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ABSTRACT: Aluminum oxide nanoparticles have recently been applied to water treatment as 

adsorbents by researchers. In this study, aluminum oxide nanoparticles (AlONPs) were 

synthesized using scrap aluminum foil through a straightforward, inexpensive, and green 

approach, and their performance in adsorbing lead (II) ions from an aqueous solution was 

assessed. The synthesized nanoparticles were characterized using Fourier Transform Infrared 

Spectroscopy (FTIR), X-ray Diffraction (XRD), Transmission Electron Microscopy (TEM), 

and Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy (SEM-EDX) 

to analyze their bonding nature, particle size, phase composition, and surface morphology. 

They exhibited an average particle size of 32.73 nm, consisting predominantly of γ-Al2O3, with 

small amounts of α-Al2O3 and a minor unknown phase. The lead adsorption efficiency was 

evaluated under optimized parameters, including pH, contact time, and doses of both adsorbate 

and adsorbent. The results demonstrated that the AlONPs achieved a 98% removal efficiency 

within 30 minutes of contact time at a pH of 5.5. Additionally, the Freundlich adsorption 

isotherm model (R² value of 0.9972) and the pseudo-second-order kinetic model (qe) value of 

37.97 mg/g) were shown to fit the lead adsorption process better than other models. Hence, the 

synthesized AlONPs offer potential as nanoparticle adsorbents for removing lead (II) ions from 

aqueous solutions. 

KEYWORDS: Aluminum foil; characterization; nanoparticles; adsorption isotherm; 

adsorption kinetics  

 

1. Introduction 

A major proportion of aluminum foil was used for the packaging of food, cosmetics, chemical 

products, and thermal insulation. The used aluminum foils were discarded in the environment, 

producing long-lasting waste that had negative impacts on the environment and ecosystem. 

Many strategies had been used to lessen the amount of aluminum debris that ended up in the 
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environment. Recycling of waste aluminum was the most common approach [1]. Nevertheless, 

recycling had several drawbacks and ultimately led to increased pollution. This was because it 

involved shredding, melting, and compressing the aluminum trash into something new that 

required strong machinery. The majority of these operations relied on burning fossil fuels like 

coal, a major source of sulfur and nitrogen oxide emissions that polluted the air [2]. 

Furthermore, melted aluminum led to several health issues, such as immune system 

deterioration, inflammation of the skin, liver damage, and certain types of cancer [3]. Greener 

recycling techniques were therefore necessary. Making aluminum oxide nanoparticles from 

discarded aluminum foil and using them as adsorbents to treat contaminated water was a 

preferable option. 

As in many other developing nations, in Bangladesh, groundwater was the main source 

of potable water. Due to its superior microbiological and chemical quality and low treatment 

requirements, it was regarded as a safer source of drinking and cooking water. The majority of 

the water supply in rural areas of Bangladesh came from hand-pump tube wells [4]. 

Groundwater was also a major source of water for metropolitan areas [5]. But recently, 

groundwater contamination by heavy metals due to both anthropogenic and geogenic reasons 

had become a matter of concern [6]. The permissible standard lead concentration levels in 

drinking water set by BDWS (2019), WHO (2011), and USEPA (2019) were 0.05, 0.01, and 

0.015 mg/L, respectively, and the lead concentration of 37.50% of total pumps in Bangladesh 

that drew groundwater exceeded all the standard guideline limits [7]. Another study found that 

the acceptable level of Pb, Fe, and Mn in Rajshahi's drinking water was significantly greater 

than that recommended by the WHO [8]. A trace quantity of lead became more toxic to humans 

than other heavy metal contaminants [9]. For humans, Pb consumption beyond the allowable 

level could trigger cancer. Children were more susceptible than adults to both the short- and 

long-term consequences of lead exposure. Adults subjected to lead experienced long-term 

adverse consequences, such as an elevated risk of hypertension. Exposure to excessive amounts 

of lead resulted in anemia, weakness, and harm to the kidney, DNA, brain, and the developing 

baby's nervous system [10]. A recent study showed that groundwater in northern Bangladesh 

contained heavy metals. As, Fe, Mn, and Pb in the groundwater of Rajshahi city, Bangladesh, 

were well beyond the drinking water standard of the WHO [11]. Heavy metals released into 

the environment posed significant risks to the ecosystem and human health because of their 

toxicity and long half-lives [12]. 

