polyphenol-protein conjugates are 
synthesized through any of these conjugation reaction methods: phys
ical, alkaline, free-radical, and enzyme-catalyzed grafting [32]. The free 
radical method is preferred over the others because it is fast and safe, 
room-temperature initiated grafting, offers permanent conjugation 
(covalent), potentially leading to more durable functional modification, 
and prevents polyphenol degradation compared to conventional alka
line and enzymatic procedures [33].

Both CPI and BT are natural materials considered biodegradable with 
astringent activities and possess various structural and functional 
properties. In this study, we present the modification reaction that in
volves the covalent conjugation of BT onto CPI using the green chem
istry free radical-mediated conjugation method. This improved the 
amphiphilicity, structural and functional properties, and adsorption 
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behavior in both aqueous environments and solid surfaces. The ability to 
graft polyphenols onto proteins is an intriguing development that 
greatly enhances the functionality of biomacromolecules and opens up 
new possibilities for their application and a strategic approach for 
removing UO₂²⁺ from both aqueous environment and solid surfaces.

2. Materials and method

2.1. Materials

Cottonseed meal (CSM) (protein content at 60–65 %) was obtained 
from Xinjiang Jinlan Plant Protein Co. Ltd. (China). Bayberry tannin was 
obtained from Baise Forest Chemical General Plant. All reagents used 
were of analytical grade, and a standard solution of uranium was pur
chased from the Beijing Institute of Chemical Metallurgy for Nuclear 
Industry.

2.2. Synthesis of cottonseed protein isolate – bayberry tannin conjugate 
(CPI-BT)

The KOH extraction method described in our previous studies was 
used to obtain cottonseed protein isolate (CPI) [34]. The ascorbic 
acid/H₂O₂ redox pair initiator system was used to prepare the CPI-BT 
conjugate as described previously with slight modifications [35]. 
Exactly 20 g of CPI was dispersed in 500 mL of distilled water under a 
slow stream of N₂ gas. Next, 5 mL of redox initiator compound (H₂O₂ 
(1.0 M) comprising 0.5 g of ascorbic acid) was added to the CPI 
dispersion. After 2 h, different concentrations (0.35, 0.70, and 1.05 mM) 
of BT were added and stirred at room temperature. After 24 h of reac
tion, the unreacted BT was removed by dialysis until no free polyphenol 
existed in the system. The solution was freeze-dried, and the conjugated 
CPI-BT 0.35 mM, CPI-BT 0.70 mM, and CPI-BT 1.05 mM powder was 
obtained.

2.3. Determination of polyphenol binding ratio and binding efficiency

As previously described, the CPI and BT conjugation efficiency was 
determined by dialyzing the complex against 20 % DMSO at 4 ℃ for 
24 h, with minor modifications [30,36]. The Folin-ciocalteu (FC) tech
nique measured the dialyzed polyphenol concentration. In a 10 mL 
centrifuge tube, 1 mL of sample solution, 3 mL of ultra-pure water, 1 mL 
of 1 M FC reagent, and 3 mL 7.5 % Na₂CO₃ were mixed thoroughly. The 
absorbance of the mixture was measured at 765 nm using a UV–visible 
spectrophotometer (UV-5500 PC, Metash, China) after 1 h of incubation 
in the dark. Gallic acid (0–0.25 mg/mL) was used as standard, and the 
binding ratio and substitution degree were calculated as follows: 

Binding ratio(%) =
Total BT − BT dialyzed

Total BT
× 100 (1) 

Subsitution degree of polyphenol(μM
/

gCPI)

=
Substitution of BT on CPI(μM)

gof CPI
(2) 

2.4. CPI-BT characterization

2.4.1. Structural characterization
Fourier transform infrared spectroscopy (FTIR) spectra of CPI-BTs 

were carried out using Nicolet-6700 (Perkin Elmer Instruments Corpo
ration). Circular dichroism (CD) spectroscopy measurement of the CPI- 
BT samples was carried out with a MOS-450 spectrometer, and the 
spectra were obtained from 190 to 260 nm. The binding energy of the 
elements of CPI-BT was measured by XPS ESCALAB250 (Thermo Fisher 
Corporation, USA). SEM-EDX analysis of the samples was observed by 
scanning electron microscope (Sigma 300, Zeiss, Germany) equipped 

with Energy dispersive X-ray spectroscopy (EDX) (Oxford Instrument X- 
Max, UK).

2.4.2. Physicochemical properties analysis
The carboxyl contents, represented as the mole number of the 

carboxyl group per gram of the protein (MolCOOH/gpeptide), were deter
mined by conductometric titration as described in a previous study [34].

The ζ-potential analysis of CPI-BT was evaluated using a Zeta po
tential analyzer (ZetaPALS, Brookhaven Instruments Corporation, USA). 
The surface tension of different concentrations of CPI-BT dispersions 
was analyzed using a tensiometer K100 (Kruss Scientific Instruments 
Ltd., Germany) with the Du Noüy ring method.

The contact angle of the CPI-BT solution was measured with a 
tensiometer K100 (Kruss, Germany) using the sessile drop approach in 
natural light.

The intrinsic fluorescence of CPI-BT (1 mg/mL) in phosphate buffer 
(100 mM, pH 7.0) was evaluated using a microplate reader (Thermo 
Varioskan Flash Multi Detection Reader, USA). The excitation wave
length was 280 nm, and the emission range was from 300 to 500 nm; the 
constant slit of 5 nm was set for both excitation and emission. The Stern- 
Volmer equation was used to analyze the fluorescence data to examine 
the interaction between CPI and BT. 

F0

F
= 1+ kqτ0[Q] = 1+KSV [Q] (3) 

where F0 and F are the intrinsic fluorescence of CPI before and after 
conjugation with BT, respectively, Kq is the quenching constant of the 
biological molecule; τ0 is the average lifetime of fluorescent molecules 
without BT (τ0= 10− 8 s); [Q] is BT concentration, KSV is the fluorescence 
quenching constant.

