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A B S T R A C T   

In this work, the transformation of waste iron cans to gamma iron oxide (γ-Fe2O3) nanoparticles 
following acid leaching precipitation method along with their structural, surface chemistry, and 
magnetic properties was studied. Highly magnetic iron-based nanomaterials, maghemite with 
high saturation magnetization have been synthesized through an acid leaching technique by 
carefully tuning of pH and calcination temperature. The phase composition and crystal structure, 
surface morphology, surface chemistry, and surface composition of the synthesized γ-Fe2O3 
nanoparticles were explored by X-ray diffraction (XRD), Scanning electron microscopy (SEM), X- 
ray photoelectron spectroscopy (XPS) and Energy-dispersive X-ray spectroscopy (EDS). The XRD 
results confirm the cubic spinel structure having crystallite size 26.90–52.15 nm. The XPS study 
reveals the presence of Fe, O element and the binding energy of Fe (710.31 and 724.48 eV) 
confirms the formation of γ-Fe2O3 as well. By dynamic light scattering (DLS) method and zeta 
potential analyzer, the particle size distribution and stability of the systems were investigated. 
The magnetic behavior of the synthesized γ-Fe2O3 nanoparticles were studied using a vibrating 
sample magnetometer (VSM) which confirmed the ferrimagnetic particles with saturation 
magnetization of 54.94 emu/g. The resultant maghemite nanoparticles will be used in photo-
catalysts and humidity sensing. The net impact of the work stated here is based on the principle of 
converting waste into useful nanomaterials. Finally, it was concluded that our results can give 
insights into the design of the synthesis procedure from the precursor to the high-quality gamma 
iron oxide nanoparticles with high saturation magnetization for different potential applications 
which are inexpensive and very simple.   

1. Introduction 

Environment safety and climate change have been a prime focus area for the entire world recently. The disposal and recycling of 
environmental waste has become one of the biggest challenges of today’s scientific research. To attain sustainable development 
through waste treatment and waste recycling, and value-added nanomaterial synthesis from waste materials is a very effective way 
that conforms to both the minimum waste generation and “Wealth from Waste” [1–3]. Among metals, a substantial amount of iron 
accumulates as waste condensed milk cans, beverage cans, coconut oil cans, mill scale, sludge, scrape, iron dust, slag, by-products of 
coke oven, refractory materials and sinter plant, as well as steel industries and so on. When these solid wastes are dumped in open 
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spaces and excavated land, environmental pollution is caused in the form of dust and leachate, at the same time huge financial liability 
is created due to the huge loss of valued materials and scarcity of land. In this work, waste condensed milk cans have been used as raw 
materials. These ‘cans’ are mainly made of iron. After using the inner materials, the cans are just thrown out drastically. So significant 
quantity of the said metal is wasted every year which can be used to produce useful magnetic materials by careful manipulation of 
synthetic conditions [4–8]. To address the facts the present study was designed to reuse these waste materials beneficially by con-
verting them into a completely new valued product γ-Fe2O3 nanoparticles which can fulfill the need for a possible resource for meeting 
up increasing shortages of sustainable materials for photocatalysis and sensing. 

The primary purpose of this invention is to recover metal values from iron-containing waste materials and convert them to 
magnetic γ-Fe2O3 nanoparticles having a wide range of applications from catalysis to waste management [9,10]. It is widely used for 
the production of, e.g., magnetic materials [11–13], sensing materials [14], pigments [15], sorbents [16,17], photocatalysts [16], 
storing data [18], for biomedical applications such as drug delivery [19,20], contrast agents for resonance imaging [21–23] and 
hyperthermia treatment [18,24], as well as being key components for adsorption and storage purposes [25,26]. Recently, iron oxides 
have been used in a huge amount as electrodes for sodium-ion, lithium-ion, and alkaline-ion batteries [27–31]. All these applications 
have different requirements regarding the thermal, chemical, mechanical, and magnetic properties of the particles, which are affected 
by the size, shape, and crystal structure of the nanomaterials [32–34]. 