Therefore, it was imperative to find efficient techniques for removing heavy metals from 

drinking water. The adsorption technique was a widespread, practical, economical, and 

efficient method with significant potential for the removal, recycling, and recovery of 

potentially hazardous metals from water [13-15]. Metal oxide nanoparticles were the most 

widely used adsorbents due to their low cost, ease of fabrication, large surface area, high 

mechanical properties, resistance to thermal degradation, ease of modification, high adsorption 

capacity, and variety of surface functionalization options that enhanced selectivity in the 

elimination of metal ions from the solution. Alumina nanoparticles were one of the significant 

types of metal oxides and had enormous technological, industrial, and environmental 

engineering applications [16-17]. 

 

A recent study reported on the preparation of aluminum oxide nanoparticles from scrap 

aluminum foil and their use in aluminum ion cells [18] and the removal of methylene blue dye 
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from water [19]. No study so far had investigated lead removal using nanoparticles derived 

from aluminum foil waste. In this study, aluminum foil debris that had accumulated and 

become environmentally harmful was collected and transformed into aluminum oxide 

nanoparticles (AlONPs), and their efficiency in removing lead (II) ions from water was 

assessed. The research focused on synthesizing aluminum oxide nanoparticles (AlONPs) from 

aluminum foil waste through an eco-friendly and green approach and investigating their 

potential application as adsorbents to remove lead (II) ions from water. Thus, it was a green 

process, as it reduced pollution while using waste foil and producing valuable adsorbents for 

water purification. The characterization of aluminum oxide nanoparticles (AlONPs) and their 

performance in removing lead (II) ions from water, as well as adsorption isotherms and kinetic 

modeling, were conducted in this study. 

2. Materials and Methods 

2. Synthesis of Aluminum Oxide Nanoparticles (AlONPs). 

Waste aluminum foils were collected from various waste bins on the campus of the University 

of Rajshahi. Afterward, 20 g of cleaned, dried, and cut foil pieces were added to a mixture of 

110 ml of hydrochloric acid (36% v/v) and 110 ml of water, continuing until the chemical 

reaction was completed and the effervescence stopped [18]. Once cooled, the solution was 

filtered using Whatman No. 42 (W42) filter paper to remove impurities. A 1M Na2CO3 solution 

was then added from a burette at a rate of one drop per second, with continuous agitation (100 

rpm) using a magnetic stirrer, until a gelatinous precipitate of aluminum oxide was formed. To 

eliminate NaCl and other impurities from the precipitate, distilled water was added, allowing 

the solution to settle for an hour. The transparent liquid was decanted, more water was added, 

and the process was repeated three times to fully remove the NaCl. After filtering, aluminum 

oxide gel was obtained, which was dried for 48 hours at 70°C and transformed into powder. 

The powder was then calcinated at 550°C for three hours and subsequently ground into alumina 

nanoparticles using a mortar and pestle. 

3. Characterization of the nanoparticles. 

A Carbolite RHF-1500 muffle furnace was used for calcination, and the crystallite phase, 

structure, and average size of the nanoparticles were determined by X-ray diffraction (XRD) 

using a Rigaku smart lab X-ray diffractometer. Fourier Transform Infrared (FTIR) 

spectroscopy (Perkin Elmer, Spectrum 100) was employed to confirm the bonding nature of 

the nanoparticles. The microstructure, homogeneity, particle size, and detailed crystallographic 

and morphological features were examined using a Thermo Scientific Talos F200X 

Transmission Electron Microscope (TEM). Surface topography, crystallographic data, and 

composition were analyzed using a Joel field emission scanning electron microscope (FESEM-

EDS, model JSM IT800). Finally, lead (II) ion concentration in the solution phase was 

measured using a Shimadzu atomic absorption spectrophotometer (AA-6800). 