The F₀/F against [Q] curve generally exhibits a linear curve. It may, 
however, exhibit an upward curve that concaves towards the y-axis in 
certain instances, suggesting the development of an apparent static 
quenching or sphere of action [30]. In this case, the apparent static form 
of the Stern-Volmer equation was applied as follows: 

F0

F
= (1+K(Q) )exp (

[Q]VN
1000

) (4) 

where N is the Avogadro’s constant, and V is the sphere’s volume. Eq. 4
could become Eq. 5 when K(Q) is low enough [37]. 

F₀
F
= e(KFQ [Q]) (5) 

where KFQ is the fluorescence quenching constant for the apparent static 
model.

2.4.3. Functional properties analysis
The foaming capacity and stability (FC and FS) of CPI-BT were 

evaluated as described in a previous report with some modifications 
[21]. Exactly 25 mL (Vi) of the sample solution (1 mg/mL) was ho
mogenized at 10,000 rpm for 1 min using a homogenizer (XHF-D 
H-SPEED, China). The whipped dispersion was quickly transferred into a 
measuring cylinder, and the volume of the foam was measured imme
diately (Vo) and then after 30 min (Vt).

The emulsifying activity and stability indexes (EAI and ESI) of CPI- 
BT were evaluated as described previously with some modifications 
[38]. Exactly 3 mL of medium-chain triglyceride oil (MCT) was added to 
a 9 mL sample solution and homogenized for 1 min at 10,000 rpm. 
Then, 50 μL of the emulsion was removed at 0 and 10 min from the 
bottom of the tube, immediately diluted with 5 mL of 0.1 % SDS solu
tion, and mixed. Afterward, the absorbance was measured at 500 nm.

2.5. Ion flotation

CPI-BT’s ability to remove UO₂²⁺ and the effects of pH, sample 
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dosage, ventilatory capacity, equilibrium time, presence of coexisting 
ions, and initial concentration on the removal capacity was investigated 
using the ion flotation method as described in a previous study [25]. The 
test was conducted at room temperature in the foaming apparatus, 
which consisted of a 30 cm long column with a 3 cm diameter and a 
porous sinter that can form tiny bubbles with a diameter of ~0.2 cm. 
The UO₂²⁺ concentration after the test was measured with a spectro
photometer. To make the UO₂²⁺ solution, a specific amount of uranyl 
nitrate was weighed, and then it was adjusted to the necessary pH using 
0.1 M NaOH/HNO₃ to yield a particular pH solution. Approximately 
100 mL UO₂²⁺ solution was placed into a conical flask and thoroughly 
mixed with a specific amount of CPI-BT. It was then transferred to the 
ion flotation apparatus, which is connected to an air pump to create 
foam in the column. The samples were taken at a height of about 5 cm 
above the sinter. The foam was also collected in a conical flask using an 
outlet tube. Arsenazo III was used as the complexing and 
color-developing agent for detecting UO₂²⁺ after the test. The removal 
quantity and removal rate (RE) of UO₂²⁺ unto CPI-BT were expressed as 
follows: 

Qe =
(C0 − Ce)V

W
(6) 

RE(%) =
(C0 − Ce)

C0
× 100 (7) 

where C0 and Ce are the concentration of UO₂²⁺ (mg/L) before and after 
removal, V is the volume of solution (L), Qe is the removal amount of 
UO₂²⁺ (mg/g); W is the mass of CPI-BT (g).

The data of equilibrium time of UO₂²⁺ removal was fitted using the 
pseudo-first-order and pseudo-second-order. The nonlinear expression 
of the pseudo-first-order and pseudo-second-order are respectively as 
follows: 

qt = qe(1 − exp(− K1 t)) (8) 

qt =
K2 × t × q2

e
(1 + (K2 × t × qe))

(9) 

where t is the reaction time (min), qe and qt represent the removal 
amount at any time and equilibrium, respectively (mg/g), K1 is the rate 
constant of pseudo-first-order adsorption (g mg⁻¹ min⁻¹), and K2 is the 
rate constant of pseudo-second-order adsorption (g mg⁻¹ min⁻¹).

The Langmuir and Freundlich models fitted the data of initial con
centration on UO₂²⁺ removal, and the expressions are as follows 
respectively: 

qe =
qmax × KL × Ce

(1 + (KL × Ce))
(10) 

qe = KF × C
1
n
e (11) 

where qe represents the equilibrium removal amount of UO₂²⁺ on the 
adsorbent (mg/g), qmax represents the saturated removal capacity in the 
Langmuir model (mg/g), KL is a constant of the Langmuir model which is 
determined by the exchange equilibrium constant (L/mg), KF is the 
Freundlich constant (mg/g)(L/mg)1/n, and 1/n is a coefficient that in
dicates the non-uniformity of the adsorption site.

2.6. Decontamination of simulated uranium contamination on fabric 
material and other surfaces

A cotton fabric was used with an area of 5 cm × 5 cm. Before 
contamination, its natural background value A₀ was measured using a 
surface contamination meter (RJ39–2060, Shanghai Ergonomics 
Detecting Instrument Co. Ltd., China). It was contaminated by soaking it 
with 1 mL 4.75 g/L uranium solution and then drying it in an oven. The 

radioactivity value A₁ was measured after the contamination. The dried 
fabric was decontaminated by agitating it with water/CPI-BT solution 
for 30 min at 180 rpm. Afterward, the fabric was dried, and its radio
activity value A₂ was measured. Experimental plates of different mate
rials with an area of 10 cm × 10 cm were washed and dried until the 
surface was parched. An area of 5 cm × 5 cm was demarcated in the 
center of each plate for contamination and testing similar to the above 
procedure. The difference was the decontamination step; the prepared 
CPI-BT solution was sprayed on the contaminated surface and allowed to 
sit for 30 min, or a swab soaked in the CPI-BT solution was used to wipe 
the plate instead. The decontamination rate (DR) was calculated as 
follows: 

DR(%) =
(A1 − A0) − (A2 − A0)

A1 − A0
× 100 (12) 

2.7. Statistical analysis

The results were analyzed using Excel 2021 (Microsoft) and Origin 
Pro 2022 (Origin Lab Corporation, USA). Data were expressed as the 
mean ± standard error and were subjected to one-way ANOVA analysis 
(Tukey’s HSD test) was carried out to find significant differences 
(P < 0.05) among conjugate and control samples.