The chemical formula of gamma iron oxide is γ-Fe2O3, in other words, maghemite, which is second in the most stable iron oxide 
polymorph. Because of its abundance, low cost, high chemical and physical stability, non-toxicity, and amazing magnetic charac-
teristics, scientists and researchers are investigating maghemite widely. Maghemite is an n-type semiconductor with 2.0 eV band gap 
energy, thermally unstable, and ferrimagnetic in nature and transformed to hematite at higher temperatures. Hence, temperature 
below 450 ◦C is needed to produce γ-Fe2O3, which can be done by the dehydration of ferric hydroxides or oxidation of magnetite. All 
the iron cations in maghemite are in the trivalent state, and the charge neutrality is generated by the presence of the cation vacancies. 
With a cubic unit cell (a) 8.351 Å, maghemite possess the inverse spinel crystalline system; each of which contains 211/3 Fe3+ ions, 21/3 

vacancies and 32 O2− ions, Oxygen anions form a face -centered cubic (FCC) arrangement whereas the tetrahedral sites (eight Fe3+ ions 
per unit cell) and octahedral sites (comprising the remaining Fe3+ ions and vacancies) are occupied by the ferric ions. γ-Fe2O3 is easily 
magnetized which presents a high magnetic response when acquiesced to an external magnetic field [2,35]. 

Using a variety of techniques, maghemite nanoparticles have been made such as sol-gel [12], ball-milling [2], laser pyrolysis [36], 
solvothermal [37], microemulsion [37], sonochemistry, microemulsion using an ionic surfactant [2], sonochemical [2], and green 
synthesis routes [37,38] which are reported in the literature. Having a special emphasis on the studies of Mössbauer spectroscopy [39], 
Layek et al., 2011 reported an excellent review paper regarding the synthesis and properties of γ-Fe2O3 nanoparticles. However, in 
developing countries, recycling is not yet a favorable procedure where extraction of valued materials from metal wastage is very 
challenging and it will rescue precious metallic resources at the same time. For large-scale production, the instrumentation, machinery, 
and reagents cost are a big factor to look at. Herein, an acid leaching precipitation method for the production of γ-Fe2O3 nanoparticles 
from waste condensed milk can has been reported which is very simple. The extraction process was optimized through controlling pH 
and calcination temperature. The investigation of structural, morphological, surface chemistry and magnetic property were done using 
modern technique XRD, SEM, XPS and VSM. The main aim was to use waste cans to obtain potential gamma iron oxide nanomaterials 
thus adhering to the principle of generating “Wealth from Waste”. 

2. Methodology 

2.1. Materials 

For the synthesis of γ-Fe2O3 nanoparticles, the co-precipitation method was applied. The main raw material was discarded waste 
condensed milk cans of different brands collected from local tea stall areas of Bangladesh. Locally procured and analytical grade 
concentrated Hydrochloric acid (HCl) with 37 % assay (Merck Germany, 12.08 M), and Sodium Hydroxide pellets with ≥99 %, assay 
(Merck, Germany) were used without any purification. Laboratory-prepared Deionized (DI) water was employed in the experiment. 

2.2. Preparation of γ-Fe2O3 

To prepare γ-Fe2O3 nanoparticles from wasted condensed milk cans, firstly, iron chips were transformed into intermediate iron 
hydroxide from iron salt solution following an acid leaching technique which is the oxidation step and secondly, iron hydroxides were 
calcined at different temperatures to get γ-Fe2O3 nanoparticles. In the beginning, the collected cans were properly washed, cleaned, 
and burnt out to remove the organic layer by slow firing and then cut into small pieces for the highest leaching. A required amount of 
can chips was then taken in a beaker containing 1:1 HCl and subjected to heating until the chips were entirely gone into the solution. 
The temperature was set at 80◦-90 ◦C and the time required to complete the leaching process was 1.50 h. Afterwards, the solution was 
allowed to reach at room temperature followed by filtration. The iron was precipitated by the dropwise addition of NaOH to the filtrate 
under magnetic stirring and the pH was varied to 12–14. By filtering the liquor, the precipitate was then collected and washed with DI 
water more than 10 times for the complete neutralization of the pH and removal of the unwanted ions like Cl-, Na+, etc. After that, the 
precipitate was desiccated at 110 ◦C for 24 h in the oven and the dried product was crushed and sintered at different temperatures 
(200–350 ◦C) for the change of iron hydroxide to maghemite for 3 h. The calcined brown products were crushed, and again washed 
several times to remove the impurities and soluble components. Finally, the washed powders were filtered and then dried at 110 ◦C for 
3 h. The obtained gamma iron oxide was then again ground and stored. The synthesis procedure of γ-Fe2O3 nanoparticles is 
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represented in Fig. 1. 
The rection mechanism of the synthesis procedure of γ-Fe2O3 nanoparticles from wasted iron can is given below: 