 

 

4. Batch adsorption process. 
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Equations (1) and (2)  were used to calculate the percentage of metal ions removed by the 

adsorbents and the equilibrium adsorption capacity of the adsorbents.    

    

 

In this case, V represents the lead II ion-containing solution's volume in L, w denotes the 

adsorbent's weight in g, 𝐶0 and 𝐶𝑒 indicate the lead II ion's initial and equilibrium 

concentrations in mg/L, respectively, and 𝑞𝑒 denotes the adsorbent's equilibrium adsorption 

capacity in mg/g of adsorbent.   

5. Assessment of adsorption efficiency. 

Lead (II) nitrate [Pb(NO3)₂] salt was used as a source of lead (II) ions in the adsorption 

experiment. A stock solution of 1000 ppm of Pb²⁺ ions was prepared by dissolving the salt in 

deionized water. From this stock solution, experimental solutions with the appropriate 

concentrations were prepared. Adsorption equilibrium was examined across a pH range of 3–

8 to determine the ideal pH for maximum lead removal at room temperature. To assess the 

effect of contact time, 0.25 g of AlONPs adsorbent was mixed with 250 mL of Pb(II) ion 

solution at a concentration of 25 ppm, with the pH adjusted to 5.5. The solution was shaken, 

and 25 mL of the sample was collected at different intervals (10, 20, 30, 40, 50, 60, 90, 120, 

160, and 190 minutes). The concentration of lead in the solution was determined using Atomic 

Absorption Spectroscopy (AAS). To evaluate the effect of adsorbate dose, solutions of 

Pb(NO₃)₂ were prepared with concentrations of 1, 2, 3, 4, 5, 10, 20, 30, 40, and 50 ppm. Each 

solution (25 mL) was transferred to a conical flask, adjusted to a pH of 5.5, and 0.025 g of 

AlONPs was added. After shaking for 50 minutes at 60 rpm at room temperature (32 °C), the 

suspensions were separated, and the remaining lead concentration was measured. For studying 

the effect of AlONP dose on Pb(II) ion adsorption, 25 ppm Pb(NO₃)₂ solutions were prepared. 

To six conical flasks, 0.01, 0.02, 0.03, 0.04, 0.05, and 0.06 g of AlONPs were added, and the 

pH was adjusted to 5.5. After shaking for 30 minutes at room temperature, the suspensions 

were separated, and the remaining lead concentrations were analyzed to assess adsorption 

efficiency.. 

6. Adsorption isotherm study.  

 The Langmuir equation, commonly applied for monolayer sorption on a surface with a finite 

number of identical sites, is as follows :                                     

       

 

Where qm is the highest monolayer coverage-corresponding adsorption capacity (mg/g) and the 

Langmuir constant b is a quantitative indicator of the binding sites' affinity that corresponds to 

the energy of adsorption (l/mg), the quantity of solute on the surface of the adsorbent is denoted 

by qe (mg/g), Ce is the concentration of ions in the solution at equilibrium (mg/l), and a straight 

line is shown when 1/qe and 1/ce are plotted. From the plots' intersection and slope, respectively, 

one can determine the values of qm and b.  

%R =
(Co−Ce)

Co
× 100%   (1) 

𝑞𝑒 =
(𝐶0−𝐶𝑒)

𝑊
× 𝑉                (2)   

1

𝑞𝑒
=

1

𝑞𝑚
+

1

𝑏𝑞𝑚𝐶𝑒
            (3)
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An empirical equation, known as the Freundlich model  can be used to illustrate heterogeneous 

adsorption systems represented as: 

       logqe = log KF + 1/n log Ce                                      (4) 

The equilibrium solute concentration on the adsorbent ((mg/g) and the equilibrium solute 

concentration in solution (mg/l) are represented by the variables qe and Ce, respectively. The 

constants of the Freundlich equation, KF (mg/g) and n reflect the adsorption intensity and 

capacity, respectively [20]. Based on this model, whenever the logqe vs. logCe plot is drawn, 

the straight line's intercept and slope provide the KF and n values, repectively. Additionally, 

this equation was applied to evaluate experimental data pertaining to the impact of initial 

concentrations of heavy metal adsorption on the adsorbent.  

