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A B S T R A C T   

The spread of heavy metal in water bodies, particularly lead (Pb), has occurred as a global threat 
to human existence. In this study, NiO nanoparticles (NPs) was prepared by coprecipitation 
approach using Hagenia abyssinica plant extract mediated as a reducing and template agent for the 
removal of Pb from aqueous solution. X-ray crystallographic diffraction (XRD), Scanning electron 
microscopy (SEM), Fourier transform infrared (FTIR), and Brunauer-Emmett-Teller (BET) tech-
niques were employed for the characterization of as prepared NiO NPs. The efficacy of adsorbent 
was evaluated on the removal of Pb2+ by varying the adsorptive parameters such as pH, Bio-NiO 
amount, interaction time, and Pb2+ concentration. The adsorption was 99.99% at pH, 0.06 g of 
NiO NPs dose, 60 mg L− 1 concentrations of Pb2+ within 80 min contact time. The higher removal 
efficiency is could be due to higher surface area (151 m2g-1). The adsorption process was best 
fitted with Freundlich isotherm and pseudo-second order kinetic models, implying that it was 
chemical adsorption on the heterogeneous surface. The adsorption intensity (n) was found to be 
1/n < 1 (0.47) indicating adsorption of Pb2+ on the surface of Bio-NiO NPs was favorable with a 
maximum adsorption capacity 60.13 mg g− 1. The reusability studies confirmed that the synthe-
sized bio-NiO NPs were an effective adsorbent for removing Pb2+ from aqueous solution up to five 
cycles.   

1. Introduction 

Increased demand for global resources is a result of industrialization and urbanization caused by the expanding human population 
[1]. This leads to an exponential increase in the amount of waste generated by various industrial activities. Some of industrial activities 
like electroplating, ore mining, refining, tanning, dyeing, and tire manufacturing all increase the use of heavy metals, including Cd, Pb, 
Hg, and Cr [2]. The life processes of biota are significantly impacted when these heavy metals are released into water bodies without 
proper treatment [3]. Owing to its nonbiodegradable nature their presence in water, even at low concentrations, is hazardous to both 
human health and aquatic life [4]. Pb and its compounds are a versatile and strategically significant metal for industrial development 
since they are intricately tied to the automotive industry, power generation, energy storage, mining, refining, acid industries, smelting, 
battery production, and other industries [1,5]. The widespread use of Pb2+ ions causes significant water contamination, which 
eventually accumulates via the food chain. Pb is a metal that is both mutagenic and teratogenic, with toxic effects on the immune 
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system, bone marrow, neurological system, and kidney, especially in young children [6]. Pb2+ exists in both organic and inorganic 
forms, and the physicochemical makeup of the exposed individual has a significant impact on how quickly it is absorbed by humans. 
Inorganic Pb cannot be digested, it spreads and accumulates in soft tissues and bones without being directly ejected, but organic Pb 
found in gasoline can be absorbed through the skin and respiratory system. Pb is indicated as a priority, with a concentration of less 
than 0.01 mgL− 1 in drinking water according to WHO regulations [5]. 

