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The presence of antibiotic pollutants in water and wastewater can cause significant risks to the 
environment in different aspects. Therefore, antibiotics need to be removed from water. This study 
investigates the adsorption of nalidixic acid (NA), a common antibiotic, using bovine serum albumin 
nanoparticles (BSA NPs). These NPs were synthesized via desolvation technique and characterized 
using SEM, DLS, FT-IR, and UV-Vis spectroscopy. The effects of adsorbent dosage (0.02–0.9 mg), 
initial NA concentration (30–80 mg L− 1) and contact time (0.5–24 h) on adsorption efficiency were 
considered. Adsorption isotherms and kinetics were determined experimentally. The Freundlich 
isotherm best described the adsorption equilibrium, while the pseudo-second-order kinetic 
model accurately represented the adsorption process. Thermodynamic parameters confirmed the 
spontaneous and exothermic nature of NA adsorption onto BSA NPs. Under optimal conditions, BSA 
NPs achieved a removal efficiency of 75% for NA with a maximum adsorption capacity of 240 mg g− 1. 
These results demonstrate the potential of BSA NPs as an effective adsorbent for removing NA from 
aqueous solutions.
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The contamination of water by organic pollutants, especially pharmaceutical contaminants, is a cause for concern 
worldwide1. Antibiotics, among the myriad of water contaminants, have garnered significant research attention 
due to their association with the emergence of antibiotic-resistant bacteria, commonly known as superbugs2. 
Since these drugs are not completely metabolized in the body of human and animal, 30–90% of the administered 
antibiotics are excreted in the urine and finally, feces to wastewater. Due to their continuous entry and stability 
in aquatic ecosystems, antibiotics can lead to the spread of antibiotic-resistant bacteria in the environment, even 
at very low concentrations3,4. As a result, the human body becomes resistant to antibiotics due to the constant 
ingestion of these drugs through drinking water and the resistance of pathogens. Recent studies have shown that 
conventional wastewater treatment processes are ineffective at completely removing pharmaceuticals, leading to 
their discharge into aquatic environments. Consequently, there is an urgent need to develop efficient, sustainable, 
and economically viable strategies for pharmaceutical removal from wastewater effluents5,6.

Nalidixic acid (NA) is a synthetic antimicrobial agent classified as a quinolone. Structurally, it is derived from 
the 1,8-naphthyridine core. Historically, NA has been employed in the treatment of urinary tract infections 
caused by susceptible bacterial strains7. Several studies have reported its appearance in environmental waters, 
hospital effluents, and sewage treatment plants discharges. For example, the maximum concentrations of NA in 
hospital wastewater, wastewater from municipal sewage treatment plants, and environmental water were given 
as 0.45, 0.4, and 0.75 µg L− 1, respectively8. There are reports indicating the involvement of this drug in chronic 
toxicity and carcinogenicity, and its dangerousness for human health, therefore, much attention has been paid 
to remove this pollutant9,10.
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Several techniques have been investigated for removal of antibiotics from water, each with its own limitations. 
Membrane filtration11, while effective in removing antibiotics, is hindered by fouling, energy consumption, 
and membrane degradation. Advanced oxidation processes (AOPs)12 provide efficient antibiotic degradation 
but suffer from high energy demands, by-product formation, and chemical reagent requirements. Biological 
treatment13 is limited by the emergence of antibiotic resistance, prolonged treatment times, and environmental 
sensitivity. Photocatalysis14 offers a sustainable approach but faces challenges in efficiency, catalyst deactivation, 
and practical application. Among the aforementioned techniques, surface adsorption has advantages over 
other methods in terms of efficiency, cost, operation simplicity, and removable pollutant concentration range. 
Commonly utilized adsorbents include activated carbon15,16, clay minerals17, zeolites18, biochar19, metal-organic 
frameworks (MOFs)20, and carbon-based nanomaterials21. While these materials exhibit varying degrees of 
adsorption capacity and selectivity, challenges such as regeneration, potential for secondary pollution, and 
limited selectivity persist. Optimization of adsorbent properties and process conditions is crucial to mitigate 
these limitations and achieve effective contaminant removal. The development of novel adsorbents for wastewater 
treatment is an ongoing area of research. For example, recyclable O-g-C3N4/GO/N-CNT membranes22 and 
cranberry kernels bio-waste23 have emerged as promising biosorbents. Additionally, metal-organic frameworks 
(MOFs) with tailored pore structures24, covalent organic frameworks (COFs) exhibiting high surface areas25, 
and Two-dimensional metal borides (MBenes) with a large amount of oxygen-containing functional groups on 
their surface26, have shown potential for efficient contaminant removal.