7. Adsorption kinetics. 

Using the pseudo first order and pseudo second order formulas, the adsorption kinetics of lead 

(II) ions onto AlONP surfaces are demonstrated. A simple method to illustrate the pseudo first 

order linear form is as: 

        (5) 

where, K1 (/min) denotes the pseudo-first-order adsorption rate constant, the amount of metal 

ion sorbed at the state of equilibrium is expressed as qe (mg/gof dry weight), and the amount 

of metal ion on the sorbent surface at any given time t (minutes) is expressed as qt (mg/g of dry 

weight). A common way to express the pseudo-second-order equation is as :  

                                              

Where, K2 (g/mg.min) is the pseudo-second order adsorption rate constant.  

2.7. Desorption experiments. 

After the adsorption of Pb (II) ions from water, the AlONPs were separated by centrifugation 

and washed with deionized water to remove any unabsorbed and loosely bonded lead ions. The 

process was repeated by adding deionized water, centrifuging the solution for 10 minutes at 

3000 rpm, and then drying the AlONPs for two hours at 60°C in an oven. The lead ion-adsorbed 

AlONPs were subsequently mixed with 50 mL of a 1 M HCl solution, shaken for two hours, 

and centrifuged at 2000 rpm for five minutes. The resulting supernatant was sent for analysis 

using AAS to determine the concentration of desorbed lead ions. The AlONPs were then 

cleaned with deionized water, dried at 100°C for two hours, and reused for additional Pb (II) 

ion adsorption. This adsorption-desorption cycle was repeated three times to assess the 

recyclability of the AlONPs. The following equation was employed to calculate the Pb (II) ion 

recovery efficiency [21]. 

      𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦(%) =
(𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑 𝑙𝑒𝑎𝑑 𝑖𝑜𝑛𝑠)

(𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑙𝑒𝑎𝑑 𝑖𝑜𝑛𝑠)
× 100                                  (7) 

3. Results and Discussion 

3.1.Characterization of the synthesized nanoparticles. 

ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝐾1𝑡 

𝑡

𝑞𝑡
=

1

𝐾2 𝑞𝑒
2 +

𝑡

𝑞𝑒
    (6) 
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3.1.1. XRD Analysis. 

The sharp peaks of the XRD diffractograms (Figure 1) indicate that the sample has crystallite 

structure. The observed data was properly matched with the value of standard JCPDS/ICDD 

crystal system data (Card No. 00-010-0425), and the prominent peaks of the x-ray 

diffractograms were matched as follows: 2θ angle: 25.34 (012), 27.50 (111), 31.83 (200), 45.55 

(220), 56.56 (222), 57.53 (116), 67.03 (400), 75.37 (420). The most prominent peak was found 

at angle 2θ = 31.83 (200) with 267 cps, which indicates the presence of α- Al2O3, which has 

boehmite crystal structures [22]. Peaks at 36.83°(331) with 23 cps, 45.55°(220) with 179 cps, 

56.56°(222) with 100 cps, and 67.03°(400) with 40 cps correspond to γ-Al2O3 [18]. So, it is 

interesting that both the α and γ phases coexist within the synthesized nanoparticles. This 

remarkable finding deserves additional investigation. Besides these two polymorphs, the 

synthesized nanoparticles had some unknown phases also. Probably this happened because in 

the quantification process, using a reference alpha, beta, or gamma standard could produce 

extremely unpredictable results [23]. The average particle size was calculated by using the 

Scherrer equation (equation 8) based on X-ray diffraction data, and it was found that the 

average crystallite size is 32.73 nm .  

