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The discharge of lead (Pb2+) from industries, which is harmful to water, human health and food chain, 
poses a serious risk. Due to the remarkable ability of ZnO biochar nanocomposite to remove Pb²⁺ from 
wastewater, it gained significant attention in environmental research. This study was conducted to 
determine how effectively the prepared ZnO-Biochar nanocomposite removed Pb²⁺ from wastewater. 
Fourier transmission infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) were 
used to examine the functional groups and surface morphology of the ZnO-Biochar nanocomposite, 
respectively. The structure of ZnO-Biochar nanocomposite with rough and porous surface performed 
the positive association in surface adsorption of Pb²⁺ pollutant. A batch-experimentation conducted 
under a variety of conditions, including initial Pb²⁺ concentration (50–200 mg L⁻¹), adsorbent 
dosage (0.05–0.25 g), pH (2–12), and contact time (0–240 min) to evaluate the removal rates as 
well as adsorption capacities, within an emphasis on environmental impact. This study proves that 
ZnO-Biochar nanocomposite has a 90.30% removal rate for Pb²⁺. The ZnO-Biochar nanocomposite 
proved an impressive maximum adsorption capacity (qmax) of 79.302 mg/g, as determined through 
the implementation of the Langmuir model. A linear pseudo-first order and pseudo-second order 
model having R2 values of 0.867 and 0.899 respectively, show the best fit for the experimental data 
concerning Pb²⁺. Experiments conducted in this work demonstrate the exciting potential of the 
prepared material for promoting sustainable treatment of industrial wastewater.
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The global economy, environment, and public health are at risk due to rising water pollution, which is a challenge 
on a global scale1. Because heavy metals are flexible, aggregate, persistent, and non-biodegradable, they pose a 
serious threat to the ecosystem when they contaminate land and aquatic areas2,3. This problem is exacerbated 
in developing countries by the rapid expansion of polluting businesses for a variety of uses, including tanneries, 
batteries, paper industries, mining, fertilizer, pesticides, and coke factories4. Due to the detrimental impact that 
heavy metals on a wide variety of living forms, scientists and engineers are particularly concerned about their 
removal5,6. Heavy metals have been found to come from geological, industrial, agricultural, pharmaceutical, 
household waste, and atmospheric sources7. Point source locations including mines, foundries, smelters, and 
other metal-based industrial processes are highly prevalent in terms of environmental contamination. Among 
all heavy metals, Pb²⁺ is a highly hazardous and garnered significant attention from environmentalists8. Lead 
is a bluish-gray metal that occurs naturally in trace amounts in the crust of the planet. Lead is found in the 
environment naturally, but human activities like burning fossil fuels, mining, and manufacturing cause significant 
concentrations to be released. There are several home, industrial, and agricultural uses for lead. Different 
industrial processes, including the production of storage batteries, glass and ceramics, mining, plating, coating, 
and automobiles, release Pb²⁺ into aquatic habitats. The widespread use of agricultural chemicals, including 
fertilizers and fungicidal sprays, is another possible cause of Pb²⁺ pollution9. The use of wastewater for irrigation 
is widespread worldwide, particularly in areas with limited supplies of freshwater10. The ecosystem and human 

1Department of Environmental Science, Faculty of Science, University of Gujrat, Gujrat 50700, Pakistan. 2School of 
Environmental Management, University of Hertfordshire, Hatfield, UK. 3Department of Botany, Division of Science 
and Technology, University of Education, Lahore, Pakistan. 4College of Agriculture & Life Science, School of Applied 
Biosciences, Kyungpook National University, 80 Daehak-ro, Buk-Gu, Daegu 41566, Korea. 5Prince Sultan Bin 
Abdulaziz International Prize for Water Chair, Prince Sultan Institute for Environmental, Water and Desert Research, 
King Saud University, Riyadh 11451, Saudi Arabia. email: Kiran.hina@uog.edu.pk; anisalibot@gmail.com

OPEN

Scientific Reports |        (2025) 15:29517 1| https://doi.org/10.1038/s41598-025-13228-4