Previous studies have reported the efficacy of various methods for the removal of NA from aqueous solutions. 
These include ozonation27, activated carbon derived from keratin waste28, UV and UV/H2O2 processes29, three-
dimensional graphene cathodes30, and adsorption onto anionic and neutral exchange polymers31. Additionally, 
the adsorptive capacity of graphene oxide (GO) for NA has been investigated32.

Among nanoparticles (NPs), albumin-based NPs have attracted the attention of researchers owing to 
their special characteristics, including non-toxicity, solubility in water, and biodegradability, rendering them 
promising building block for nano-adsorbents33. BSA NPs have been reported as suitable drug carriers in 
the body34. BSA presents a promising candidate for nano-absorbent development. Its abundance as a cattle 
industry byproduct offers potential for low-cost production and scalability. The biocompatible nature of BSA 
mitigates environmental concerns. Protein-based materials often exhibit high stability under specific conditions, 
a property that could enhance nano-absorbent reliability. While BSA is a well-characterized protein with diverse 
applications, its efficacy as a nano-absorbent for water contaminant removal remains largely unexplored. 
Potential advantages include low-cost production, biocompatibility, and potentially high adsorption capacity 
due to BSA’s complex molecular structure. However, critical challenges such as limited data on contaminant 
removal efficiency, and comparison to established technologies must be addressed before practical application. 
To the best of our knowledge, the adsorptive removal of dissolved NA from water using BSA NPs has not been 
previously reported.

The aim of the study is to investigate the potential of BSA NPs for the adsorptive removal of NA from aqueous 
solutions. BSA NPs were synthesized via the desolvation method. To elucidate the adsorption behavior, the effects 
of initial NA concentration, adsorbent dosage, contact time, and temperature were examined. Additionally, 
adsorption isotherm and kinetic models were applied to describe the adsorption process. To the best of our 
knowledge, this study constitutes the first reported application of BSA NPs as an adsorbent for the removal of 
NA. Our findings indicate that BSA NPs present a novel, efficient, readily accessible, environmentally friendly, 
and promising adsorbent for the elimination of antibiotics from wastewater.

Experimental section
Reagents and equipment
NA was purchased from Merck (Germany). BSA, N-(3-dimethylaminopropyl)-N-ethylcarbodiimide 
hydrochloride (EDC), and phosphate buffer (PBS) were obtained from Sigma-Aldrich (St. Louis, USA). Sodium 
hydroxide (NaOH) and hydrochloric acid (HCl) from Merck (Germany) were acquired for pH adjustment. All 
working solutions were prepared using distilled water. The pH of solutions was measured using Metrohm/827 pH 
meter. An incubation shaker (Heidolph Titramax) facilitated sample mixing, and an Eppendorf 5418 centrifuge 
separated the adsorbent from the samples. The initial and final concentrations of NA solutions were determined 
by an ion mobility spectrometer (model IMS 300) from TOF Tech Pars CO. (Isfahan, Iran).

Synthesis of BSA NPs
BSA NPs have been prepared the use of the desolvation approach as explained in previous studies35,36. Initially, 
16 ml of ethanol was added gradually to the 8 ml BSA solution (62.5 mg ml− 1) at a rate of 2 ml min− 1. The 
solution was continuously stirred (1250 rpm with a 1 cm magnet, at room temperature) until the appearance of 
turbidity, indicating NP formation. To enhance particle stability, EDC (10 mg in 200 µl water) was introduced for 
crosslinking purposes. Stirring was extended for three hours to complete the crosslinking process.