Fe − chips+2HCl ̅̅̅ →
80◦ − 90◦CFeCl2 + ↑ H2  

FeCl2 +NaOH → Fe(OH)2 ↓ + Fe(OH)3 ↓ +NaCl  

Fe(OH)2 + Fe(OH)3 ̅̅̅̅ →
350◦C γ − Fe2O3  

2.3. Characterization 

The raw material analysis of the collected samples was scrutinized by Wavelength Dispersive X-ray Fluorescence with the Model no. 
of Rigaku ZSX Primus IV. To determine the crystalline structure phase and phase of the synthesized gamma iron oxide particles, X-ray 
Diffractometer (Rigaku SmartLab SE, Japan) with a copper k-alpha source of 1.5406 Å (λ), 0.02◦ step size, 50◦/min scan speed over a 
2θ range (10◦–80◦), was used. Using Scanning Electron Microscopy (MA15 VP-SEM, Carl Zeiss Evo, UK), the morphology of γ-Fe2O3 
nanoparticles was carried out and the average particle sizes of the prepared samples were calculated by ImageJ software from the 
respective SEM images. The Energy Dispersive X-Ray Spectrometer, EDS (EDAX team, EDAX, USA) explored the chemical composition 
of the product. To evaluate the chemical and oxidation state of the atoms in the synthesized γ-Fe2O3 nanoparticles, an X-ray photo-
electron spectrometer (K-alpha, Thermo Scientific, Czech Republic) was used with a monochromatic X-ray source of Al K-alpha 
(1486.69 eV). With 400 μm2 spot size area, 200 eV pass energy, 5 scans, and 1.0 eV energy step size, the survey scan analyses of the 
samples were carried out. To obtain Fe 2p spectra, the high-resolution scan analyses of the samples were performed where the pass 
energy for the high-resolution was 50 eV, 15 scans, and 0.10 eV energy step size. The particle size distribution of the product was also 
been observed by dynamic light scattering based Nanoparticle Analyzer (nanoPartica SZ-100-S2, HORIBA scientific Ltd, Japan) in the 
liquid environment. A few microliters of diluted material were dropped into the cell and examined by DLS. Using the technique of Laser 
Doppler Velocimetry (LDV), a Zetasizer (Zetasizer Ultra, ZSU5700, Malvern, UK) measured the Zeta potentials of gamma iron oxide 
nanomaterials. The Vibrating Sample Magnetometer (VSM, Model: EV VSM System, Brand: Microsense, USA) investigated the mag-
netic property of calcined γ-Fe2O3 particles at room temperature with a maximum field of ±10 kOe. 

3. Results and discussion 

3.1. Raw material analysis 

The main chemical composition of the collected waste condensed milk cans of different brands (Brand S1, Brand S2 and Brand S3) 
are given in Table 1. All the cans contain above 97 % of iron. Other elements like Na, Ca, Cu, S, Al, Mg, Cr, K etc. are present in minutes 
amount. So, the waste cans will be a suitable iron source to extract valued materials. 

3.2. Process optimization 

Generally, the target of process optimization is to get maximum percent yield of the products having high phase purity, and better 
properties. In the current research, effects of different process parameters on the extent of yield were studied to optimize the synthesis 
process of gamma iron oxide. Two sets of experiments were conducted to get higher yield with better magnetic properties of the 

Fig. 1. Schematic diagram for preparation of γ-Fe2O3 nanoparticles.  
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synthesized γ-Fe2O3, while changing the value of one parameter, either pH or calcination temperature at a time, keeping another fixed. 
Impurity formation was avoided as minimum as possible. 

3.2.1. Effect of pH 
From Fig. 2a, the effect of pH on the percent yield and magnetic properties of gamma iron oxide particles can be seen. The pH of the 

solution was adjusted between 12, 13 and 14 for the precipitations of iron as iron hydroxides, three experiments were carried out by 
varying the amount of NaOH solution with stirring and keeping the other parameter constant. It was found that the percent-yield 
increases from 90.91 % to 97.02 % with the increase of pH from 12 to 14. This can be attributed by the increased amount of iron 
hydroxide precipitate with the increase of pH which in turn increased the yield of the product. At pH 14, the highest percentage of yield 
was formed. So, the magnetic properties of gamma iron oxide are greatly influenced by pH, which was proved by the values obtained 
from VSM that showed highest magnetization at pH 14. 