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-13228-4&domain=pdf&date_stamp=2025-8-11


health, however, could be severely harmed if such water contains lead. Moreover, lead can bio accumulate and 
bio-magnify in the food chain through crops, vegetables, and fruits that are ultimately consumed by people as a 
result of lead-contaminated irrigation effluent11,12. Pb²⁺ poisoning can also result in cancer, brain damage, severe 
harm to the liver, kidneys, central nervous system along with the abnormalities in the organs of living things13,14. 
Thus, wastewater should be properly treated in order to prevent lead and other pollutants from getting into 
the environment as well as the food chain. The US EPA and WHO set the highest pollution levels for Pb²⁺ 
in drinkable water at 15 and 50 µg L⁻¹, respectively15. As a result, several techniques for removing hazardous 
heavy metals from aqueous solutions while preserving environmental safety were developed, including chemical 
precipitation, ion exchange, membrane separation, adsorption, and electrochemical removal16. Among these, 
adsorption is one of the most extensively used methods. Adsorption is a physicochemical method involving 
the attachment of one material to another17. If there are no competing additives interfering, it offers excellent 
quality treated outputs, low running costs, great design, operational flexibility as well as removal efficiency18. To 
extract heavy metals from aqueous solutions, including arsenic (As), cadmium (Cd), nickel (Ni), mercury (Hg), 
chromium (Cr), zinc (Zn), and Pb, a variety of adsorbents are employed. Among these adsorbents are, carbon-
based adsorbents19  bio-adsorbents20  low-cost adsorbents21  and polymeric nanosorbents22.Moreover, Pb²⁺ 
was extracted using a variety of adsorbents like activated carbon23 modified alginate aerogel with melamine/
chitosan16, reduced graphene oxide-Fe3O4

9 and pea peel waste24.
The heavy metals in the wastewater can be removed through biochar, and it can help in wastewater handling, 

mitigation of water contamination, and sequestration of carbon as well25–32. Several studies investigated the use 
of biochar produced from a range of feed-stocks, including rice husk, pinewood, wood bark, cottonwood, and 
sugar cane bagasse, under various pyrolytic conditions in order to remove heavy metals including Cd, Pb, Ni, 
As, Hg, and Cr33–36. The process by which biochar adsorbs heavy metals from wastewater involves numerous 
mechanisms including metal precipitation, metal reduction followed by adsorption, cation exchange between 
metals and alkaline metals on the biochar surface, metal complexation with functional groups and π electron-
rich domains of the charcoal37.

Given its benefits, which include availability, ease of use, resistance to substances that corrode, as well as 
significant inclination towards metal ions employed in wastewater treatment, it appears promising to use zinc 
oxide (ZnO) as adsorbents to remove various elements from wastewater38. Zinc oxide has good quantum 
efficiency and semi-conductive qualities because of its toxicity-free, thermally stable, porous micro-/nano-
structure, strong adsorption capacity, broad band gap energy of 3.37 eV, high electron mobility, and exciton 
binding energy of 60 meV39.

A combination of biochar and nanomaterials has been produced by modifying through various processes, 
enhancing porosity, growing the amount of functional groups, and raising the surface-to-volume ratio for 
improving adsorption capacity40. Biochar injected with ZnO nanoparticles is a risk-free option for wastewater 
treatment. The application of ZnO-Biochar composites for the treatment of wastewater has shown encouraging 
results. Biosorption was used by Li et al.39 to purify maize stover, and then the residue was slightly pyrolyzed 
to produce nano-ZnO/ZnS-modified biochar. The resultant product’s porosity and roughness (SBET = 397.4 
m2/g) significantly exceeded those of pure biochar (SBET = 102.9 m2/g). Nitric acid-functionalized charcoal 
was combined with zinc acetate dehydrate, a ZnO predecessor, in ethanol. After undergoing solvothermal 
treatment, a zinc-biochar composite was produced by nitrogen pyrolysis. This method yielded a material with 
a water contact angle of around 151°−156° by synthesizing ZnO nanoparticles with a wide size distribution and 
bonding them to a hydrophobic charcoal matrix17. In the literature, effective heavy metal removal utilizing ZnO 
nanoparticles and nanocomposites was documented41,42. However, a small number of research examined the 
Pb²⁺ adsorption capability and removal method onto ZnO-Biochar nanocomposite. This study has developed 
new composite material by combining ZnO with Biochar and comparing and examining the application of 
ZnO-Biochar nanocomposite for adsorption of Pb²⁺ from polluted water. It was looked at how Pb²⁺ removal 
was affected by pH, adsorbent dosages, contact time, and starting concentrations. Before as well as after the 
adsorption procedure, SEM and FTIR spectra were conducted to clarify the mechanisms involved. Pseudo-
first order (PFO) and pseudo-second order (PSO) analysis was performed on the experiment results. Then, in 
order to identify the suitable isotherms for characterizing the behavior of Pb²⁺ adsorption on metal oxides, the 
equilibrium data were examined by employing a variety of isotherm models including Langmuir, Freundlich, as 
well as Tempkin.