Sample characterization
BSA NPs were investigated by Scanning Electron Microscope (SEM) imaging, dynamic light scattering (DLS), 
FT-IR, and UV–Vis techniques. SEM analyses were conducted with KYKY-EM8000F (KYKY Technology CO. 
Ltd, China). Mean particle size, hydrodynamic size distribution, and zeta potential of developed hybrid system 
were determined by using DLS on a nano/zetasizer (Malvern Instruments, Worcestershire, UK, ZEN 3600 model 
Nano ZS). FT-IR diagnostics were used to determine the chemical composition of the BSA NPs. This analysis 
was performed with a Bruker Tensor 27 FTIR instrument in the range of 400 to 4000 square centimeters. The 
absorption spectrum of the synthesized NPs was measured by a spectrometer (model GENESYS 10 S; UV-vis) 
600 to 200 nm wavelength (Thermo Fisher Scientific, Madison, Wisconsin).
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Adsorption experiments
The initial NA solution (1000 mg l− 1) was prepared by dissolving 10 mg NA in 10 ml distilled water. The desired 
concentrations for the experiments were prepared by diluting the stock solution. The adsorption process was 
carried out in an aqueous solution at a temperature of 25 °C and a neutral pH of 7.2. The experiments were 
carried out using 2 ml microtubes. A certain amount of BSA adsorbent was added to each microtube containing 
the test solution, and the total volume of each microtube was adjusted to 2 ml. After the optimal conditions were 
set, the samples were shaken in the incubator at a speed of 80 rpm for 24 h. Then the samples were centrifuged 
at 13,000 rpm for 10 min to separate the NPs. To investigate the effect of adsorbent dosage, different amounts 
of BSA NPs (0.02–0.9  mg) were mixed with 2  ml of 80 mg l− 1 NA solution for 24  h. The concentration of 
NA remaining in the solution after treatment (equilibrium concentration, Ce) was measured by ion mobility 
spectrometry (IMS). The initial concentration of NA in the test solution (C0) was also determined using IMS. 
The calibration curve for NA was prepared by plotting the average signal obtained from three repetitions of IMS 
spectrum recording for each solution with a certain concentration.

The percentage removal (R%) and equilibrium adsorption capacity (qe) were calculated using Eqs. (1) and 
(2):

	
R% =

(C0 − Ce)

C0
× 100� (1)

	
qe =

(C0 − Ce)V

m
� (2)

where C0 and Ce (mg l− 1) are the initial and equilibrium concentrations of NA, respectively. m (g) is the weight 
of the BSA NPs, and V (L) is the total volume of the solution.

The ability of BSA NPs for removal of NA was examined by addition of 0.5 mg of BSA to 2 mL NA solution 
with concentration range of 5–80 mg l− 1, and shaking for 24 h. The percentage of removed NA was calculated 
using Eq. (1). The obtained data for this factor were used to investigate the adsorption mechanism of NA onto 
BSA NPs. Langmuir, Freundlich, Temkin, and Dubinin–Raduschevich isotherm models were examined for this 
purpose.

To determine the rate of NA removal and the maximum adsorption equilibrium time and to understand the 
kinetics of the adsorption process, 2 ml solutions were prepared with an initial concentration of 80 mg l− 1. Then 
0.5 mg of the adsorbent was added to the samples. The samples were stirred at different time intervals (30, 1, 2, 
3, 4, 5, and 24 h). After the desired time, the samples were immediately removed and centrifuged at 13,000 rpm 
for 10 min. Finally, the concentration of NA remaining in the aqueous phase was measured by IMS. The amount 
of drug absorbed at time t, which is called absorption capacity at instant t (qt), was determined using Eq. (3). The 
collected data were used to determine the rate-controlling step of the adsorption process by applying pseudo-
f﻿irst-order (PFO), pseudo-second-order (PSO), and intraparticle diffusion (IPD) kinetic models.

	
qt =

(C0 − Ct)V

m
� (3)

where Ct (mg l− 1) is the remaining concentration of NA at time t.
To investigate the influence of temperature on the adsorption process, experiments were conducted by adding 

0.5 mg of BSA to 2 ml of an 80 mg l− 1 NA solution at temperatures ranging from 25 to 55 °C. Thermodynamic 
parameters were subsequently determined using the van’t Hoff equation.

Results and discussion
Characterization of the NPs
Particle size and morphology
BSA NPs were prepared according to our previously reported method35. The formation and characterization 
of BSA NPs and BSA NPs loaded with NA were confirmed through DLS analysis and SEM imaging. The DLS 
data provided insights into the size distribution and surface charge of the NPs, while the SEM images offered a 
detailed view of their morphology.