Various methods, including membrane or ultra-filtration [7], co-precipitation [8], electro coagulation [9], reverse osmosis [10], 
ion exchange [11], and adsorption [12,13] are used to remove heavy metals from water. However, some of these processes have some 
downsides, including sensitive operation, high energy requirements, the formation of hazardous sludge, and a lack of adequate waste 
disposal, which limits their efficiency [14]. Among these techniques, adsorption is thought to be an effective technique than other 
techniques due to its high efficacy, cheap execution costs, sufficient accessibility, and straightforward design and easy regeneration of 
the adsorbents [15]. The adsorption process relies on the physicochemical features of heavy metals and adsorbents, as well as 
operational variables like pH, adsorbent quantity, temperature, adsorption period, and initial metal ion concentration [16,17]. So far a 
variety of conventional adsorbents such natural zeolites, activated charcoal, and synthetic resins are employed to extract pollutants 
from industrial effluent with some restrictions [18]. However, thus adsorbents showed a low adsorption performance as compared to 
nanostructure crystalline metal oxides. In recent years, metal oxide nanoparticles (NPs) have gaining significant attention in the 
adsorption process due to their large surface area, adsorptive nature, surface flaws, and fast diffusivities [19]. These features make 
them effective adsorbent material for removal of heavy metals from water. Among metal oxide, NiO NPs offer an appropriate 
adsorption capability for the removal of heavy metals from waste water due to their high surface area, low production cost, and natural 
porosity [20,21]. Benefiting from the discovery of nanotechnology, synthesis of NPs using a greener approach with a superior per-
formance became a popular research in wastewater treatment. Until now traditional chemical synthesis routes were widely employed 
for the synthesis of NiO NPs which have health and safety related issues. Moreover, using toxic chemicals like acids and bases for the 
synthesis of NPs have its own toxic effects [22]. In this regard, bio-derived materials offer an alternative to environmentally friendly 
supports. Biological approaches offer the following advantages over other methods [23–25]: (i) There is no need for expensive, 
hazardous stabilizers or capping agents; (ii) the final product does not need to be processed at high temperatures; (iii) no hazardous 
ingredients or dangerous organic solvents are required; and (iv) the procedures are easy to scale up. Recent studies indicate that plant 
extract stabilized NPs and nanocomposites were applied for remediation of contaminated water and showed greater progress for the 
use of plant extracts for reducing metal oxide precursors as well as capping the NPs [26–28]. Because it includes a large number of 
potentially active phytochemicals that are crucial to the stability or reduction of metal salts throughout the synthesis process, it is 
chosen for the green synthesis of NPs [29]. To avoid aggregation, control particle size, and promote surface functionalization, plant 
extract was employed as a template and capping agent. Among renewable natural resources, Hagenia abyssinica is a medicinal plant 
that can be used as a template to build nanoparticle-based adsorbents for wastewater treatment. Owing to the presence of biomolecules 
in Hagenia abyssinica such as saponins, phenolbathanins, flavonoids, anthraquinones, phenols, terpenoids, alkaloids, steroids, glyco-
sides, and tannins we have selected as a reducing and capping agent for the synthesis of NiO NPs [30]. 

Considering the natural abundance, its low production cost, higher surface area, herein we report Hagenia abyssinica biomediated 
synthesis NiO NPs for removal of lead from aqueous solution. The synthesis of NiO NPs was carried out using Ni(NO3)2•6H2O in 
aqueous media. Hagenia abyssinica plant as a reducing agent and capping/stabilizer to control the particle size during NiO NPs syn-
thesis, making it novel and innovative. The as prepared NPs were characterized using x-ray diffraction (XRD), scanning electron 
microscopy (SEM), Fourier transform infrared (FTIR), and Brunauer-Emmett-Teller (BET). For comparison purpose we have used 
chemical synthesis route to create NiO NPs as a control experiment. The generated NPs were tested for removal of Pb2+ from aqueous 
solution, showed outstanding removal performance (99.99 %). It is predicted that the increased removal efficiency is due to the larger 
surface area (151 m2g-1), which is a feature of mesoporous adsorbents with poor adsorbate-adsorbent interaction at low relative 
pressure. Furthermore, to better understand the adsorption process, we investigated adsorption isotherms using the most used models 
and estimated adsorption kinetics. 

2. Materials and methods 

2.1. Chemicals and reagents 

All chemicals and reagents used in this study were analytical grades. Nickel nitrate hexahydrate (Ni(NO3)2•6H2O MW = 290.81 g/ 
mol, SAMIR.TECH-CHEM, 98%), extra pure Ammonia (NH3, MW = 17 g/mol, 25%), Sodium hydroxide (NaOH, MW = 39.999 g/mol, 
Norbright, turkey, 99%), and Ethanol (CH3CH2OH, MW = 46.07 g/mol, 99.9%). All the aqueous solutions were prepared by using 
double distilled water throughout the experiments. To create the stock solution of Pb2+, lead nitrate (Pb(NO3)2 MW = 331.2 g/mol, 
99%) was dissolved in distilled water. Furthermore, to alter the pH of solutions, HCl (0.1 N, MW = 36.458 g/mol) was utilized. 