    𝐷 =
𝐾𝜆

𝛽.𝑐𝑜𝑠𝜃
 (𝑛𝑚)                 (8) 

Where, D=Crystallite size (nm), 𝛽= Line Broadening at FWHM (Radians), 𝜃(Bragg Angle) = 

Peak Position (Radians), 𝜆= Wavelength of X-ray = 0.15418 nm, 𝐾= Related to Scherrer 

constant = 0.94 

 

 

    

 

 

 

Figure 1. XRD Pattern of the synthesized AlONPs from waste aluminum foil. 

3.1.2. FTIR analysis.  

FTIR spectra are displayed in Figure 2. Before lead adsorption [Figure 2(a)] by the AlONPs, 

the prominent peaks at 3435 cm-1 and 1638 cm-1 are due to bending and stretching of O-H 

functional group [24] from Al-OH framework. Peaks at 3435 cm-1 also indicated the presence 

of moisture in the sample. This may happen during the experiment, as aluminum oxide 

nanoparticles have moisture absorption properties [25]. The band at 1385 cm-1 refers to the 

typical bending vibration of Al2O3 nanoparticles lattice structure. Peaks at 595 cm-1and 823cm-

1 support the stretching vibrations of the Al-O bond noticed in the AlO4 and AlO6 frameworks 

in the ranges of 500-700 and 700-900cm-1, respectively. Peaks between 500-700cm-1 and 700-

900cm-1 indicates the presence of γ-phase [26].  The absorption peak at 457cm-1 is due to the 

Al–O vibration of α-Al2O3 [27]. After the adsorption of lead by the AlONPs, shifting of peaks 
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position, changing intensities, disappearance and generation of some new peaks of FTIR 

spectra [Figure 2(b)] suggest the involvement of lead atoms on the surface of the nanoparticles. 

The peaks at 3435 cm-1, 1638 cm-1 and 823 cm-1 of Figure 2(a) shifted to 3459 cm-1, 1635 cm-

1 and 828 cm-1  after the adsorption of lead atom and the intensity of peaks at 1635 cm-1 

decreased [Figure 2(b)]. New peaks at 1096 cm-1, 637 cm-1, 505cm-1, 448 cm-1, and 384 cm-1 

are probably due to the vibration of Pb-O bonds [28] which creates after lead adsorption.  

 
Figure 2. FTIR spectra of the AlONPs (a) before Pb (II) ion adsorption (b) after Pb (II) ion adsorption. 

3.1.3. TEM analysis. 

The size, shape, crystallographic structure, and chemical composition of a variety of 

nanomaterials can be analyzed using transmission electron microscopy (TEM) [29]. From the 

photograph (Figure 3), it is clear that the nanoparticles had polymodal crystallinity and had a 

mixture of irregular spherical, cubic, hexagonal, and tetragonal crystals. Most of the crystal 

was a single particle with slight overlap, and there was a tendency of agglomeration of the 

nanoparticles, and this might have happened due to the result of the Vander Waal bonds that 

form between the particles [29, 30]. It is also clear that the surface of the synthesized 

nanoparticles was porous and had an average particle diameter within the nanometer range.  

 
Figure 3. TEM images of the synthesized AlONPs. 

3.1.4. SEM-EDX analysis. 
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The SEM micrographs of the nanoparticles are shown in Figures 4 (a) and 4 (b) to know about 

their surface texture and morphology. From the micrographs, it is found that the samples have 

a rough surface with many porosities before lead adsorption (Figure 4a). These significant 

numbers of heterogeneous pores might be helpful for heavy metal adsorption. Careful 

observation reveals that the number of pores and surface roughness decreased after lead 

adsorption (Figure 4b). The SEM images also clarify that the nanoparticles are in the nanoscale 

range, and the shape of the particles is highly heterogeneous and not uniform, and a similar 