Panels (a) and (b) in Fig. 1 present the size distribution by intensity for both the BSA NPs and BSA-NA NPs. 
The BSA NPs exhibited a relatively uniform size distribution, with an average size of approximately 280.1 nm 
as indicated by the sharp peak in Panel (a). After loading with NA, Panel (b) shows an increase in particle size, 
where the average size shifted to 333.8 nm, confirming successful drug adsorption.

The zeta potential measurements, shown in Panels (c) and (d), provided information about the surface charge 
of the NPs, which is crucial for understanding their stability and interaction with biological environments. 
The BSA NPs had a zeta potential of – 6.47 mV, indicating a slightly negative surface charge, which helps in 
maintaining a stable dispersion in solution (Panel c). Upon drug loading, the zeta potential of the NPs shifted 
to – 30.7 mV, as shown in Panel (d), suggesting changes in surface properties due to the interaction with NA. 
The observed shift in zeta potential of the NPs upon the addition of a drug solution is attributable to the anionic 
state of NA at pH 7.2.

Panels (e) and (f) show SEM images that provide a visual assessment of the morphology of the NPs. The BSA 
NPs, depicted in Panel (e), displayed a globular shape and homogeneous spherical morphology with a smooth 
surface, which is characteristic of well-formed NPs. After drug loading, the BSA-NA NPs in Panel (f) exhibited 
a rougher surface with a slight degree of aggregation, suggesting successful drug adsorption on the NP surface.
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The SEM analysis further supports the findings from the DLS measurements, where the observed 
morphological changes align with the increased particle size and altered surface charge. These combined 
results demonstrate the effective loading of NA into BSA NPs, confirming their potential use in drug delivery 
applications.

FT-IR analysis
FT-IR method was used to confirm the synthesis of BSA and NA adsorption to BSA. FT-IR spectra of BSA NPs 
fore-and-after NA adsorption are presented in (Fig. 2).

In the spectrum of pure NA (Fig.  2a), there are various absorption peaks in the areas of 3500  cm− 1 
corresponding to acidic (O–H), 3000  cm− 1 corresponding to (C–H) stretching, 1633  cm− 1 corresponding 

Fig. 1.  Size distribution by intensity of (a) BSA, (b) BSA-NA, ζ-potential of (c) BSA, (d) BSA-NA, and SEM of 
(e) BSA, (f) BSA-NA.
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to (C =C), 1700 cm− 1 corresponding to (C =O) carbonyl group, 1110 cm− 1 corresponds to) C–O) ether and 
800 cm− 1 corresponds to benzene ring37. In the FT-IR spectrum of pure BSA (Fig. 2b), different absorption peaks 
in the regions of 1644 cm− 1 (amide I) and 1525 cm− 1 (amide II) are shown38. In the BSA-NA spectrum (Fig. 2C), 
the peaks corresponding to the amide I and II groups in BSA are slightly shifted. This displacement indicates 
the interaction between the amide groups of BSA and NA. Also, the amide peak intensity has increased in the 
spectrum (Fig. 2C). In addition, a new peak appears in the spectrum of BSA-NA at 1660, which corresponds to 
the carbonyl group in NA.

UV-Vis spectrophotometric analysis
To confirm the adsorption of NA by BSA, the UV-Vis absorption spectra of NA, BSA and BSA-NA were 
compared in (Fig. 3). The UV-Vis spectrum of BSA shows an absorption peak at 281 nm38 (Fig. 3a). As can be 
seen in (Fig. 3b), two peaks are observed in the spectrum of NA in the range of 258–335 nm39. As depicted in 
Fig. 3c, the characteristic peaks corresponding to both BSA and NA are also present in the BSA-NA spectrum. 
In the BSA-NA absorption spectrum compared to that of BSA, a change in shape and the shift in the peaks is 
observed40 that indicates the absorption of NA on BSA.

Effect of adsorbent dosage
The effect of adsorbent dosage, ranging from 0.02 to 0.9  mg, was investigated at pH 7.2 and an initial NA 
concentration of 80 mg l− 1.