3. Results and discussion

3.1. Synthesis of CPI-BT conjugates

The free-radical mediated grafting method was used to synthesize 
the CPI-BT conjugates. Achieving free-radical grafting at room temper
ature is feasible, which reduces the degradation of proteins or poly
phenols [39]. This process uses the ascorbic acid/hydrogen peroxide 
redox pair as a starting system, making it suitable for application in food, 
pharmaceutical, and nonfood industries due to its cost-effectiveness, 
safety, and environmental friendliness [29]. Polyphenols form cova
lent bonds with proteins, primarily interacting with free amino groups 
(lysine), sulfhydryl groups (SH, cysteine), and other residues (such as 
histidine, methionine, proline, tryptophan, and tyrosine) [40]. A po
tential mechanism for BT binding to the side chains of CPI was proposed, 
as shown in Fig. 1A and B. Hydrogen peroxide can oxidize ascorbic acid 
to form ascorbate and hydroxyl radicals; this hydroxyl radicals can then 
attack H-atoms on the side chains of protein molecules to form protein 
macro-radicals, which can then react with the polyphenols’ phenolic 
ring to form a covalent bond [35,41]. It is well known that polyphenols 
are excellent hydrogen donors and can form bonds with the O, NH, and S 
groups of proteins [35,42]. Molecular docking visualizes 
protein-polyphenol interaction and predicts the binding locations and 
forces between proteins and polyphenols [30]. Fig. 1C depicts the lowest 
binding energy between BT and CPI’s amino acid residues. Hydrogen 
bond and hydrophobic interaction are the dominant binding forces be
tween CPI and BT. Molecular docking mainly anticipates non-covalent 
interactions rather than covalent bonds, with limited research identi
fying binding sites and amino acid residues contributing to 
polyphenol-protein covalent complexes [40]. In this study, CPI-BT 
complexes formed a hydrogen bond with Val 148 (2.221 Å), two 
hydrogen bonds with Tyr 62 (2.110 Å and 2.397 Å), and a hydrophobic 
interaction with Lys 64 (2.166 Å).

Since conjugation significantly influences the bioactivity character
istics and other performance, the polyphenol content is a crucial factor 
in determining the functionality of CPI-BT conjugates. The amount of 
polyphenol bound to the protein is shown in Fig. S1A. The binding 
equivalent significantly increased with increment in BT concentration 
(0.35 – 1.05 mM). At 1.05 mM of BT, a maximum of 108.88 BTE mg/g 
was observed. This could be due to the increased chances for nucleo
philic addition at high BT concentrations, which increases the degree of 
cross-linking. A similar trend was observed in the conjugation of gallic 
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acid with myofibrillar protein [23] and rosemary, thyme, and basil 
polyphenols with soy protein isolate [39]. The binding efficiency be
tween CPI and BT is depicted in Fig. S1B. There was a significant in
crease from 0.35 to 0.70 mM, but it remained almost constant after a 
further increase. However, there was a substantial rise in the substitu
tion degree with increased BT concentration. The rise in the BT ratio in 
the critical ratio may cause the improvement in the substitution degree 
observed [43]. These analyses confirmed the strong binding affinity of 
BT for CPI and the successful synthesis of the CPI-BT conjugate. The 
CPI-BT 1.05 mM with the optimum grafting was selected for most of the 
following characterizations (represented as CPI-BT in the subsequent 
parts of the work).

3.2. Characterization of CPI-BT conjugate

3.2.1. Structural characterization of CPI-BT
FTIR was used to characterize the protein’s secondary structural 

changes after grafting. As shown in Fig. 2A, four distinct peaks 

attributed to amide A (~3372.74 cm⁻¹), amide I (~1652.21 cm⁻¹), 
amide II (~1545.61 cm⁻¹), and amide III (~1396.98 cm⁻¹) were 
observed. These bands were altered in the conjugates as opposed to the 
native protein in terms of peak position and shape, suggesting modifi
cations to the secondary structure of CPI. The intensities of the amide 
peaks increased and became more evident as the BT concentration 
increased. Compared to the control CPI, the intensity of the amide II 
peak in CPI-BTs spectra was noticeably higher. This elevation in in
tensity could be due to the increased number of amide linkages resulting 
from the binding of phenolic compounds to the proteins [39]. These 
bonds, C-O, C-N, and C-S are responsible for the peak at 
1224.22 cm⁻¹ that emerged after the conjugation process [44]. The 
CPI-BT’s protein conformation was also examined using CD spectros
copy. From Fig. 2B, there was an apparent difference between the CPI 
and CPI-BT spectra trends. There was a remarkable decrease in the 
molar ellipticity and a blue shift of the peak from 197.02 nm (CPI) to 
192.84 nm (CPI-BT). There was also a significant negative attenuation of 
the peak found at 225 nm, indicating the loss of α-helix structure in CPI. 

Fig. 1. Schematic representation of the mechanism of the covalent conjugation reaction of BT and CPI: Ascorbic acid oxidation system (A), CPI-BT radical conju
gation reaction (B), and the 3D molecular docking mode between CPI and BT.
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This loss suggested that molecular unfolding occurred within the protein 
structure [23]. The conjugation resulted in changes in the ellipticity, 
which indicated that the overall gross structure was not maintained, and 
the process altered CPI’s conformation and converted the structural 
content among the protein secondary structures.