Material and method
Chemicals, material and equipment
All reagents/chemicals of analytical grade were used in current research work and purchased from Sigma-
Aldrich-Chemical-Co. (USA) and Merck-(Germany).To prepare the contaminated solution, lead nitrate (Pb 
(NO3)2) (CAS#10099-74-8, Sigma Aldrich) was utilized. In order to prevent Pb²⁺ from precipitating due to 
hydrolysis, 1.58 g of lead nitrate is dissolved in 1000 mL of deionized water containing 10% (v/v) of hydrochloric 
acid (HCl, CAS#7647-01-0, Sigma Aldrich) for a duration of 24 h. This yields a 1000 mg L−1 stock solution. 
By reducing the strength of this mixture as needed to obtain desired Pb²⁺ working solutions, other standard 
solutions were created.

Synthesis of Biochar based nanocomposites
Biochar based nanocomposite was synthesized by adding 10 g of sieved biochar to 250 mL conical flask. 0.1 g 
of required ZnO nanoparticles was prepared by dissolving it in 100 mL of DI water. The solution then added 
into the 250 mL conical flask containing biochar. The solution was vigorously stirred to ensure proper mixing, 
and then left overnight in an orbital shaker. The conical flask was removed after 12 h and given another 12 h to 
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settle. After the nanocomposites had settled, the supernatant was extracted. The obtained composite was dried 
and grounded into fine powder form43.

Characterization
Scanning electron microscopy (SEM) imaging was utilized to evaluate the physical morphology and structure of 
the synthesized ZnO-Biochar nanocomposite (Hitachi S-3000 N, Hitachi Scientific Instruments, Tokyo, Japan). 
Fourier transform infrared spectroscopy (FTIR) was used to classify the functional groups on biochar in the 
wavelength range of 4000 cm−1 to 300 cm−1 (using KBr pellet method with 0.4 cm−1 resolution in Perkin Elmer’s 
instrument).

Adsorption experiment
A number of batches were used in the adsorption tests, and in every batch, a particular parameter that influences 
the adsorption process was evaluated in order to find its ideal value within the measured range. The solution’s 
pH, the adsorbent dose, the duration of contact, and the initial Pb²⁺ concentration were the variables that 
investigated. By utilizing 0.1 M of hydrochloric acid (HCl, CAS#7647-01-0, Sigma Aldrich) and NaOH (CAS# 
1310-73-, Sigma Aldrich) to change the solution pH between pH 2 and 12, the impact of pH was examined. The 
tested range of adsorbent dose was 0.05–0.25 g L⁻¹. Through a range of contact time, from 0 to 240 min, the impact 
of contact time was examined. Between 50 and 200 mg L⁻¹, the outcomes of the initial Pb²⁺ concentration were 
investigated. Solution flasks shaken at 125 rpm for every batch to make sure the mixture reached equilibrium, 
or maximal adsorption capacity. After centrifuging and filtration, UV Vis. spectroscopy (UV 1700, Shimadzu, 
Japan) analysis of the solution for adsorption/removal efficiency were performed for each batch. The filter paper 
(Whitman number 45.) used to screen out supernatent. Equations (1) and (2), respectively, can be utilized to get 
the adsorption capacity and the adsorption percentage44.