3.2.2. Effect of calcination temperature 
Fig. 2b represents the calcination temperature effect on the product yield of gamma iron oxide as well as the magnetic properties. 

Four experiments varying calcination temperatures at 200 ◦C, 250 ◦C, 300 ◦C and 350 ◦C were carried out for 3 h to convert iron 
hydroxide to gamma iron oxide nanoparticles (GIONPs), maintaining other condition at optimum level. From Fig. 2b, it is clear that the 
percent yield is decreasing with the increase of temperature for all synthesized γ-Fe2O3 nanoparticles. The reason behind this may be 
ascribed to the formation of some iron (III) oxide-hydroxide (FeOOH) instead of ferric oxide (γ-Fe2O3). With the increase in tem-
perature, FeOOH formation became lower, and all iron hydroxides were transformed into γ-Fe2O3, exhibiting the strongest magnetic 
property at its ideal temperature of 350 ◦C. 

3.3. X-ray diffraction (XRD) analysis 

The phase composition and the crystal structure of the synthesized products studied by X-ray Diffractometer are represented in 
Fig. 3. In the XRD diffractogram, the characteristic peaks of the samples at 2θ = 14.92◦, 30.13◦, 35.50◦, 43.25◦, 53.56◦, 57.14◦ and 
62.73◦ corresponding to the (1 1 0), (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) planes are very well matched with the standard 
2θ values of maghemite according to JCPDS Card no. 00-039-1346 which confirms the formation γ-Fe2O3 phase. The prepared γ-Fe2O3 
particles have a cubic spinel crystal system, with the independent lattice parameters a = b = c = 8.351. The sharp characteristic peaks 
of the XRD patterns indicate the fully crystallized γ-Fe2O3 nanoparticles. In the case of sample S6, γ-Fe2O3 particles synthesized at 
T350 ◦C and pH 14, no impurity phase was detected in the XRD pattern whereas samples S5 and S4, synthesized at T350 ◦C, with pH 13 
and pH 12, comprised of some small quantities of impurities (generally hematite - JCPDS card no. 01–080-237 and iron (II) oxide- 
ICDD card no. 01–078-6916) (Fig. 3) [40,38]. 

With the rising of calcination temperatures, crystallite sizes are increasing and the width of the prominent peaks are growing 
sharper whereas crystallite sizes are decreasing with the increase of pH as shown in Fig. 3. In the case of S5 (pH 13) and S6 (pH 14) with 
calcination temperature 350 ◦C, the peak is broadening means crystallite size is decreasing. According to crystallization theory, if the 
solubility limit of the species is decreased, supersaturation is introduced to the system which will determine the rate of nucleation. For 
smaller crystals, the degree of supersaturation has to be higher favoring nucleation and a greater number of smaller crystals may be 
produced and vice-versa for bigger crystals. Fewer nuclei will favor particle growth. Sazaki et al. (1994) reported that the number of 
crystals initially decreases and then increases with increasing supersaturation [38,41]. So, pH and temperature have a great effect on 
crystal size. 

Table 1 
Raw material analysis report.  

Component Content (wt. %) 

Brand S1 (%) Brand S2 (%) Brand S3 (%) 

Fe 99.4 99.1 97.5 
Mn 0.268 0.217 0.170 
Sn 0.0306 0.221 2.08  

Fig. 2. Effect of (a) pH and (b) calcination temperature on the yield of γ-Fe2O3.  
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3.3.1. Debye-Scherrer method and Wilson method 
Among different methods for determining the size of crystallite size by peak broadening analysis technique, Debye-Scherrer 

method is the simplest technique for calculating the average crystallite size (D) where the full width at the half maximum (FWHM) 
value of the highest peak is used in Eq. (1) [41,42]. 

DD− S =
Kλ

βD cos θ
(1)  

where, DD-S is the crystallite size (nm), K is the shape factor (0.9), λ is the wavelength of XRY (0.154060 nm), θ is the diffraction angle 
and βD is the internal breadth (in radians). Lattice strain is the result of crystal defects, distortion and lattice mismatch in powder 
sample which can be expressed by Stokes and Wilson equation eqn. (2) [42,43] 

ε= βstrain

4 tan θ
(2)  

where, ε is the lattice strain and βstrain is the integral breadth for strain effect [44]. The calculated crystallite sizes (DD-S) and strain are 
tabulated in Table 2. 