CPI’s surface was primarily composed of C, N, and O, as shown in 
Fig. 2C. Following the conjugation, the XPS pattern of CPI-BT showed no 
discernible new band emergence and was comparable to the native CPI. 
Nonetheless, the characteristic peak at 400 eV, associated with the ar
omatic C––N and C-N, showed a noticeably higher intensity. Three major 
chemical components to the spectra were identified using high resolu
tion of the C1s, notably C–C/C–H, C––O, and C–O/C–N, as seen in 
Fig. S2A. The spectra were further deconvoluted to explain the change in 
O status in the samples; the broad O1s peak yielded two O components, 
as shown in Fig. S2B. The first is mainly attributed to O––C at a binding 
energy of around 531.1 eV, and the second to O–H/C at a binding energy 
of about 532.4 eV. The O1s features have comparable shapes and 
binding energies, indicating that the oxygen-containing species in all 
samples are similar. Three N1s peaks were observed in the spectra of the 
CPI and CPI-BT, as shown in Fig. S2C. The amide N assigned at 399.8 
± 0.2 eV was observed to drastically increase from CPI to CPI-BT, while 
the other two peaks decreased. The SEM images revealed that the par
ticles of CPI samples were compact with a relatively smooth and tight 
structure, as shown in Fig. 2D. However, the CPI-BT particles were 
relatively loose, with an increase in roughness and tiny pores on their 
surface.

3.2.2. Physicochemical properties of CPI-BT
The effect of the conjugation reaction on the carboxyl content of CPI 

is depicted in Fig. 3A. Increasing the concentration from 0.35 to 
1.05 mM resulted in an increase in the carboxyl group present in the 
sample. The carboxyl content for CPI was 1.13× 10⁻³ , which increased 
to 1.31× 10⁻³ for CPI-BT 1.05 mM. The increase ratio was relatively 
lower than previously studied deamidated CPI (CPH) samples [34]. 
Since BT’s structure doesn’t include carboxyl groups, their presence 
wouldn’t increase the conjugate’s overall count. However, protein 
deamidation may result from low levels of ascorbic acid and H₂O₂ (the 
redox system used for conjugation in this study) [33]. The amide groups, 
especially asparagine, can be attacked by the free radicals generated 
during the conjugation, resulting in mild deamidation and conversion to 
aspartic acid [45]. Because the reaction conditions are not harsh, that 
could be the reason why the increase in the carboxyl content was not 
high. This is confirmed by the FTIR spectra (Fig. 2A), the peak around 
~1540 cm⁻¹ , representing the increased carboxylic groups. This 
contributed to the improvement of the amphiphilic ratio of CPI.

Fig. 3A depicts the zeta potential of CPI and CPI-BT. There was a 
substantial increase in the absolute value of CPI-BT’s zeta-potential 
compared to CPI. The phenolic hydroxyl groups in polyphenols can 
become charged or ionized based on the pH environment [46]. This can, 
therefore, change a protein’s overall surface charge density when a 
charged polyphenol forms a covalent bond with it, adding more charges 
to the surface. Also, the increase in carboxyl groups on the protein 
molecular chain can lead to an increase in the negative charge of the 

Fig. 2. FTIR spectra of CPI, CPI-BT 0.35, CPI-BT 0.7, and CPI-BT 1.05 mM (A), Far-UV CD spectra of CPI and CPI-BT (B), XPS spectra of CPI and CPI-BT (C); SEM 
images of CPI (D) and CPI-BT (E).
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molecular surface, which increases zeta potential [34]. So, at pH 7, CPI 
showed a substantial increase in the zeta potential with an increase in 
the BT concentration because more carboxyl groups were deprotonated 
at neutral pH. Fig. 3J shows the values and images of the contact angle of 
CPI and CPI-BT solutions on paraffin surfaces. The contact angle of 
134.0◦ between water and the paraffin block surface indicates that the 
paraffin was almost not wetted. The contact angle decreased from 134.0⁰ 
for water to 101.2⁰ for CPI and reduced further to 92.5⁰ for CPI-BT. This 
suggests that CPI-BT showed an improved hydrophilic character; this 
could be due to the presence of BT that was added to the CPI, which is 
highly hydrophilic.

The modification in the tertiary structure of CPI after the grafting 
was characterized using fluorescence spectroscopy. As shown in Fig. 3B, 
CPI had the highest emission maximum (λₘₐₓ) value compared with the 
CPI-BTs. With increasing BT concentration, the fluorescence intensity of 

the conjugates weakened. Intrinsic fluorescence, which depends on the 
environmental polarity of two aromatic amino acids, Trp and Tyr resi
dues or Trp/Tyr specific interactions, is typically used as an indicator of 
changes in the tertiary structure of proteins [31]. These variations in 
fluorescence intensity demonstrated that Trp and Tyr were involved in 
the covalent interaction of CPI with BT. According to previous studies, 
covalent conjugation can cause enveloped Trp and Tyr in proteins to 
become exposed and react with polyphenols, lowering the fluorescence 
intensity [35,36]. This suggested the weakening of the hydrophobicity 
of CPI since the amino acids involved in the reaction are hydrophobic. It 
also indicates that BT quenched CPI due to the CPI-BT interaction. There 
are two types of fluorescent quenching: static and dynamic [37]. The 
fluorescence data was fitted using the Stern-Volmer equation to explain 
the fluorescence quenching process between CPI and BT. The linear 
Stern-Volmer graphs are categorized as static or dynamic quenching. As 