	
%R = (ci − ce)

ci
× 100� (1)

	
Qe = (ci − ce) × v

m
� (2)

where Ci: initial concentration (mg L⁻¹); Ce: final concentration (mg L⁻¹); v: working solution volume (L); m: 
adsorbent quantity (g L⁻¹);

Statistical analysis
All the Model fitting was performed with Origin Lab Pro 10.5 (USA). The data presented in the bar plots is 
average of three replicates ± standard error shown in the form of error bars.

Result and discussion
Characterization
Using the SEM test, the morphology of the adsorbent’s surface was investigated; SEM images revealed changes 
in the adsorbents’ morphology both before to and after the adsorption process (see Fig.  1a & b). The SEM 
images (Fig.  1a) exhibited that ZnO-Biochar nanocomposite display rough, uneven surfaces with porous 

Fig. 1.  SEM images of ZnO-Biochar nanocomposite surface before (a) and after (b) Adsorption.
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apertures prior to the adsorption process. After the adsorption process (Fig. 1b) the porous openings on ZnO-
Biochar nanocomposite sites were occupied. The comparative assessment of the SEM images of ZnO-Biochar 
nanocomposite before as well as after Pb²⁺ adsorbed indicates that adsorption took place and shows a distinct 
change in the morphology. The structure of ZnO-Biochar nanocomposite with rough and porous surface 
performed the positive association in surface sorption of Pb²⁺ pollutant.

To identify functional groups fourier transform infrared (FTIR) spectroscopy used with scan range between 
4000 and 300 cm−1 using KBr pellet method. The FTIR spectra of ZnO-Biochar nanocomposite before as well 
as after adsorption process are presented in Fig. 2a & b. Pre-adsorption spectroscopy reveals that ZnO-Biochar 
nanocomposite has many infrared absorption peaks at different wavenumbers. The carbonaceous composition 
of ZnO-Biochar nanocomposite is shown by the presence of an absorption peak at 2919.78  cm−1, which is 
characteristic of C-H stretching vibrations in organic molecules. In addition, the peaks at 2850.5  cm−1 and 
2355.38 cm−1 are indicative of aliphatic C-H bonds, while the signal at 2319.11 cm−1 might be due to carbonyl 
or nitrile groups. The chemical content and structure of ZnO Biochar nanocomposite may be deduced from its 
spectral absorption at 1923.01 cm−1, 1598.77 cm−1, 1387.94 cm−1, 1116.56 cm−1, 874.64 cm−1, and 384.11 cm−1, 
where each band represents a different functional group or vibration within the biochar structure45.

Adsorption modifies the ZnO-Biochar composite FTIR spectra significantly, with new peaks appearing at 
different wave-numbers. Adsorption-induced changes may lessen the strength of the peak at 349.82 cm−1, which 
is associated to mineral content. Interactions with adsorbates may cause shifts in the C-H stretching vibrations 
peak at 2919.78 cm−146. The peaks at 2850.5 cm−1, 2355.38 cm−1, and 2319.11 cm−1 may shift in strength due to 
adsorption processes, indicating changes in aliphatic C-H and other functional groups. The structural changes 
and chemical interactions that take place during the adsorption process, as revealed by the shifts or alterations in 

Fig. 2.  FTIR spectra of ZnO-Biochar nanocomposite before (a) and after (b) adsorption.
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the peaks at 1923.01 cm−1, 1598.77 cm−1, 1387.94 cm−1, 1116.56 cm−1, 874.64 cm−1, and 384.11 cm−1, shed light 
on the efficacy of ZnO-Biochar as an adsorbent for particular contaminants.

Adsorption mechanisms
Adsorption is a process that has three controlling steps: (1) film diffusion is the process by which the adsorbate 
moves from the bulk liquid to the surrounding film of the adsorbent; (2) surface adsorption is the process by 
which the adsorbate moves from the film to the adsorbent surface.; and (3) the adsorbate moving to the internal 
active sites, which is called intraparticle diffusion47.