As shown in Fig. 4, increasing the adsorbent dosage from 0.02 to 0.5 mg resulted in increased NA removal. 
Beyond a dosage of 0.5 mg, the removal percentage plateaued, indicating minimal sensitivity to further adsorbent 
additions. This plateau suggests that the adsorbent’s active sites became saturated after approximately 0.5 mg, 
with subsequent increases in dosage having a negligible effect on removal efficiency.

Initial NA concentration and adsorption isotherms
The initial concentration range of NA was chosen from 30 to 80 mg l− 1 to investigate the removal efficiency 
of NPs. For this purpose, the adsorbent dose and volume of NA solution were selected as 0.5 mg and 2 ml, 
respectively.

As demonstrated in Fig. 5, the removal efficiency obtained for the lowest concentration was 68% and for the 
highest concentration was 75%. This 7% increase in adsorption efficiency could be due to the increased number 
of NA molecules available to interact with BSA NPs. The optimal initial concentration of NA was chosen to be 
80 ppm.

To understand the relationship between adsorbed species and their equilibrium concentrations, different 
isothermal models such as Langmuir, Freundlich, Temkin, and Dubinin–Raduschevich were evaluated. The 
parameters of the four isothermal models were fitted using the equilibrium data (Table 1).

Langmuir isotherm A certain number of sites for adsorption exist on the surface. Each site binds to an 
adsorbed molecule (adsorption is a monolayer). The interaction energy is the same for all adsorption sites41,42. 
T﻿he linear equation of the Langmuir isotherm is shown as Eq. (4).

	
qe
Ce

= bqmax − bqe� (4)

Fig. 2.  FT-IR spectra of (a) pure NA, (b) pure BSA, and (C) BSA-NA.
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b and qmax are the Langmuir adsorption constant and the maximum adsorption capacity, respectively. The values 
of b and qmax can be obtained by plotting the curve of qe/Ce against qe (Fig. 6a).

Freundlich isotherm It is primarily relevant to heterogeneous surfaces and multilayer adsorption. Multilayer 
surface adsorption results in an uneven distribution of energy43. The linear equation of the Freundlich isotherm 
is as follows.

	
logqe = logKf +

1
/
n logCe � (5)

log qe is plotted against log Ce to determine the absorption capacity (Kf) and the absorption intensity (n) (Fig. 6b).
Temkin isotherm This model acknowledges that the binding energy can vary across the surface. It specifically 

considers that the heat of adsorption (a measure of the binding energy) decreases linearly as the surface coverage 
increases. This means the initial adsorption sites are the most favorable energetically, and subsequent adsorption 
becomes progressively less favorable44. The Temkin isotherm model presents a unique approach compared to the 
Langmuir and Freundlich models by considering the impact of surface coverage on the free energy of sorption. 
This model is suitable for situations involving various adsorption sites and changes in enthalpy as the surface 
coverage increases. Temkin isotherm is introduced by Eq. (6).

	 qe = BTlnKT + BTlnCe � (6)

The plot of qe versus ln Ce has a slope of BT (J mol− 1) that is the Temkin constant. The equilibrium binding 
constant (KT) is obtained from intercept magnitude of the plot (Fig. 6c).

Fig. 3.  UV-Vis absorption spectra of (a) pure BSA, (b) pure NA, and (C) BSA-NA.
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Dubinin -Raduschevich isotherm The Dubinin–Radushkevich (D–R) isotherm model does not assume a 
uniform or constant adsorption potential across the surface. The D–R isotherm is described by the following 
Eq. (7)

	 lnqe = lnqm −KD−Rϵ
2� (7)

where, KD–R (mol2 J–2) is a constant related to the adsorption energy, and ϵ 2 is the Polanyi potential, defined by 
Eq. (8):

	
ϵ = RTln

(
1 +

1

Ce

)
� (8)

Plotting ln qe ​ against ε2 enables the determination of the parameters KD-R and qm​. The mean adsorption energy 
(E) in kJ mol–1, which indicates the energy required to transfer one mole of adsorbate from an infinite distance 
to the adsorbent surface, can be calculated as follows (9):

	
E =

1√
2K

� (9)

When the calculated value of E is less than 8 kJ mol–1, the adsorption process is typically classified as physical 
adsorption. If the value of E falls between 8 and 16  kJ mol–1, the adsorption process can be explained by a 
chemical adsorption mechanism45 (Fig. 6d).