Fig. 3. Carboxyl content (MolCOOH/gpeptide) and zeta-potential (A), fluorescence intensity spectra (B), Stern-Volmer plots for the fluorescence quenching of CPI by BT 
(C), surface tension (SFT) of CPI (D) and CPI-BT solutions (E), mean SFT of CPI and CPI-BT (F), and foaming capacity and stability of CPI and CPI-BT (G), emulsifying 
activity index (H), emulsifying stability index (I), and contact angle of water, CPI, and CPI-BT solutions (J). Values with different superscripted letters are signifi
cantly different at p < 0.05.
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opposed to this, the curved Stern-Volmer plots (concave toward the 
y-axis) are thought to represent a hybrid of static and dynamic 
quenching. From Fig. 3C, BT had both dynamic and static quenching 
mechanisms. The modified Stern-Volmer equation (Eq. 5) was used to 
calculate the Kq and KFQ values (Table S1). The Kq values were signifi
cantly higher than the highest values of scatter collision quenching (2.0 
× 10 ¹⁰ M⁻¹ s⁻¹), suggesting a static quenching in most cases but a dy
namic quenching in some cases [30].

Figs. 3D and 3E depict the surface tension changes over time at the 
water-air interface of CPI and CPI-BT solutions at different concentra
tions. Within the first 50 s, the surface tension declined rapidly before 
attaining a slow and steady rate of decline. With the extension of time, 
they reached equilibrium and leveled off. Protein molecules in an 
aqueous solution typically fold into a coil-like shape to conceal the hy
drophobic regions in the coil’s center and expose the hydrophilic groups 
to water. On the other hand, the protein will partially unfold and align 
its hydrophobic groups toward the air phase when it approaches the air- 
water interface [47]. Fig. 3F shows that CPI-B reduced the surface ten
sion between the water and air phases more than CPI at all concentra
tions. CPI-BT had a better ability to reduce the surface tension, which 

could be due to the partial unfolding and improved amphiphilicity that 
occurred during the conjugation process.

3.2.3. Functional properties
Proteins’ structural and functional characteristics are both impacted 

by conjugating proteins with polyphenols [46]. CPI’s secondary and 
tertiary structural changes impact its surface charge density and spatial 
conformation, ultimately affecting its functionality [21,34]. From 
Fig. 3G, the FC and FS increased after the grafting reaction. Both samples 
had their foams decrease after standing for 30 min. The large interface 
between the gas and liquid phases, combined with the strong thermo
dynamic instability, can cause the seeping, weakening of the fluid film 
layer, gas diffusion, and defoaming of the bubble [48]. The FC of CPI-BT 
(52.8 %) was significantly higher than CPI (13.3 %). Consequently, the 
stability was increased considerably by the conjugation. An improve
ment in whey [49] and soy [36] proteins’ ability to form foams after the 
covalent conjugation with polyphenols was demonstrated in previous 
studies.

The conjugate’s EAI and ESI were higher than the CPI, as displayed in 
Figs. 3H and 3I. The concentration of proteins also greatly influenced the 

Fig. 4. Effect of pH on UO₂²⁺ removal (C₀ = 20 mg/L, sample dosage = 20 mg, V = 0.1 L, T = 298.15 K, t = 30 min, VC = 2.0 L/min) and zeta-potential (A), effect of 
dosage sample on UO₂²⁺ removal (C₀ = 20 mg/L, V = 0.1 L, T = 298.15 K, t = 30 min, pH = 6.0, VC = 2.0 L/min) (B), effect of ventilatory capacity on UO₂²⁺ removal 
(C₀ = 20 mg/L, sample dosage = 20 mg, V = 0.1 L, T = 298.15 K, t = 30 min, pH = 6.0) (C), effect of contact time on UO₂²⁺ (C₀ = 20 mg/L, V = 0.1 L, T = 298.15 K, 
sample dosage = 20 mg, pH = 6.0, VC = 2.0 L/min) (D), effect of coexisting ion systems on UO₂²⁺ removal (C₀ = 20 mg/L, Ce = 10, 20, and 40 mg/L for the other 
cations, sample dosage = 20 mg, T = 298.15 K, V = 0.1 L, t = 30 min, pH = 6.0) (E), effect of initial concentration on UO₂²⁺ (V = 0.1 L, T = 298.15 K, sample dosage 
= 20 mg, t = 30 min, pH = 6.0, VC = 2.0 L/min) (F), and schematic decontamination by CPI-BT on the different surfaces (G).
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EAI; declining values were observed as the concentration increased from 
5 to 10 mg/mL for all samples. The data of CPI at 10 mg/mL, EAI 
(22.47 m2/g), and ESI (21.7 min) was in a similar range to other reports 
of the emulsifying properties of different cultivars of CPI prepared at the 
same concentration, EAI and ESI values were 13.3–23.1 m2/g and 
17.3–29.6 min, respectively [21]. However, CPI-BT’s EAI was 27.24 % 
higher than that of CPI. Also, the ESI values of the conjugate samples 
increased, which meant that the stability of the emulsions was much 
stronger compared with CPI. An improvement in rice bran protein hy
drolysate [31], soy [36], and lactoferrin [35] proteins’ ability to emul
sify after covalent conjugation with polyphenols was demonstrated in 
prior investigations.