observation was reported [31]. Various orientations of the edges of the crystal correspond to 

multiple planes. The EDX (Energy Dispersive X-ray Spectroscopy) image confirmed the 100 

percent elemental purity of nanoparticles because of the presence of 47% of Al and 53% of O 

atoms before lead adsorption, which is depicted in Figure 4(c). After the adsorption study, the 

spectra of lead, oxygen, and aluminum (50.06 % of Al, 41.64% of O, and 8.30% of Pb) were 

found (Figure 4d). This finding clearly proved that adsorption of lead (II) ions happened on the 

surface of nanoparticles. Since real water contains a tiny amount of lead, a very low-level 

adsorbate concentration was used in this case, and after lead adsorption, this sample was used 

for EDX analysis. So, the surface of the adsorbent is not fully saturated. Probably this is the 

reason for a getting significant proportion of Al and O and only 8.30% of Pb after adsorption. 

 
Figure 4. SEM images of the Synthesized AlONPs (a) before Pb adsorption, (b) after Pb adsorption (c) EDX 

image before Pb adsorption, (d) after Pb adsorption. 

3.1.5. Point zero charge. 

The synthesized AlONPs' point zero charge was found to be very close to 5, which indicates 

that the adsorbent becomes electrically neutral and has no net surface charge at pH 5. So, the 

sorbent's surface is not favorable to lead adsorption below this pH because it is electrically 

positively charged below that level and negatively charged above pH 5, which promotes lead 

ion adsorption. The pH drift method was employed to determine point zero charge [30]. 

3.2.Adsorption efficiency assessment. 
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3.2.1. Effect of pH. 

An essential factor in the adsorption of metal ions from aqueous solutions is the pH of the 

solution, which influences the surface charge of the adsorbent. There is an optimal pH for the 

adsorption process due to the competition between proton and metallic cations in a strongly 

acidic environment [32]. The surface becomes positively charged when the active sites are 

protonated, which reduces the probability of successive metal ion adsorption in solution on the 

surface [16]. At higher pH levels, metallic cations precipitate as a result of hydroxyl anions' 

interfering effects [33]. The equilibrium adsorption was examined throughout a pH range of 3–

8 in order to identify the ideal pH for the highest level of lead removal. With an increase in pH, 

lead (II) ion removal efficiency increased because the competition between hydrogen ions and 

metal ions decreased. Additionally, the removal efficiency declined after an optimal pH of 5.5 

(Figure 5A). For pH values of 3, 4, 5, 6, 7, and 8, the lead removal efficiency were 73%, 92%, 

95%, 98%, 90%, and 82% correspondingly. 

 
Figure 5.  pH affects lead removal efficiency (A); Lead removal efficiency as a function of contact time (B); 

Effect of adsorbate dose (initial lead ion concentration) on removal efficiency (C); Adsorbent dose's impact on 

removal efficiency (D); contact time 30 minutes, lead concentration 25 mg/dm3, pH 5.5. 

3.2.2. Effect of contact time. 

The impact of contact time on the percentage of lead (II) ions removed by AlONPs was also 

studied. In Figure 5(B), the percentage of metal ions removed is plotted against contact time. 

After 30 minutes, the lead (II) ion removal efficiency achieved its maximum value, and for 

contact times up to 120 minutes, there was no noticeable improvement. This could be as a result 

of the high initial solute concentration and maximum initial unoccupied position of all 

adsorbent sites. As time went on, the adsorbent sites were filled, and the Pb(II) ion 

concentration gradient decreased [34]. Because of this phenomenon, a drop in adsorption rate 
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after a certain time resulted and became constant when equilibrium was reached [35]. Another 

cause of this decrease in adsorption rate is that after a certain time, the adsorbed metal ions 

covered the vacant spaces, creating a repulsive force among them in the adsorbent surface and 

in bulk phase, which lowers the adsorption rate [36].  Therefore, it was decided that 30 minutes 

was the ideal contact time for the lead (II) ion to adsorb by AlONPs. 