2.2. Preparation of Hagenia abyssinica plant extract 

Hagenia abyssinica leaves was collected from Dessie campus, Wollo University. Tap water and deionized water was used to wash 
dust particles, followed by drying at ambient temperature. Then, it was powdered using electric grinder. 20 g powder was transferred 
to an Erlenmeyer flask containing 400 mL of distilled water. Afterward, the mixture was mechanically shacked for 30 min followed by 
stirring for 1 h 50 ◦C. Subsequently, after cooling to ambient temperature the solution was purified using whatman No.1 filter paper. 
Finally, the filtrate was kept at 4 ◦C for subsequent use [31]. 
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2.3. Preparation of nickel oxide (NiO) nanoparticles (NPs) 

2.3.1. Chemical synthesis of NiO NPs 
NiO NPs were produced by dissolving 0.3 M Ni(NO3)2•6H2O salt in 100 mL of distilled water and stirring for 30 min. A 100 mL 

solution of 1.3 M NaOH was slowly added to the aforementioned solution and agitated at 70 ◦C for 2 h. The resulting greenish gel was 
allowed to cool to ambient temperature. Subsequently, it was washed several times with water and ethanol to remove contaminants, 
followed by drying at 80 ◦C. The product was calcined in a muffle furnace at 400 ◦C for 2 h, resulting in black NiO powder (labeled as 
Chem-NiO NPs). 

2.3.2. Hagenia abyssinica plant extract biomediated synthesis of NiO NPs 
To the aqueous solution of 0.05 M (NO3)2 •6H2O in 50.0 mL 2 M NH3 solution was add to adjust the pH to 11, followed by gentle 

stirring until it changed to dark blue at 80 ◦C, indicating the formation of [Ni(NH3)6] complex. Subsequently, 50.0 mL of Hagenia 
abyssinica plant extract was dropwise added and stirred for additional 90 min. The light-green product was allowed to cool to ambient 
temperature. After washing with deionized water and ethanol it was allowed to dry in oven at 100 ◦C for overnight. Finally, the greyish 
black NiO NPs (labeled as Bio-NiO NPs) were obtained via calcination of Ni(OH)2 powder at temperature of 300 ◦C in a muffle furnace 
for 2 h. 

2.4. Characterization 

To characterize the crystallites of NiO NPs x-ray diffraction (XRD) peaks were obtained using Shimadzu XRD-7000. The surface 
morphology of the NiO NPs were obtained by using field-emission scanning electron microscopy (FESEM, JSM 6500F, JEOL). The 
surface functional groups of the NiO NPs were studied using Fourier transform infrared (FT-IR) spectra by using 65 FT-IR (Perki-
nElmer) spectroscopy. Nitrogen adsorption measurements were carried out on the 3-Flex Surface Characterization Analyzer (Micro-
meritics) with guest-free (evacuated) samples at pressures up to 1 bar. The surface areas were estimated using the Brunauer-Emmett- 
Teller (BET) model from nitrogen adsorption isotherms collected at 77 K. Pore size distribution was analyzed using a BJH model from 
the desorption branch. The DW-AA320 N Atomic Absorption spectrometer (AAS) was used for adsorption studies. Surface potentials 
were conducted using the Zeta sizer Pro BLUE equipment from Malvern, UK. The electrophoretic mobility of particles was auto-
matically calculated and then converted to zeta potential using the Smoluchowski equation (Equation (1)). 

ζ=(η× μ)/ε (1)  

Where, ζ is the zeta potential, η is the dynamic viscosity, μ is the particle mobility, and ε is the dielectric constant. 0.1 g of NiO NPs was 
dissolved in 100 mL of deionized water under stirring for 15 min, resulting in a 0.1 % solid ratio. The solutions pH was adjusted using 
0.1 M HCl and 0.1 M NaOH. Subsequently, the solution was allowed to undisturbed for 30 min to settle larger particles. 

2.5. Batch adsorption experiments 

Adsorption study was conducted in a batch method for removal of Pb2+ ion using Bio-NiO NPs. By varying experimental parameters 
including pH value, the adsorbent dose, contact time, and initial Pb2+ concentration the optimal adsorption conditions of Bio-NiO NPs 
were studied. All tests were performed at room temperature. A stock solution of Pb2+ (1000 mg L− 1) was prepared by dissolving the 
calculated quantity of Pb(NO3)2 for Pb2+ in deionized water. The effect of solution pH on the removal of metal ion were performed in 
range from 3 to 12 and during the experiment the solution acidity was adjusted by dropping 0.1 M HCl and 0.1 M NaOH solutions. 
40–100 min were used to demonstrate the effects of contact time. The effect of adsorbent dose and Pb2+ ion concentrations were 
conducted at various amount as 0.03–0.12 g and concentration from 40 to 100 mg L-1, respectively. The solutions were shacked by 
shaker at 200 rpm until the adsorption process reached equilibrium, supernatant liquid was separated by using whatman filter paper 
and it is used for analysis of adsorbed Pb2+ ion using AAS. The metal ion removal efficiency (%R) and the concentration of adsorbate 
which adsorbed at equilibrium, qe (mg/g) were calculated by Equation (2) and Equation (3), respectively. 