3.3. Ion flotation uranium removal performance

3.3.1. The effect of pH and sample dosage
The uranium adsorption by CPI-BT was initially investigated across a 

range of pH (2− 9) values. This approach was adopted due to the sig
nificant influence of pH on both the speciation of uranium in solution 
and the surface charge characteristics of the adsorbent. The adsorption 
capacity of CPI-BT for UO₂²⁺ increased with increasing pH, reaching a 
maximum at pH 6 (Fig. 4A). Further increases in pH led to a decline in 
adsorption capacity in the alkaline region. The results demonstrated an 
upward and downward tendency of adsorption performances. The 
observed decrease in uranium adsorption at lower pH values can be 
attributed to the competition effect of protonation of the surfactant’s 
functional groups, such as carboxylic acid and amino groups. At higher 
pH values, reduced adsorption is likely due to deprotonation of the 
functional groups, reducing the available binding sites, the strong 
competitive effect from carbonate complexation, and uranium hydro
lysis [50]. An aqueous solution’s initial pH influences uranium ions’ 
speciation and charge, directly affecting their interaction with and 
binding affinity to adsorption materials [51]. Furthermore, the foam 
quickly forms at higher pH values, potentially hindering effective con
tact between the surfactant and the UO₂²⁺ ions. This rapid foam gener
ation limits the accessibility of the surfactant to the target contaminant, 
resulting in a decrease in uranium removal efficiency. As a result, pH 6 
was selected for all the subsequent tests. The surfactant’s surface carries 
predominantly negative charges when pH > 3.0 (Fig. 4A). This negative 
surface charge facilitates electrostatic attraction between UO₂²⁺ ions and 
the surfactant [3]. Notably, as the pH increased, the absolute 
zeta-potential value increased, which correlated with a significant in
crease in the adsorption capacity of CPI-BT for UO₂²⁺ ions. These results 
further support understanding the pH-dependent adsorption behavior 
observed. As presented in Fig. 4B, the removal capacity for UO₂²⁺ 
steadily declined as the amount of CPI-BT increased from 10 to 50 mg; 
however, the removal rate of UO₂²⁺ dramatically increased. With the 
adsorbent dosage at 50 mg, the removal ratio of CPI-BT was 97.2 %, 
which indicated a high removal efficiency. This could be attributed to 
the increased surface area and availability of more binding sites in 
CPI-BT. In contrast, surplus reactive locations remained unsaturated due 
to the limited supply of UO₂²⁺ in solution. Given the relatively high 
adsorption capacity and removal ratio of CPI-BT, 20 mg was chosen as 
the optimal adsorbent dosage.

Fig. 4 C illustrates how ventilatory capacity, which ranged from 0 to 
2.0 L/min, affects UO₂²⁺ removal performance. The foam developed 
more slowly at lower flow rates with a lower chance of entirely 
removing the ions. The increased ventilation capacity caused the UO₂²⁺ 
removal capacity to increase as the gas flow rate did, but this 
improvement was minimal. The reason could be that higher ventilatory 
capacity increased the bubble rupture and caused the ions stuck to the 
foam to separate.

3.3.2. The effect of equilibrium time
The amount of UO₂²⁺ removed by CPI-BT over time is displayed in 

Fig. 4D. The UO₂²⁺ was removed rapidly as time elapsed, peaking in less 

than 30 min. As a result, the adsorption equilibrium time was selected to 
be 30 min. Due to the adequate quantity of active chelating sites on CPI- 
BT, the removal process proceeded quickly. CPI-BT’s sufficient binding 
sites can be rapidly chelated with UO₂²⁺ during the initial removal stage. 
Because fewer binding sites were available as the adsorption process 
continued, this slowed the removal rate. Two kinetic models, pseudo- 
first-order and pseudo-second-order, were employed to fit the ac
quired kinetic data to understand the adsorption mechanism. The fitting 
curve outcomes are displayed in Fig. S3 and Table S2. It can be observed 
that over 90 % of the equilibrium adsorption for UO₂²⁺ occurred during 
the initial 10 min and then ascended slowly during the next 90 min. The 
pseudo-second-order linear model provides a more accurate description 
of the elimination process. The pseudo-secondary model’s calculation of 
the adsorption capacity of UO₂²⁺ (qe-cal, 97.734 mg/g) was in close 
agreement with the actual result (qe-exp, 99.077 mg/g). This outcome 
demonstrated that chemical reactions dominated the removal process.

3.3.3. The effect of coexisting ions
One of the challenging issues in the practical application of decon

taminants is the selective separation of UO₂²⁺ because other metal ions 
are usually present in areas of radioactive contamination [25]. The 
selectivity of CPI-BT in adsorbing UO₂²⁺ from nuclear effluent 
comprising Co²⁺, Mg²⁺, Ni²⁺, Sr²⁺, and Zn²⁺ in binary and multi-ions so
lutions were examined (Fig. 4E). The experimental results show that 
CPI-BT has a high selectivity for UO₂²⁺. The adsorption capacity 
remained high in the presence of these competing ions (Co²⁺, Mg²⁺, Ni²⁺, 
and Sr²⁺). The adsorption capacity did not change much with increasing 
or decreasing the initial concentration of these competing ions. This 
showed that other metal ions had no significant effect on UO₂²⁺ removal. 
However, the UO₂²⁺ adsorption capacity of CPI-BT declined by about 
30 % in the presence of Zn²⁺ at all concentrations. This shows that 
CPI-BT possesses binding abilities for Zn²⁺, which can be attributed to 
the protein components of the adsorbent [52]. A similar trend was 
observed in the multi-ions system, which can be mainly attributed to the 
presence of Zn²⁺. Nonetheless, it appears that UO₂²⁺ dominates the 
adsorption sites of CPI-BT.

3.3.4. The effect of initial concentration and isotherm model
The impact of the initial UO₂²⁺ concentration on the CPI-BT removal 

properties was also examined, as Fig. 4F illustrates. The results indicated 
that the removal amount of UO₂²⁺ increased as the UO₂²⁺ concentration 
increased, reaching a maximum value of 310.15 mg/g. Because CPI-BT’s 
binding sites were not completely occupied at lower concentrations of 
UO₂²⁺, the amount of UO₂²⁺ removal increased quickly. In contrast, the 
binding sites on CPI-BT became occupied and unable to bind more UO₂²⁺ 
at high concentrations of UO₂²⁺. Understanding the fundamental phys
icochemical behavior of the adsorption process, as shown by the 
adsorption isotherms, is crucial when researching this process. Thus, the 
Freundlich and Langmuir isotherm models described the adsorption 
processes of CPI-BT to UO₂²⁺ [53]. These models explain some param
eters related to the removal mechanism, including the adsorbent’s sur
face characteristics, affinity for the adsorbate, and removal capability 
[54]. The fitting results are displayed in Figs. S4A, S4B, and Table S3. 
CPI-BT’s removal of UO₂²⁺ is observed to be well-suited to the Langmuir 
isothermal model with a regression coefficient of (R² > 0.96). This 
suggests that the adsorption took place on a homogeneous monolayer 
surface. The maximal elimination capacity of CPI-BT for UO₂²⁺, as per 
the Langmuir model, was 224.72 mg/g. Table S4 compares CPI-BT with 
other comparable adsorbents that have been recently reported, and it 
shows that CPI-BT had better performance. The results show that the 
CPI-BT adsorption capacity calculated by the Langmuir model is greater 
than that of these adsorbents.