Using the experimental data from the SEM as well as FTIR results, the adsorption mechanism was examined. 
The adsorption process was identified as physisorption (Pb2+ ion attached on surface active sites through Vander 
Wal forces) because it obeyed the linear Langmuir model. Following kinetic modelling, the nonlinear pseudo-
second-order model showed highest R2 value, which indicated that chemisorption was the reaction at play, 
explained by chemical equations in 3.3.2 section briefly. This was confirmed by the chemical bonding of Pb2+ 
species with surface functional groups on nanocomposite. Kinetic as well as isotherm modelling exhibited the 
combined chemisorption and physisorption processes occurred simultaneously. A notable alteration in the FTIR 
spectra was observed by comparing the pre- and post-adsorption FTIR spectra of the hexagonal ZnO-Biochar 
nanocomposite. After Pb²⁺ was adsorbed, the majority of the adsorption peaks underwent strength changes.

Adsorption studies
Effect of contact time
With an ideal pH of 5.5 and an adsorbent dose of 0.05 g, respectively, and 250 mL of contaminated solution, this 
group of studies was carried out at various contact time, specifically 0, 30, 60, 90, 120, 150, 180, 210, and 240 min. 
At a steady agitation speed of 125 rpm, the starting Pb²⁺ concentration was 100 mg L−1. After measuring the 
resultant Pb²⁺ concentration values, Eq. (1) used to determine the adsorption %. As shown in Fig. 3a, the highest 
removal efficiencies for ZnO-Biochar nanocomposite were 96.17% at a contact time of 120 min. It is evident that 
the first phase of Pb²⁺ adsorption was swift, followed by a gradual increase over time that reached nearly constant 
levels after 150 min. This phenomenon can be clarified by the first stage of adsorption having a great accessibility 
of free adsorption sites, which is followed by a rise in repulsive forces because of the adsorbed ions, increasing 
the difficulty of access to the remaining sites48,49. This conduct may be elucidated by the fact that there is a larger 
concentration of pollutant per mass of adsorbent, which could limit adsorption.

Effect of pH solution
The pH is one of the most crucial factors in the adsorption process because it can alter the properties of the 
metal in solution and the load on the surface of the active sites50.When heavy metal ions are present in an 
aqueous solution, pH influences various reactions, including dissociation, hydrolysis, complexation, and 
precipitation. Furthermore, pH has an impact on the availability and speciation of ions, which directly impacts 
the capacity for biosorption51. Since it influences metal ion speciation, the biosorbent’s surface chemistry, and 
adsorption efficiency, the pH of the biosorption process is crucial. Both the chemistry of the hazardous metals 
in the solution and the site dissociation of the biomass surface are significantly impacted by pH52. Six different 
pH values were studied, namely 2, 4, 6, 8, 10, and 12, with an initial adsorbent mass of 0.05 g and 250 mL of 
contaminated solution. It was investigated how the initial pH of the solution affected the amount of Pb²⁺ separate 
by adsorption. The mixture was continuously stirred at 125 rpm for 120 min. After measuring the final Pb²⁺ 
concentration values, Eq. (3.1) was used to determine the adsorption %. Figure 3b illustrates the optimal removal 
efficiency of 94.66% for ZnO-Biochar nanocomposite at a pH of 5.5, which is in line with previous research 
findings6,49,53. When the starting pH of the solution rose from pH 3.0- pH 7.0 for the adsorbent utilized, the 
adsorption % increased. The metal ions’ electrostatic attraction (ion exchange) with the adsorbent surface most 
likely increased as the adsorbent surface got more negatively charged. The rise in the percentage of adsorption 
can be explained by Pb2+, Pb(OH)+, as well as Pb(OH)2 interacting with the functional groups on the adsorbent 
surface through hydrogen bonding or ion exchange54 as shown in Fig. 3b and the following reactions:

Ion exchange mechanism:

	 2 (−ROH) + Pb+2 → 2 (RO) Pb + 2H+

	 −ROH + Pb(OH)+ → (−RO) Pb (OH) + H+� (3)

Hydrogen bonding:

	 2 (−ROH) + Pb(OH)2 → (−ROH)2 + Pb(OH)2� (4)