%R=
(CO − Ce)

Co
× 100 (2)  

Qe =
(CO − Ce)

W
× V (3)  

Where, Qe is the concentration of Pb2+ ions adsorbed on Bio-NiO NPs at equilibrium, %R is percent removal, V is the volume of a 
solution in L, W is the weight of Bio-NiO NPs in gram scale, and Co and Ce are the initial and equilibrium concentrations (mg L− 1), 
respectively. 

2.6. Recovery studies 

To conduct desorption tests, metal-adsorbed Bio-NiO NPs were rinsed with ultrapure water to eliminate any loosely attached metals 
from the vial and adsorbent. HCl was used to desorbed Pb ions, with eluent concentrations ranging from 0.001 to 0.2 M. To investigate 
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recovery, five successive cycles of Bio-NiO NPs regeneration and metal re-adsorption were performed. In each cycle, 0.06 g Bio-NiO 
NPs were mixed with 60 mL of 100 mg L− 1 Pb2+ ion. In each cycle, the Bio-NiO NPs were washed with deionized water to attain neutral 
condition and adjusted for removal of Pb2+ in the next cycle. The Bio-NiO NPs were filtered and supernatant were used to calculate the 
amount of Pb2+ adsorbed. All measurements were conducted in triplicate. 

3. Results and discussion 

3.1. Synthesis and characterization 

The fabrication of the Chem-NiO NPs was carried out by using aqueous solutions of Ni(NO3)2⋅6H2O and NaOH. However, synthesis 
of Bio-NiO NPs were employed using a Hagenia abyssinica leaf extract (Scheme 1). In a clear solutions of Ni(NO3)2⋅6H2O pH was 
adjusted to 11 by adding NH3 and allowed to heat for 80 ◦C followed by formation of an intermediate dark blue complex. Afterward, 
the plant extract added and allowed to reduce the metal salt and stabilize the NPs and a light-green precipitate product was dried and 
calcined to obtain Bio-NiO NPs. 

The phase purity and crystallites of NiO NPs were assessed by using XRD (Fig. 1). For Chem-NiO NPs the peaks appeared at 2Ɵ =
29.5705◦, 37 4558◦, 43.5013◦, 63.0887◦, 75.6087◦, and 79.5587◦. For Bio-NiO NPs the peaks are positioned at an angle of 2Ɵ =
37.2661◦, 43.3147◦, 62.8827◦, 75.40850◦, and 79.3722◦, which are corresponding to the (111), (200), (220), (311), and (222) plane of 
the cubic structure for both synthesized NiO NPs, respectively [32]. However, the peak appeared at 2Ɵ = 29.5705◦, for Chem- NiO 
NPs, its indexed (110) [22]. The diffraction peaks of the NPs matched with the JCPDS, No. 04–0835. The obtained spectra indicate that 
the prepared NiO NPs have well crystalline nature. The average particle size of Chem/Bio- NiO NPs were evaluated from the width of 
the peaks using Debye-Scherrer’s formula [33] by taking the three strongest peaks of Chem-NiO at 2Ɵ = 29.5705◦, 37.4558◦, 
43.5013◦, and Bio-NiO NPs at 2Ɵ = 37.2661◦, 43.3147◦, 62.8827◦. Therefore, particle sizes were found to be for Chem-NiO and 
Bio-NiO NPs is 15.89 nm and 11.83 nm, respectively. 

FT-IR characterization was also performed to support the formation of the synthesized nanoadsorbent (NiO NPs) (Fig. 2). The FT-IR 
spectrashowed that significant absorption peaks appeared around 3353 cm− 1 and 3471 cm− 1 attributed to the O–H stretching vi-
brations of interlayer water molecules for Chem-NiO and Bio-NiO NPs, respectively. The peaks from 1394 to 1616 cm− 1 & 1380-1699 
cm− 1 are assigned to H–O–H bending mode of the water molecule of both Chem-NiO and Bio-NiO NPs, respectively [34]. The C–O 
stretching vibrations are appeared at 1018 cm− 1 and 1100 cm− 1 for Chem-NiO and Bio-NiO NPs, respectively [32,35]. The strong band 
at 448 cm− 1 and 429 cm− 1 assigned to the Ni–O stretching for Chem- and Bio- NiO NPs, respectively [36]. 