The results of these four isotherms are presented in Table 1.

Fig. 4.  Effect of adsorbent dosage on NA adsorption onto BSA NPs. (Conditions: initial NA 
concentration = 80; dosage of adsorbent = variable; pH = 7.2; contact time = 24 h; solution 
temperature = 25 °C).
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Langmuir isotherm suggests specific and restricted binding sites on the BSA NPs for the NA molecules. The 
obtained parameters, including qmax of 246.05 mg g–1 and the b of 0.0249 l mg–1, are evidences that confirm the 
favorable absorption and that there are well-defined binding sites for NA on the BSA NPs. Freundlich isotherm 
implies multilayer adsorption, where NA molecules can accumulate on the surface of the BSA NPs. The values of 
the intensity of adsorption (n) of 0.67 and the adsorption capacity (Kf) of 2.64 mg l–1 suggest that the adsorption 
process is heterogeneous and that the interaction between NA and BSA NPs is not uniform. The R2 value (0.89) 
for the Temkin model is lower than those for the Langmuir and Freundlich models, suggesting that it is not as 
good a fit for the data. In the Dubinin-Radushkevich isotherm, the adsorption energy was determined to be 
0.17 kJ mol–1. Since adsorption energies below 8 kJ mol–1 are characteristic of physical adsorption, it can be 
concluded that the adsorption of NA by BSA is physical in nature. In conclusion, the Freundlich isotherm was 
found to be the most suitable model for describing the adsorption of NA onto BSA NPs.

isotherm model parameters Value

Langmuir qmax (mg g− 1) 246.05
qe/Ce

= bqmax − bqe b (l mg– 1) 0.0249

R2 0.94

Freundlich n 0.67

log qe = logKf + 1/nlogCe Kf (mg l–1) 2.64

R2 0.96

Temkin BT 213.52

qe = BTlnKT + BTlnCe kT (l g–1) 0.141

R2 0.89

D–R qmax(mg g–1) 283.95

lnqe = lnqm −KD−Rϵ
2 KD–R (mol2 kJ–2) 22.169

E (kJ mol–1) 0.150

R2 0.87

Table 1.  Isotherm models’ parameters for adsorption of NA onto BSA NPs.

 

Fig. 5.  The effect of initial NA Concentration on the value of NA adsorbed on BSA NPs. (Conditions: 
initial NA concentration = variable; dosage of adsorbent = 0.5 mg; pH = 7.2; contact time = 24 h; solution 
temperature = 25 °C)
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Kinetic study
The kinetics of adsorption offers valuable insights into understanding both the rate and the mechanism of 
adsorption reactions. Contact time is a critical factor for achieving a successful adsorption process. Dependence 
of NA removal by BSA NPs on interaction time was investigated under different time intervals (0.5–24 h).

As can be seen in Fig. 7, increasing the contact time has a direct effect on the R% as well as qe. The absorption 
rate of NA was initially fast until it reached equilibrium after about 5 h. At the beginning of the absorption 
process, a significant number of active sites were available, but as the process continued, these sites were gradually 
occupied by drug molecules. The determined R% for the concentration of 80 mg l–1 NA was 75%, reaching an 
equilibrium after about 5 h in which most of the NA is removed. After reaching equilibrium, extending the 
contact time no longer has much effect due to the reduction of adsorbent active sites. The highest value for qe was 
observed as 240 mg g–1 for the solution with the highest initial concentration of NA. According to the results, 5 h 
was chosen as the optimal interaction time for 80 mg l–1 concentration.

To investigate the kinetics of NA absorption by BSA NPs, PFO, PSO and, IPD kinetic models were used46. 
The parameters of these three models are presented in Table 2.

The PFO rate equation commonly referred to as the Lagergren equation, is typically used to depict the 
adsorption of solutes onto adsorbents47. The equation is as follows:

	 ln (qe − qt) = ln qe − k1t� (10)

where k1 (min–1) is the PFO rate constant. In Fig. 8a, the PFO kinetic plots display the relationship between 
ln(qe–qt) and t.