The development of soluble hydroxyl complexes in ZnO-Biochar nanocomposite was found to cause a decline 
in the adsorption percentage at higher pH values (7.0–9.0). More Pb2+ cations can be adsorbed because surface 
of the adsorbent becomes less positively charged as the pH of the solution rises. A pH of 5.5 is ideal for the 
batches that come after. The adsorption efficiency decreases below this ideal value due to struggle between 
Pb2+ ions and H3O+, whereas higher pH levels cause lead species to hydrolyze, promoting precipitation and 
inhibiting quantitative adsorption. The plenty of active sites for attachment of Pb2+ on the surface of ZnO-
Biochar nanocomposite may be to blame as the pollutant species must interact with active sites on the sorbent 
surface55. The adsorption capacity of Pb2+ eventually decreases, however, since all of the adsorption sites on the 
combined sorbent are already occupied.
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Effect of adsorbent dosage
Various adsorbent concentrations (0.05, 0.01, 0.15, 0.20, and 0.25 g) were used in this batch of trials, along with 
250 mL of the contaminated solution, all at the ideal starting pH value. Shaking the initial Pb²⁺ concentration 
for 120 min at 125 rpm was the constant speed of stirring. After measuring the final Pb²⁺ concentration, the 
adsorption % was computed using Eq. (1). According to Fig. 3c, the highest removal effectiveness of 95.27% for 
ZnO-Biochar nanocomposite was obtained at a similar adsorbent dosage of 0.05 g. With an increase in adsorbent 
dosages from 0.05 to 0.25 g for each adsorbent utilized, the adsorption percentage upsurges. According to these 
results, the adsorption process has more active binding sites when the adsorbent dose is increased from 0.05 
to 0.25 g56,57. The decrease in molecular competition for active binding sites results in an increase of Pb²⁺ ions 
adsorbed onto the adsorbent’s surface. For use in the ensuing batches, the best dose was found to be 0.05 g.

Effect of initial concentration of pb²⁺
Several starting Pb²⁺ concentrations (mg L⁻¹) were used in this batch, along with the ideal pH and adsorbent 
dosage that were discovered from earlier batches using 250 mL of tainted solution. The mixture was continuously 
stirred at 125  rpm for 120  min. Equation  (1) was utilized to compute the adsorption % after the final Pb²⁺ 
concentration values were measured. Figure  3d illustrates that at an initial concentration of 100  mg L⁻¹ for 
adsorbent, the maximum removal efficiency for ZnO-Biochar nanocomposite was 96.17%. According to the 
findings, there is a positive correlation among the initial Pb²⁺ concentration as well as the percentage of Pb²⁺ 

Fig. 3.  Effect of operational parameters on adsorption capacity (a) effect of time (0–240 min), (b) effect of pH 
(2–12), (c) effect of adsorbent dose (0.05–0.25 g) and, (d) pollutant initial concentration (50–200 mg L⁻¹).
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removal through adsorption up to a certain point. Once the initial Pb²⁺ concentration reaches 150 mg L−1, 
the percentage of Pb²⁺ elimination starts to decrease. This may be explained as follows: for a given quantity of 
adsorbent, the high initial Pb²⁺ concentration results in an excess of accessible particles on the adsorbent surface 
in relation to the active binding site, which lowers the percentage of Pb²⁺ removal by adsorption.

Kinetic studies
Adsorption kinetics can be used to forecast how quickly Pb²⁺ ions will be absorbed from the water. Pseudo-first 
order (PFO) and pseudo-second order (PSO) mathematical models were employed to fit the adsorption rate 
using Pb²⁺ adsorption data at various contact times. Table 1 below expresses the PFO model and PSO model 
equation.

here t denotes time, qt refers to the amount adsorbed t time (mg/g), qe represents the equilibrium adsorption 
capacity (mg/g), K1 is a constant of pseudo-first-order kinetic model and K2 is a constant of pseudo-second-
order kinetic model. The slope of the linear plot of ln (qe-qt) vs. t (Fig. 4a) was used to obtain K1, and the slope of 
the linear plot of t/qt vs. t (Fig. 4b) was used to calculate the values of K2 and qe. With a correlation coefficient (R2 
of 0.89925 against the adsorption findings, the PSO model outperformed the PFO model (R2 = 0.867), indicating 
that the PSO model offers the most precise explanation of the adsorption process’ kinetics. This additionally 
proved that the rate-limiting step in the reaction was chemisorption59,60 as shown in Fig. 4a & b. Table 2 provides 
a summary of these models’ kinetic parameters.