The morphologies of as prepared Bio-NiO NPs were analyzed using SEM. As shown in the SEM image of Bio-NiO NPs in Fig. 3a, 
agglomerated and very thin linked nature of particles with nanosheet microstructure was dominant. Fig. 3b revealed that the existence 
of Ni and O from its corresponding EDX of Bio-NiO NPs. The corresponding percentage in weight and atomic for Ni (83.70 % and 58.32 
%) and for oxygen (16.30 % and 41.65 %), revealed that NiO nanoadsorbent was successfully formed. 

For adsorption of pollutants surface area and pore size distribution of the adsorbent material could affect the adsorption capacity 
[37]. N2 adsorption experiment was conducted at 77 K to determine the specific surface area and porosity of NPs. Prior to the N2 
adsorption testing, about 200 mg of the as-synthesized compounds were evacuated/activated by heating them under a dynamic 
vacuum at 150 ◦C for 8 h. The N2 adsorption isotherms recorded at 77 K (Fig. 4) revealed that the pure Bio-NiO NPs exhibited a type-IV 
isotherm, a mesoporous material according to the International Union of Pure and Applied Chemistry (IUPAC) classification [38], with 
BET surface areas of approximately 151 m2g-1 and low hysteresis at high relative pressures. This trait is also shared by mesoporous 
adsorbents, which have weak adsorbate-adsorbent interactions at low relative pressure. The textural properties of produced NPs, such 
as a particular surface area, pore size, and pore volume distribution, are critical for adsorption applications. As a result, highly porous 
Bio-NiO NPs with high BET surface area makes a good adsorbent for removal application. The pore-size distribution was estimated 
using the BJH approach based on the desorption branch of the isotherm. The hysteresis loop was observed in the relative pressure 
range of 0.45–0.98, indicating mesoporous Bio-NiO NPs [39]. 

3.2. Adsorption studies 

3.2.1. Effect of initial pH 
The effect of pH on the adsorption of Pb2+ onto Bio-NiO NPs was tested at various pH range of 3–12 with other parameters holding 

Scheme 1. Schematic representations of Hagenia abyssinica plant extract mediated synthesis of NiO NPs.  
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constant i.e. adsorbent dose 0.06 g, initial Pb2+ ion concentration 60 mgL− 1 and 80 min contact time (Fig. 5a). Because pH influences 
both the degree of adsorbent ionization and the solubility of the metal ion, it has a considerable impact on the Pb2+ adsorption 
mechanism onto Bio-NiO NPs. Thus, adsorption should be carried out at the optimal pH. At lower pH 3 the removal efficiency was 
79.51%. However, by increasing the pH value from 6 to 12 the removal efficiency goes towards higher values and achieves a maximum 
of 99.99% at pH 6.0. Further increase in pH results in precipitation of Pb2+ as Pb(OH)2 [40]. The findings are thus accurately explained 
by surface complex formation theory, which states that at low pH, in the acidic zone pH < 6, the removal efficiency was low due to the 
presence of H+ and Pb2+ species, which compete for the same binding site and reduce the proportion of metal ion adsorption. However, 
at higher pH levels, the surface of Bio-NiO becomes negatively charged, favoring interactions with Pb2+ ions and therefore increasing 
Pb2+ removal %. At pH 7–12, different species of Pb2+, such as Pb(OH)+ and Pb(OH)2, become prominent, resulting in increased 
removal efficiency by adsorption of Pb(OH)+ and precipitation of Pb(OH)2 concurrently [41,42]. 

To demonstrate the interaction between Bio-NiO NPs and Pb2+, surface potentials of the Bio-NiO was carried out at across varying 
pH values. Zeta potential (ζ) value tend to increase to negative value with increasing pH 6 while it slightly decreased as the pH 
increased (Fig. 5b). This tends to increase the interaction between Bio-NiO NPs and Pb2+ at negative surfaces tend to increase 
adsorption of Pb2+ on the adsorbent. At lower pH value the deprotonation of functional groups (could be O–H and COOH) is slightly 
limited. However, as the pH climbed to 6, the surface of NPs became negatively charged (ζ = -18 mV), facilitating the deprotonation of 
surface functional groups and metal adsorption. The possible adsorption mechanism of Pb2+ on Bio-NiO could be electrostatic. 