The PSO linear kinetic equation is as follows48:

Fig. 6.  plots of isotherm models for NA adsorption on BSA NPs (a) Langmuir, (b) Freundlich, (c) Temkin, and 
(d) Dubinin-Radushkevich isotherm.
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Kinetic model Parameters Value

PFO k1 (min− 1) − 0.10592

ln(qe-qt) = ln qe- k1t qe (exp) (mg g− 1) 136.15

qe (cal) 240.05

R2 0.9846

PSO k2 (mg g− 1 min− 1) 0.00691
t
qt
= 1

k2q2e
+ t

qe
qe (exp) (mg g− 1) 256.41

qe (cal) 240.05

R2 0.99

IPD K (mg g− 1 min− 1/2) 98.684

qt = kint
√
t + C C 36.068

R2 0.90

Table 2.  Kinetic parameters for the PFO, PSO, and IPD Kinetic models.

 

Fig. 7.  The effect of interaction time on the value of NA adsorbed on BSA NPs. (Conditions: initial NA 
concentration 80 ppm; dosage of adsorbent = 0.5 mg; pH = 7.2; contact time = variable (0.5–24 h), solution 
temperature = 25 ºC).
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t
qt

=
1

k2q2e
+

t
qe

� (11)

where k2 is the PSO rate constant (mg g− 1 min− 1). This constant is obtained from intercept magnitude of the t/
qt against t plot (Fig. 8b).

To describe the IPD model, one must consider the steps involved in the uptake of adsorbate by the adsorbent 
including: bulk diffusion, film diffusion, intra-particle diffusion in the solid phase, and adsorption on the 
surface. Considering the intra-particle diffusion in the solid phase as the rate-controlling step, the mathematical 
equation describing the adsorption process is given by the Weber and Morris49 equation:

	 qt = kint
√
t + C � (12)

where kint is the intra-particle diffusion equation constant (mg g–1 min–0.5) and C is a constant. The plot of 
qt versus t0.5 for the intraparticle diffusion model shown in Fig. 8c. This model predicts a linear relationship 
between the amount adsorbed (qt) and the square root of time (

√
t) when diffusion influences the adsorption 

rate. If intra-particle diffusion is the sole rate-determining step, the line should pass through the origin (C = 0).
The parameters of each model, along with their coefficients of determination (R2), are shown in Table 2. 

According to the obtained results, the R2 value for the PSO model is higher than that of the PFO, and PID 
models. Additionally, the experimental absorption capacity (qe exp) of the PSO model is closer to the calculated 
absorption capacity (qe cal). In addition, the non-zero value of the constant “C” in the IPD model indicates that 
factors other than IPD influence the adsorption process. Consequently, this model is not reliable for examining 
NA onto the BSA NPs adsorption kinetics. Therefore, the adsorption of NA onto the BSA NPs is described by 
the PSO kinetic mode.

Comparison of adsorption behavior based on literature data
The removal efficiency of NA onto BSA NPs adsorbent was assessed with regard to its adsorption capacity of 
other sorbents, the comparison summarized in Table 3. Our literature review has shown that the adsorption of 
NA on different adsorbents often follows the Freundlich isotherm and the PSO kinetic model. As shown, qmax 
of BSA NPs (240 mg g–1 for adsorbent dose 0.5 mg l–1, and at 25°) has shown an acceptable value, compared 

Adsorbent
Max adsorption capacity
(mg g–1) Best-fitted isotherm model Best-fitted Kinetic Model References

Layered double hydroxide-graphene oxide-chitosan (LDH-GO-CS NC)) 277.79 Freundlich PSO 9

Montmorillonite and kaolinite – Freundlich PSO 50

Nanometric magnetite 137.2(µmol g− 1) Freundlich PSO 51

Carbon nanotubes (CNT) 186 Freundlich 52

Carbon nanofibers (CNF) 67 Freundlich 52

high surface area graphite (HSAG) 179 Freundlich 52

multi-wall
non-functionalized carbon nanotubes (MWCNT) 111 Freundlich – 53

CNT functionalized with
COOH groups (MWCNT-COOH) 79 Freundlich - 53

CNT functionalized with NH2
groups (MWCNT-NH2) 98 Freundlich - 53

BSA NPs 240 Freundlich PSO This study

Table 3.  Adsorption performances of different adsorbents for NA removal.