3.3.5. Desorption
The low adsorption capacity of CPI-BT at acidic pH levels (Fig. 4A) 

was leveraged to facilitate the efficient desorption of UO₂²⁺. A pH 1.5 
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nitric acid solution was employed as the desorption reagent, achieving a 
desorption efficiency of up to 97 %. These results indicate that the UO₂²⁺ 
adsorbed onto CPI-BT can be effectively and easily recovered, high
lighting the potential of this system for practical uranium recovery and 
recycling applications.

3.4. Characterization

To further understand the mechanism and confirm the removal of the 
UO₂²⁺ during the ion flotation test, other characterization analyses were 
performed in that regard. Fig. 5A shows the morphology and elemental 
composition of CPI-BT after the adsorption of UO₂²⁺. After adsorbing 
UO₂²⁺, the surface of CPI-BT had more pores, increased roughness, and a 
more granular shape. CPI-BT is mainly composed of C, O, and N atoms; 
however, a new peak appeared in the CPI-BT – U (Fig. 5A), which 
revealed that the UO₂²⁺ was adsorbed onto the conjugate. The corre
sponding elemental mapping images highlight that UO₂²⁺ is highly 
dispersed throughout the material, indicating that a significant portion 
of UO₂²⁺ had adsorbed on the CPI-BT’s active sites. It also confirms that 
the UO₂²⁺ was absorbed onto the surface of CPI-BT, as was suggested by 
the Langmuir model in the previous section. Several peak intensities 
were enhanced or diminished, and a new peak appeared after the 
adsorption of UO₂²⁺ as displayed in the FTIR spectrum (Fig. 5B). A new 
peak appeared at 914 cm⁻¹ , which can be attributed to the stretching 

vibrations of the O––U=O [55]. This proved that the UO₂²⁺ was suc
cessfully chelated with CPI-BT. The peak at 3430 cm⁻¹ , attributed to the 
strong stretching vibrations of –OH and –NH [49], became wider. Also, 
the peak at 1224 cm⁻¹ , a typical peak of the phenolic hydroxyl group 
[8], significantly became weaker; this demonstrated that the removal of 
UO₂²⁺ included the phenolic hydroxyl group.

The XPS spectra of CPI-BT before and after the ion flotation analysis 
are depicted in Fig. 5C. The ion flotation of UO₂²⁺ resulted in the 
appearance of a new signal peak in the XPS full spectrum, which is 
designated as U4f and suggests the successful adsorption of UO₂²⁺ onto 
CPI-BT. This was consistent with the FTIR and EDS analyses. The high- 
resolution spectrum of U4f after uranium adsorption revealed the 
presence of both U(VI) and U(IV) species. Peaks at 380.40 eV and 
391.25 eV (U 4 f5/2) were characteristic of U(IV), while peaks at 
382.09 eV and 392.90 eV correspond to U(VI), indicating the reduction 
of U(VI) to U(IV) on the surfactant [50]. CPI contains electron-rich 
amino acids such as cysteine, tyrosine, and tryptophan, and BT con
tains phenolic hydroxyl groups that can promote reduction [2,20]. 
These functional groups can act as electron donors, transferring elec
trons to U(VI) and reducing them to U(IV) [56]. Also, the amphiphilic 
nature of CPI-BT can create microenvironments that favor electron 
transfer reactions. The observed reduction suggests that CPI-BT may 
absorb uranium and contribute to its immobilization and potential 
detoxification. In the N1s XPS high-resolution spectrum, three peaks 

Fig. 5. SEM and EDS image of CPI-BT–U (A), FTIR spectra of CPI-BT and CPI-BT–U (B), XPS spectra of CPI-BT and CPI-BT–U (C), U4f of CPI-BT–U (D), N1s of CPI- 
BT–U (E), efficiency of CPI-BT decontamination on different surfaces including cotton fabric (F), ceramic tile (G), glass (H), and metal (I).
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similar to the native CPI-BT were observed. However, the peaks at 
400.68 eV, 399.38 eV, and 397.98 eV in CPI-BT shifted. After treatment 
with UO₂²⁺, the peak generally assigned to C-N shifted to 399.28 eV. This 
shift could be due to changes in the electron density around the N atoms 
upon interaction with uranium. The electron density of N decreased due 
to the attraction of the outer electrons caused by the positive metal ions, 
which led to a higher bonding energy [57]. In the O1s XPS 
high-resolution spectrum, the two overlapping peaks in Fig. S6 at 
532.28 eV and 530.98 eV correspond to C––O and C-O-R, respectively 
[34]. The peak corresponding to C-O-R had a shift in its original peak 
from 531.08 eV following the UO₂²⁺ adsorption. This could be because 
the O atom’s external electrons were drawn to positive metal ions, 
increasing their bonding energy [25]. It also indicated that the carboxyl 
groups on CPI were engaged in the adsorption process. By covalent 
bonding, the –NH and the –C––O groups can contribute a lone electron 
pair and chelate with UO₂²⁺ [58]. CPI-BT adsorption for UO₂²⁺ is due 
mainly to the chelating process between UO₂²⁺ and the phenolic hy
droxyls of BT and CPI’s active sites.