3.2.2. Effects of adsorbent dose 
The amount of adsorbent is one of appropriate parameter which results the percentage removal of Pb2+ metal ion from water. By 

Fig. 1. The XRD patterns for as synthesized Chem-NiO and Bio-NiO NPs.  

Fig. 2. FT-IR spectra of as synthesized Chem-NiO and Bio-NiO NPs.  
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varying the amount of Bio-NiO NPs from 0.03 to 0.12 g, other parameters kept constant i.e. pH 6.0 (optimized from pH), Pb2+ con-
centration 60 mgL− 1and contact time 80 min, the percent removal was calculated. As indicated in Fig. 5c at dose of Bio-NiO NPs 0.03, 
0.06, 0.09, and 0.12 g percentage removal was 78.15%, 99.99%, 99.99%, and 99.98%, respectively. The rise in percentage removal 
demonstrates the features of increased surface area, which leads to an increase in the number of vacant sites accessible for adsorption, 
but increasing the dose of adsorbent does not result in a greater percentage removal. This action in adsorption could be attributed to 
the enrichment of adsorption sites as a result of types of occurrence between adsorbed particles such as aggregation, which rises the 
dispersion path distance and leads to a decrease in sorption [43,44]. 

3.2.3. The effect of contact time 
The effect of contact time on Pb2+ adsorption on Bio-NiO NPs was examined in the range of 40–100 min and shacked at 200 rpm at 

room temperature (297 ± 2 K). Other parameters were constant (pH 6.0, NiO dose 0.06 g, initial Pb2+ ion concentration 60 mgL− 1). As 
the reaction time increased until equilibrium was reached the removal of Pb2+ increased (Fig. 6a). No significant change in adsorption 
efficiency was seen after attaining equilibrium at 80 min, and this could be due to the saturation of active sites on the surface of the 
adsorbent, which causes this phenomenon [45]. However, the rate of percentage removal was slightly decreased after equilibrium 

Fig. 3. SEM images for (a) Bio-NiO and (b) EDX for Bio-NiO NPs.  

Fig. 4. Nitrogen adsorption-desorption isotherm for Bio-NiO NPs.  
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time. From the result, the maximum percentage adsorption reached at 78.2% at 80 min and therefore, this contact time was selected for 
next following studies. 

3.2.4. Effect of initial metal ion concentration 
The adsorption of Pb2+ by Bio-NiO NPs was tested by varying the Pb2+ ion concentration from 40 to 100 mg L− 1 at ambient 

temperature, by maintaining all other conditions constant, i.e. from the previous experiment optimum pH 6.0, adsorbent dosage 0.06 

Fig. 5. a) Effects of initial pH ([Pb2+] = 60 mg L− 1, Bio-NiO NPs = 0.06 g, contact time = 80 min) b) Zeta potential Vs pH of Bio-NiO NPs c) Effect of 
Bio-NiO dose ([Pb2+] = 60 mg L− 1, pH = 6, contact time = 80 min). 

Fig. 6. Effects of a) contact time ([Pb2+] = 60 mg L− 1, Bio-NiO NPs = 0.06 g, pH = 6) and b) initial Pb2+ ion (pH = 6, Bio-NiO NPs = 0.06 g, contact 
time = 80 min) on percentage removal of Pb2+ by Bio-NiO NPs. 
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g, and contact time of 80 min. The dependence of the removal efficiency of Bio-NiO NPs on the equilibrium amounts of Pb2+ is dis-
played in Fig. 6b and maximum removal efficiency was 99.99% at 60 mg L− 1. However, with increasing amounts, significant numbers 
of Pb2+ ions are detected at the solid surface, and the number of sites becomes restricted lowering the percentage of adsorption [43, 
46]. This suggests that the adsorption of Pb2+ depends on amounts of initial metal ion concentration. The maximum removal efficiency 
was recorded at a concentration of 60 mg L− 1 Pb2+ion initial concentration. After evaluating the performance of Bio-NiO NPs towards 
on removal of Pb2+ we have compared its efficiency with other reported adsorbents which could be useful for the same applications. 
The comparisons showing for selected adsorbents is summarized in Table 1. With a pronounced adsorption efficiency, easy synthesis 
protocols, higher surface area, cost effective and user friendly, Bio-NiO NPs could meet the best adsorbent materials. In general, 
Bio-NiO NPs showed higher removal efficiencies for removal of Pb2+ from aqueous solutions better than the reported adsorbent 
materials. 