Equilibrium isotherms
The equilibrium relationship among the solid phase as well as the concentration of the liquid phase solution is 
known as an isotherm. Adsorption isotherms are useful for examining an adsorbent’s suitability for pollutant 
extraction, and they may also be used to check the maximal adsorption capacity through a variety of mathematical 
formulas such as Langmuir61 Freundlich62 Tempkin63.

These are the isotherms that are most frequently employed to characterize systems of solid-liquid adsorption. 
Mathematical forms of models given in Table 3.

In the above equations, qmax(mg/g) is the adsorbent’s maximal monolayer adsorption ability; KL (L/mg) 
Langmuir constant linked to the attraction between a adsorbent and an adsorbate; and RL stands for separation 
factor; Kf (mg/g or L/mg) Freundlich constant which quantifies adsorption strength; and n (dimensionless) 

Fig. 4.  Fitting of Kinetic Models; Pseudo first order (a), Pseudo second order (b).

 

Model Linear Nonlinear Parameters References

PFO In(qe-qt) = In(K1qe)-K1t qt = qe(1-exp−KLt) qe (mg/g), K1
58

PSO
t

qe = 1
K2qe2 + t

qe
qt= K2. qe2. t

1+K2qe. t qe(mg/g), K2
58

Table 1.  Linear and nonlinear forms of kinetic Model.
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stands for Freundlich parameter. AT Tempkin equilibrium binding constant (L/g), bT Tempkin constant, R 
stands for universal gas constant (8.314 J/mol/K), and T stands for temperature (298 K).

Figure 5a-c show the experimental results shown using the linearized form of the aforementioned isotherm 
models. Regarding the circumstances under which adsorption occurs, each isotherm makes particular 
assumptions. Although Langmuir isotherm supposes maximum limiting adsorption at a given number of 
available sites on surface, with the same energy available at all adsorption sites, Freundlich model adsorption 
supposes that adsorption occurs on a heterogeneous surface through multilayer adsorption processes65,66. The 
Tempkin isotherm makes the assumption that when the adsorbent’s surface is covered, the adsorption heat drops 
linearly. We calculated the conforming correlation coefficients (R2 for every absorbent. Tempkin constant BT 
(10.408 J/mol) is positive, indicating that the adsorption process is exothermic67. This means that heat is released 
during the adsorption of Pb ions onto the ZnO-Biochar nanocomposite.The Tempkin isotherm constant KT 
(2.147 L/mg) represents the binding energy between the adsorbent and the adsorbate. The higher the value of 
KT, the stronger the binding energy. The linear Langmuir model for Pb²⁺ has the highest R2 value of 0.95 and 
provides the greatest match to the data (Fig. 5a). Because of the uniform dispersal of active sites on the surfaces 

Fig. 5.  Fitting of Adsorption isotherms (a) Langmuir (b) Freundlich (c) Tempkin model.

 

Model Linear Nonlinear Parameters References

Langmuir

1
qe = 1

KLqmax ∗ 1
Ce + 1

qmax qe = qmKLCe

1+ KLCe qe (mg/g), KL, R2 61

RL = 1
1+ KLCe

Freundlich Logqe = logkf + 1
n logce Qe = KF Ce

1
n Kf, 1

n , R2 62

Tempkin qe = RT
bT lnAT +

(
RT
bT

)
lnCe qe =

(
RT
bT

)
lnaT Ce bT (J/mol), KT (L/mg), R2 64

Table 3.  Linear and nonlinear forms of isotherm models.

 

Model Parameter

Linear

Pb²⁺

PFO

qe(mg/g) 39.16

K1 −4.5E-05

R2 0.867

PSO

qe(mg/g) 43.75

qe2(mg/g) 1914.0625

K2 0.00084

R2 0.89925

Table 2.  Pseudo first order and Pseudo second order kinetic model.
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of the biochar sample, it is possible that the interactions between Pb²⁺ as well as the adsorbents are primarily 
associated to mono-layer adsorption, as indicated by the Langmuir model’s prediction of the maximum 
adsorption (qmax) for Pb²⁺ of 79.30 (Table 4).