3.5. Decontamination by CPI-BT on different surfaces

To increase the range of applications for CPI-BT, additional research 
was done on the removal effect of UO₂²⁺ on solid surfaces. The 
contaminated cotton fabric material was washed with water or CPI-BT 
solution, and the amount of UO₂²⁺ removed after the washing process 
was determined. The decontamination rate (DR) of CPI-BT is shown in 
Fig. 5F. The results show that CPI-BT demonstrated a good removal ef
ficiency, with a removal rate of 88.4 %. The DR for UO₂²⁺ significantly 
increased as the amount of CPI-BT increased from 20 to 100 mg. Com
parable morphology free of surface degradation was also visible in the 
cotton fabric’s SEM images, as shown in Figs. S7A-C. The distribution 
diagram indicated that the uranium element was uniformly dispersed on 
the surface of the cotton fabric, and the CPI-BT removed it within 
30 minutes. The DR value calculated from the EDS data for the CPI-BT 
decontaminated cloth was in a similar range as the DR value for CPI- 

BT 20 mg. The CPI-BT solution was also used to decontaminate simu
lated radionuclides on ceramic tile, glass, and metal surfaces. The 
decontamination involves spraying and wetting the surface with CPI-BT 
solution, which causes the radionuclide to dissolve and diffuse within 
the solution. Due to the adequate quantity of active chelating sites on 
CPI-BT, the complexation, adsorption, and redox reactions with the 
active functional groups aided the decontamination process. The results 
of the DR are shown in Fig. 5G-I. For all the surfaces, the DR values were 
significantly high and greater than 90 %. There was a 35.30 %, 34.55 %, 
and 11.16 % increase in the DR for ceramic tile, glass, and metal surfaces 
compared to just water. Also, the surfaces washed with just water had 
faint traces of yellow coloration after washing for the ceramic and glass 
tile, as shown in Fig. S8. CPI-BT can effectively remove UO₂²⁺ from 
different surfaces in less time than water. Applying wipes soaked in the 
CPI-BT solution resulted in higher DR values > 95 % for all surfaces; 
however, this increase was marginal compared with the CPI-BT solution. 
Since radioactive contaminants are primarily physically bonded to these 
materials’ surfaces [6], the contaminants dissolve readily in the CPI-BT 
solution, which readily eliminates the simulated radionuclides.

3.6. Possible mechanism

The possible schematic model of the adsorption mechanism of UO₂²⁺ 
onto CPI-BT is shown in Fig. 6. The experimental analysis and theoret
ical calculations suggest that chelation is the main mechanism of UO₂²⁺ 
adsorption onto CPI-BT. The ortho-phenolic hydroxyl groups on BT’s 
ring can be ionized into negative oxygen, and the carboxylic acid groups 
in amino acids such as aspartic and glutamic acids can form carboxylate 
ions, which act as strong ligands and chelate the UO₂²⁺. The UO₂²⁺ 
adsorption also relies on the ability of CPI-BT’s functional groups to 
transfer electrons. During UO₂²⁺ adsorption, electrons may be trans
ferred directly to U(VI), facilitating its reduction and complexation. The 
electron-rich amino acid residues of CPI can contribute electron lone 
pairs to the empty electronic orbitals of UO₂²⁺, forming stable chelates.

Fig. 6. Schematic process of UO₂²⁺ adsorption mechanism onto CPI-BT.
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4. Conclusion

This study synthesized a green surfactant using the ascorbic acid/ 
H₂O₂ redox pair initiator system to covalently conjugate CPI with BT to 
form a CPI-BT. Free radical grafting is an eco-friendly and green 
chemistry procedure. The results confirmed the effective grafting of the 
polyphenol onto the protein. The quenching mechanism of CPI by BT 
was by both dynamic and static quenching. The conjugation process 
altered CPI’s structural and physicochemical properties and induced 
conformational changes in the protein molecules. The interaction 
weakened the hydrophobicity and increased the hydrophilicity, leading 
to improved amphiphilicity. The conjugation was effective in improving 
the protein’s foaming and emulsifying properties. Particularly, CPI-BT 
can efficiently remove UO₂²⁺ in water environments and different solid 
surfaces. At an initial concentration of 320 mg/L of UO₂²⁺, ion flotation 
achieved a maximum removal capacity of 310.15 mg/g. CPI-BT also 
exhibited good adsorption selectivity in several coexisting ion systems. 
The UO₂²⁺ adsorption onto CPI-BT can be mainly attributed to the 
phenolic hydroxyl groups of BT and the amino and carboxyl groups of 
CPI. These groups chelate with UO₂²⁺, forming stable chelates; thus, CPI- 
BT conjugate is a promising alternative to chemical surfactants. The 
observed reduction during the chelation suggests that CPI-BT can absorb 
uranium and contribute to its immobilization and potential detoxifica
tion. The present findings provide new insights into applying CPI-BT as a 
safe and low-cost surfactant in the remediation of radionuclide-polluted 
water environments or solid surfaces near uranium mining operations 
and nuclear facilities.

Environmental implication

The global use of synthetic surfactants has significant environmental 
impacts, however managerial and policy measures to mitigate these 
effects remain predominantly insufficient. A green, protein-based sur
factant derived from agro-industrial waste offers a sustainable solution 
for the remediation of uranium removal. By leveraging bayberry tan
nin’s binding properties and cottonseed protein’s structural versatility, 
this novel surfactant provides a safer and more eco-friendly alternative 
to chemical decontaminants. It adheres to green-chemistry principles, 
minimizing hazardous chemicals’ use and waste generation. The sur
factant’s biodegradability further contributes to its environmental sus
tainability. By effectively removing uranium from both aqueous and 
solid surfaces, this technology can help mitigate the risks associated with 
uranium contamination.
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