3.3. Adsorption kinetics 

Adsorption kinetics can be used to examine the adsorption mechanism as well as predict the stages that regulate the rate of 
adsorption. Furthermore, the optimal parameters for the metal ion removal process are determined using data from kinetic studies 
[52]. Pseudo-first-order kinetics is a kinetics model that explicitly governs physical adsorption based on the weak contact between the 
adsorbate and the adsorbent. The chemical interaction and adsorption processes, in contrast, are governed by the pseudo-second-order 
kinetic model. Pseudo-first order and second-order kinetics were used to examine the kinetics as calculated using Equations (4) and (5), 
respectively. 

log(qe − qt)= log qe − k1

/2.303 t (4)  

t/qt
= 1/

k2q2e +
1
/qe

t (5)  

Where qt and qe (mg/g) are the values of absorbed Pb2+ at t and equilibrium, respectively. k1 (1/min) and k2 (g/(mg⋅min)) are the rate 
constants of the first-order and second-order models, respectively. 

The removal performance was performed at different contact time (40, 60, 80, 100 min) with initial concentrations of Pb2+ 60 mg 
L− 1 for kinetic study. The equilibrium is reached after 80 min as indicated in Fig. 6a. The kinetics of Pb2+ ion adsorption on Bio-NiO 
NPs were investigated, and the experimental results were used to calculate pseudo-first and second order parameters. Table 2 and 
Fig. 7 a and b describe the findings. Fig. 7b shows that the adsorption process was best matched with a pseudo-second order kinetic 
model and a correlation coefficient (R2 = 0.99), and the estimated qe value is in good agreement with the experimental acquired value 
(Table 2). 

3.4. Adsorption isotherms 

An adsorption isotherm was operated to describe the equilibrium relationship between the adsorbate concentration in the liquid 
phase and the one on the solid surface of the adsorbent under the supplied conditions [53]. To demonstrate the mechanism of 
adsorption the most commonly employed Langmuir and Freundlich isotherms were applied. The Langmuir adsorption model implies 
monolayer adsorption onto a surface containing a finite number of homogeneous adsorption sites of adsorbent and, the adsorption 
equilibrium stated using the Langmuir equation (Equations (6) and (7)) [54,55]. 

1
qe

=

(
1

cekLqm

)

+
1
qm

(6)  

Where qm is maximum monolayer adsorption capacity (mg/g), kL is the Langmuir constant, which is associated to the energy of 
adsorption (L/g), qe and ce are the adsorption capacity (mg/g) and equilibrium concentration (mgL− 1), respectively. Plotting 1qe 

versus 1ce 

from the above equation results in a straight line of slope 1
qm 

and intercepts 1
KLqm

. The RL value indicates the favorability of the isotherm, 
and it should be less than one for fitness. 

Table 1 
Comparison of Pb2+ removal efficiency of Bio-NiO NPs with reported adsorbents.  

Adsorbent Dose Time (min) Removal efficiency (%) Reference 

PAMAM/TiO2 0.6 g 60 99.90 [47] 
Alg@MgS 20 mg 60 91.00 [48] 
PG-NiO 40 mg 60 99.00 [49] 
DQ@Fe3O4 2.8 g 140 95.20 [50] 
GO@TiO2 0.15 g 60 79.54 [51] 
Bio-NiO 0.06 g 80 99.99 This work 

Poly-amidoamine dendrimer (PAMAM), Alginate (Alg), Psidium guajava (PG), Dolomite-quartz (DQ), Graphene oxide (GO). 
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RL =
1

1 + KLCo
(7)  

Where Co, is the initial concentration of metal ion. 
Freundlich adsorption isotherm is used for multilayer adsorption and heterogeneous surface, and it can be expressed by equation 

(Equation (8)) [56]. 

log qe = log Kf +
1
n

log ce (8)  

Where Kf shows the Freundlich isotherm capacity (mg/g), and n denotes the adsorption intensity. A straight line with a slope Kf and 
intercept 1/n is obtained by plotting log qe vs log ce. The value of n determines whether the adsorption is physical or chemical. The 
slope 1/n, which ranges from 0 to 1, measures surface heterogeneity or adsorption intensity. As the value approaches zero, it becomes 
more heterogeneous [57]. 