3.2.3. Effect of adsorbate dose. 

The initial concentration of Pb (II) ions affects the removal efficiency of Pb (II) ions on the 

surface of AlONPs. Figure 5(C) demonstrates that when the initial concentration was raised 

from 1 ppm to 30 ppm, the removal percentage of Pb (II) ions increased by approximately 44%. 

With a higher metal concentration, this phenomenon might be caused by an excess of the 

concentration gradient's driving power, which may overcome the strength of mass transfer 

between the solid and liquid phases[37]. When the adsorbate concentration exceeds 30 ppm, 

the removal percentage gradually decreases. This is the consequence of the increase in the 

number of lead molecules that are available per adsorption site [38]. As a result, the percentage 

of adsorption falls for a given amount of adsorbent. 

3.2.4. Effect of adsorbent dose. 

The number of binding sites and the total specific surface area of the adsorbent depend on the 

adsorbent dosage, which has a significant role in the process of adsorption [39].  Figure 5(D), 

displayed that with 0.03 g of the adsorbent dosage, the adsorption reached its highest point, 

and the maximum percentage removal of Pb (II) ions was around 98% by the synthesized 

AlONPs. These results are explained by the adsorbent's surface area, which increases with 

higher doses and creates more active sites for the removal of lead ions from the solution. 

Findings reported in the literature [40] are consistent with this explanation. However, when the 

adsorbent dose exceeded 0.03 g, the percentage removal of lead remained almost the same. 

This less adsorption may have happened as a result of the small adsorbate in the medium being 

exposed to a significant number of accessible binding sites. Cell aggregation and a subsequent 

reduction in intercellular distance may be caused by the massive adsorbent amounts. In 

addition, it formed a "screen effect" in a thick layer of cells, which "protected" binding sites 

from metal ions [41]. 

3.2.5. Adsorption isotherm. 

By fitting the equilibrium adsorption data on the Langmuir and Freundlich isotherms model, 

the sorption behavior of Pb (II) ions on AlONPs was examined. From Table 1, it is clear that 

the coefficient of determination (R2) value was higher in the case of the Freundlich adsorption 

isotherm than the Langmuir adsorption isotherm model, which supports multilayer coverage of 

Pb (II) onto the surface of AlONPs, and adsorption happened at heterogeneous sites within the 

nanoadsorbent. Freundlich isotherm constant (n), an empirical parameter, changes with the 

degree of heterogeneity and should have a value between 1 and 10 (i.e. 1/n ˂ 1) for optimum 

adsorption [42]. The intensity of adsorption is reflected in the values of n. The values of n 

determined from the adsorption experiment represented a favorable adsorption. For Pb(II) ion 

adsorption, the magnitude of 1/n with its value of 0.622 (0.1 < 1/n < 1) indicated that the 

adsorption of Pb(II) on AlONPs was favorable [43].          
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Table 1. Adsorption of Pb (II) ion on AlONPs adsorbent: Langmuir and Freundlich isotherm parameters. 

Langmuir model Freundlich model 

qm (mg/g) KL(min-1) R2 KF (mg/g) n R2 

35.48 0.5849 0.8231 9.9744 1.607717 0.9972 
 

3.2.6. Adsorption kinetics. 

After fitting the adsorption kinetic data to Eqaution (5) and (6),  the computed outcomes 

displayed in Table 2. The correlation coefficients (R2) of the pseudo-second-order adsorption 

model were found to be higher than the pseudo-first-order adsorption models and the obtained 

result matches with the findings of Wang and his cowokers [44]. The different research 

parameters for kinetics are shown in Table 2, where it is observed that there is a good agreement 

between the theoretical pseudo-second order kinetics (qe, mg/g) model and the experimental 

value of adsorption capacity (qe, mg/g). Consequently, the adsorption data were satisfactorily 

explained by the pseudo-second-order kinetic model.  

Table 2. Kinetic parameters of Pb (II) ion adsorption on AlONPs adsorbent. 
 