 

Fig. 8.  (a) PFO, (b) PSO, and (C) IPD kinetic curves for interaction of NA with BSA NPs.
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to other absorbents. The comparison results point to this fact that the BSA NPs show very good prospect of 
adsorbing NA.

Adsorption thermodynamics
Absorption experiments were conducted within a temperature range of 298–328 K to determine thermodynamic 
parameters. The Gibbs free energy (ΔG°), Enthalpy (ΔH°) and entropy ( ∆ S°) changes for the adsorption 
process were calculated using the following equations54.

	 ∆G
◦
= −RT ln (Kl)� (13)

	
lnKl =

∆ S◦

R
− ∆H◦

R
� (14)

In these equations, T represents the absolute temperature (K), R is the gas constant (J mol–1 K–1), and Kl is 
the thermodynamic equilibrium constant, equal to the ratio of the adsorbed amount (qe) to the equilibrium 
concentration (Ce). Figure 9 shows the linear plot of ln Kl versus 1/T. The obtained values ​​for thermodynamic 
parameters are shown in Table 4.

The negative ΔG° values indicate that the adsorption process of NA onto BSA is spontaneous. The decreasing 
magnitude of ΔG° with increasing temperature (from − 6.15 to – 5.70  kJ mol–1) suggests a decrease in 
spontaneity, potentially due to reduced adsorption or increased desorption. The negative ΔH° value (– 10.36 kJ 
mol–1) confirms the exothermic nature of the adsorption process. Additionally, the negative ΔS° value (– 14.17 J 
mol–1K–1) implies a decrease in system disorder upon adsorption, likely attributed to restricted molecular motion 
of NA on the BSA surface. Therefore, the adsorption of NA onto BSA NPs is spontaneous and exothermic.

Mechanism of adsorption
The proposed adsorption mechanism of NA onto BSA NPs involves a complex interplay of intermolecular 
forces. Hydrogen bonding between nalidixic acid’s carbonyl group and BSA’s amide groups is a key interaction 

Fig. 9.  Thermodynamics plot for obtaining the ΔH° and ΔS° of NA adsorption by BSA NPs.
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supported by FT-IR data. Hydrophobic interactions between nonpolar regions of both molecules likely contribute 
significantly to the adsorption process (Fig. 10). While electrostatic repulsion exists due to the negative charges, 
local charge variations could result in attractive electrostatic interactions. Additionally, π-π interactions between 
the aromatic structures of NA and potential aromatic amino acids in BSA might play a role. Conformational 
changes in BSA upon adsorption could further influence the adsorption process. The relative contributions of 
these interactions require further investigation through experimental and computational methods.

Conclusions
This study investigated the efficacy of BSA NPs for removing NA from aqueous solutions. The BSA NPs were 
successfully synthesized and characterized using various techniques. The adsorption process was significantly 
influenced by factors such as adsorbent dosage, initial NA concentration, and contact time. The Freundlich 
isotherm model best described the adsorption equilibrium, suggesting a multilayer adsorption mechanism. 
Kinetic studies revealed that the PSO model effectively represented the adsorption kinetics. Thermodynamic 

Fig. 10.  Schematic diagram of the interaction between NA and residues in the surface of BSA NPs.

 

Temperature (K) ΔG° (kJ mol− 1) ΔH° (kJ mol− 1) ΔS° (J mol− 1 K− 1)

298 – 6.15 – 10.36 – 14.17

308 – 5.94

318 – 5.89

328 – 5.70

Table 4.  Thermodynamic parameters for NA adsorption onto BSA.
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analysis demonstrated that the adsorption of NA onto BSA NPs was spontaneous and exothermic. Notably, the 
BSA NPs achieved a maximum adsorption capacity of 240 mg g⁻¹ for NA under optimal conditions.

These findings demonstrate the potential of BSA NPs as a promising adsorbent for removing NA from water. 
To realize this potential, future research should focus on enhancing the material’s reusability, stability, and 
efficiency in real wastewater conditions. Additionally, exploring the removal of other contaminants is essential. 
Overcoming challenges related to material engineering and economic viability will be crucial for the successful 
application of this technology.

Data availability
The datasets used during the current study available from the corresponding author on reasonable request.
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