The obtained results from isotherm models presented in Table 3 and Fig. 8 The parameters and correlation coefficients (R2) were 
suggests the adsorption process through the Freundlich isotherm model, indicating that the adsorption is chemical on heterogeneous 
surface of Bio-NiO NPs. From this study, the value of 1/n < 1 suggests, that the adsorption of Pb2+ ion on the Bio-NiO NPs is favorable 
[55] and the highest adsorption capacity ( qe) was found to be 60.13 mg/g. 

3.5. Recovery studies 

Regeneration of adsorbents is a crucial factor to consider when assessing an adsorbent’s effectiveness from an economic, envi-
ronmental, and practical standpoint. Regeneration involves recycling or recovering used adsorbents through cost-effective ways [58]. 
In this work, the addition of HCl and NaOH to the solution altered its pH, which in turn affected the recovery of the adsorbent (Bio-NiO 
NPs). In the typical experiments the recycling was performed by adding 0.015 M HCl eluent to the solution [59]. Initially, Pb2+ was 
adsorbed on Bio-NiO NPs from 60 mL solutions at pH 6 that contained 100 mg L-1 Pb2+. Then, for 45 min at 25 ◦C, Bio-NiO NPs were 
stripped using 25 mL of eluent string. After separating the Bio-NiO NPs, the supernatant was examined. The adsorption-desorption 
cycles were carried out five times for every analysis. The results indicated that the first, second, third, fourth, and fifth cycles, 
respectively, produced removal rates of 99, 98, 95.4, 92.6, and 90.8% (Fig. 9). The outcomes showed that, across a five-cycle study, 
Bio-NiO NPs exhibit good stability and recovery. 

4. Conclusions 

NiO NPs was successfully created using Hagenia abyssinica plant extract as a template and reducing agent through greener co- 
precipitation approach. The phase, shape, and surface groups were investigated using XRD, SEM/EDX, and FT-IR, respectively. At 

Table 2 
Kinetic parameters for the removal of Pb2+ using Bio-NiO NPs.  

Pseudo-first order qe exp (mg/g) qe cal (mg/g) K1 R2 

Pseudo-second order 59.62 6.72 − 0.000013 0.89 
qe exp (mg/g) qe cal (mg/g) K2 R2 

59.62 60.13 79157.01 0.99  

Fig. 7. a) Pseudo-first order kinetics and b) Pseudo-second order kinetics of Bio-NiO NPs for adsorption of Pb2+.  
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77 K, N2 adsorption-desorption isotherms were collected to investigate porosity attributes such as surface area, pore size distribution, 
and pore volume. The resulting Bio-NiO NPs exhibits a mesoporous structure and a high surface area. The results showed that the 
adsorption capabilities of Bio-NiO NPs were explored using various factors such as solution pH, Bio-NiO dose, contact time, and Pb2+

concentrations. Bio-NiO NPs showed a remarkable adsorption performance in aqueous solutions (99.99 % sorption of Pb2+). Moreover, 
the adsorption kinetics process was driven by pseudo-second-order kinetics, and an adsorption isotherm was fitted with Freundlich 
isotherm, confirming that the multilayer adsorption of Pb2+ ions onto Bio-NiO NPs adsorbent occurs via a chemical interaction. 
Therefore, the synthesized Bio-NiO NPs could be cost effective, user friendly and potential candidate for adsorptive elimination of 
heavy metals from contaminated water. 
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This work was supported by Wollo University. 

Table 3 
Parameters for Isotherm studies of removal of Pb2+ using Bio-NiO NPs.  

Langmuir constants Freundlich constants 

Parameter qm (mg/g) KL(L/mg) RL R2 1/n KF R2  

6.71 0.20 13.02 0.97 0.47 0.00046 0.99  

Fig. 8. a) Langmuir isotherm and b) Freundlich isotherm for Bio-NiO for removal of Pb2+.  

Fig. 9. Reusability studies of Bio-NiO NPs on the removal of Pb2+ for consecutive five cycles.  
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