 

3.2.7. Adsorption mechanism. 

 Even when the pH is far below the point zero charge, there is noticeable adsorption of Pb(II) 

onto hydrous Al2O3 from diluted solutions [45]. Pb(II) species hydrolyze when pH increases, 

with a known equilibrium constant [46]. 

,  

Surfaces form a double layer when they naturally charged. When H+/OH- ions are the surface 

charge determining ions, the pH of the liquid in which the solid is immerged, affects the net 

surface charge. The concentration of H+ ions decreases as the pH of the solution rises, pushing 

the reaction to the right hand side. The following equation illustrates how bivalent metal ions 

adsorption takes place onto alumina adsorbent [34].  

 

Adsorbed ions that remain their hydration sphere during adsorption are known as "outer 

sphere" complexes, while ions that lose all or a portion of their hydration spheres and become 

directly attached to the oxide are known as "inner sphere" complexes. Adsorption of Pb(II) 

occurs in the presence of a positively charged alumina surface. This adsorption behavior is 

consistent with the formation of inner sphere complexes [45] as bellow. 

                                            

Since agglomeration of nanoparticlesn can significantly lowers the interfacial spaces and 

surface area which can ultimately reduces its adsorption capacity, using it as soon as possible 

after synthesis or storing it in airtight vials gives better result. 

Pseudo 1st order reaction Pseudo 2nd order reaction 

qe in mg/g K1 in min-1 𝑹𝟐 qe in mg/g K2 in g/mg.min 𝑹𝟐 

27.27 0.01691 0.7636 37.97 0.00641 0.99366 
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3.2.8. Desorption studies. 

Regenerating the adsorbent for further applications is essential for reducing the cost of 

the adsorption process. The effectiveness of the recycled AlONPs in removing Pb (II) ions 

from water is displayed in Table 3. It was noticed that the Pb (II) ion adsorption efficiency of 

the recycled adsorbent was 95% even after 1st times of recycling and the efficiency significantly 

decreased during the 2nd and 3rd times of recycling. This happened because during the shaking 

process, agglomeration and gelatinous hydroxide forming tendency of the synthesized AlONPs 

were observed.                           

Table 3. Pb (II) ion removal efficiency by regenerated AlONPs. 
Number of repetitions Stripping solution Pb (II) ion removal efficiency 

1 1M HCl 95% 

2 1M HCl 80% 

3 1M HCl 55% 

4. Conclusions 

Due to their large surface area and adjustable surface morphology, aluminum oxide 

nanoparticles are highly versatile adsorbents. In this study, aluminum oxide nanoparticles were 

synthesized by dissolving aluminum foil debris in an HCl solution and gradually adding a 

Na2CO3 solution. FTIR, XRD, TEM, and SEM-EDX analyses indicated that the synthesized 

nanoparticles are polycrystalline, containing both α and γ phases, along with a minor amount 

of an unknown phase, and have an average diameter of 32.73 nm. This study evaluated the 

effectiveness of the synthesized Al2O3 nanoparticles as adsorbents for removing lead (II) ions 

from aqueous solutions. The results showed that the removal efficiency of lead (II) ions 

increased with higher initial concentrations and longer contact times, reaching optimal results 

at 30 minutes. Additionally, the maximum lead removal efficiency occurred at a pH of 5.5; 

however, when the pH exceeded 6 or fell below 3, the removal percentage decreased 

significantly. Furthermore, the findings revealed that the adsorption of Pb (II) ions by the 

nanoparticles adhered to the multilayer adsorption isotherm model (R² = 0.9972) and followed 

the pseudo-second-order kinetic model (qe value = 37.97 mg/g). Therefore, the synthesized 

nanoparticles have potential as effective and low-cost adsorbents for removing lead (II) ions 

from aqueous solutions. However, their regeneration efficiency significantly decreased after 

the second use, and they exhibited a tendency to agglomerate in aqueous solutions. 
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