Regeneratiin studies of ZnO-BC nanocomposite
The regeneration capability of an adsorbent is a significant characteristic, as the prepared adsorbent exhibited 
high efficiency in adsorbing Pb²⁺. Figure 6 compares the desorption efficiencies of two reagents, revealing that 
0.1 M NaOH outperformed 0.1 M HCl, achieving a desorption efficiency of 76.278%. As a result, 0.1 M NaOH 
was chosen as the desorbing agent, enabling the nanocomposite to be reused for subsequent adsorption cycles. 
Figure  7 displays the regeneration cycles of the ZnO-Biochar composite after desorption with 0.1  M NaOH 
for Pb²⁺ removal from a 100 mL solution. The nanocomposite was reused over five cycles, with its adsorption 

Fig. 6.  Pb²⁺ Desorption efficiency of HCl and NaOH.

 

Model Parameter Linear

Pb²⁺

Langmuir

qmax(mg/g) 79.302

KL 0.0846

RL 0.1911

R2 0.9564

Freundlich

Kf 23.82

1/n 0.2432

R2 0.8317

Tempkin

BT (J/mol) 10.408

KT(L/mg) 2.147

R2 0.9034

Table 4.  Linear isotherm models parameters values.

 

Scientific Reports |        (2025) 15:29517 9| https://doi.org/10.1038/s41598-025-13228-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


efficiency declining from 84.565% in the first cycle to 54.055% by the fifth cycle. These findings underscore the 
excellent re-usability of the ZnO-Biochar nanocomposite. The desorption efficiency was calculated using Eq. 5 
(Figs. 6 and 7).

	
Desorption = (Vd × Cd)

(Ci − Ce) × 100� (5)

In the given equation, Vd stands for the volume of the desorbing agent (mL), Cd refers to the pollutant 
concentration after desorption (mg L⁻¹), and Ci and Ce represent the initial and equilibrium concentrations of 
the pollutant after adsorption (mg L⁻¹) respectively.

Conclusions
This study used a ZnO-Biochar nanocomposite to do a thorough investigation of Pb²⁺ removal by adsorption. SEM 
and FTIR analysis were utilized to evaluate the morphological and functional groups of the adsorbent. The SEM 
pictures demonstrated how permeable the pores were on ZnO-Biochar nanocomposite’s surfaces. Adsorption 
was verified by modifications in the morphologies of the adsorbents before and after experimentation. Studies 
were conducted on the effects of solution pH, adsorbent dosage, contact time, as well as the initial concentrations 
on the efficacy of adsorption and removal. Separate batch tests were used to determine the ideal values for these 
parameters. The best conditions for ZnO-Biochar nanocomposite, the adsorbent under consideration, were at 
pH 5.5, which gave the removal efficiency of 94.66%. Moreover, the highest removal efficiency of 96.17% was 
obtained at an initial concentration of 100 mg L⁻¹ for a contact time of 120 min, while the adsorbent dosage of 
0.05 g gave a removal effectiveness of 95.27%. Following the application of the adsorbent’s ideal values for the 
researched adsorption parameters, the adsorption kinetics were examined using a variety of models, including 
PFO and PSO, with PSO providing the best match for the adsorption of lead with an R2 value of 0.89925. The 
adsorption isotherms were also examined at equilibrium. The outcome demonstrated that the ZnO-Biochar 
nanocomposite’s adsorption of Pb²⁺ was best characterized by the Langmuir isotherm model, which had an R2 
value of 0.9564. In summary, ZnO-Biochar nanocomposite is the most effective material for adsorptive lead 
removal from aqueous solutions under the ideal circumstances used in this investigation.

Future perspectives
An effective adsorbent material has been developed and described in this work. The experimental results showed 
a high level of adsorption efficiency. This study can be used as a good filtration system for industrial wastewater 
treatment. Because of metal ions’ competition with regard to adsorption sites in actual contaminated waters, 
the presence of several metal pollutants may reduce the adsorption of a single metal element relative to the 
others. Investigations involving the competitive adsorption of different metals must be taken into consideration 
to assess the genuine adsorption behavior of the nanoadsorbents.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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Fig. 7.  Pb²⁺ removal efficiency cycles of adsorbent after regeneration.
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