3.3.2. Williamson–Hall method 
Williamson and Hall method is one of the easiest integral breadth techniques where size induced and strain induced peak 

broadening are differentiated by studying the peak breadth as a function of 2θ [45]. The peak broadening resulted from the lattice 

Fig. 3. X-ray diffraction pattern of γ-Fe2O3 nano particles of different pHs and CTs.  

Table 2 
Crystallite size and lattice strain of the γ-Fe2O3 nanoparticles by Debye-Scherrer and Williamson-Hall plot.  

Sample ID Debye-Scherrer method and Wilson method Williamson–Hall method 

DD-S (nm) Strain ƐW × 10− 4 DW-H (nm) Strain ƐW-H × 10− 3 

S1 (200 ◦C, pH 12) 43.92 2.67 72.98 2.37 
S2 (250 ◦C, pH 12) 46.35 2.52 90.62 2.31 
S3 (300 ◦C, pH 12) 49.08 2.38 101.95 1.67 
S4 (350 ◦C, pH 12) 52.15 2.24 119.53 1.55 
S5 (350 ◦C, pH 13) 27.80 4.19 59.51 3.12 
S6 (350 ◦C, pH 14) 26.90 4.33 58.26 3.24  
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strain is represented by the Stokes and Wilson formula [41,46]. 

βstrain =4Ɛ tan θ (3) 

The breadth of the observed line is found by the addition of the βstrain and βD, after subtracting the instrumental broadening. 

βhkl = βstrain + βD (4)  

Here, βhkl is FWHM of a radiant peak, βstrain and βD are the width occurred from strain and size. Putting the value of βstrain and βD from 
equations (1) and (3), we get 

βhkl =4Ɛ tan θ + kλ/D cos θ (5)  

by rearranging equation (4), 

βhkl cos θ= 4Ɛ sin θ + kλ/DW− H
(6) 

The above equations (4) and (5) are Williamson-Hall equations. Equation (6) looks like the straight-line equation, y = mx + c. By 
plotting the value of 4sinθ along the x-axis and the value of βhkl cos θ along the y axis [47], W–H plot is drawn for the 6 samples as 
shown in Fig. 4 (S1 – S6). From the linear fit to the data, the crystallite size has been estimated from the y-intercept, and the strain has 
been obtained from the slope of the straight line. The estimated values of crystallite size (DW-H) and lattice strain (ƐW-H) are recorded in 
Table 2. 

3.3.3. Different microstructural parameters determination 
In a crystalline material, the length of dislocation lines in a unit volume is known as dislocation density (δ) which can be expressed 

by Williamson and Smallman’s formula from the following eqn. (7) [43]: 

δ=
1
D2 (7)  

Fig. 4. W–H plot of synthesized S1, S2, S3, S4, S5 and S6 γ-Fe2O3 nanoparticles.  
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where “D” is the crystallite size. 
The lattice constants of the nanoparticles have been calculated from the subsequent calculations from eqns. (8) and (9) [45]. Here 

“d” is the interplanar spacing and “n” is the order of diffraction which is generally equal to 1 [41]. 

2dsinθ= nλ (8)  

a= d
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
(9)  

where, “a” is represented as the lattice constant and the integers h, k and l are Miller indices of diffraction planes. The cube of the lattice 
constant “a” is equal to the cell volume [45] which is expressed in Eq. (10). Table 3 records different microstructural parameters of the 
synthesized γ-Fe2O3 nanoparticles on the basis on different pH and calcination temperature. 

V= a3 (10) 

From the above Tables 2 and 3 and it is observed that the value of δ, ε, a and V primarily decrease as a consequence of rising D value 
as well as temperature and then increase with decreasing crystallite size and rising pH of the solution [44]. 

3.4. Morphological analysis by SEM 

Scanning Electron Microscopy investigation was used to explore the surface morphology of γ-Fe2O3 nanoparticles. Fig. 5 (S1 – S6) 
shows the morphology and particle size distribution (PSD) histograms of the prepared γ-Fe2O3 particles from waste condensed milk 
cans at distinct calcination temperatures and pH. As represented in Fig. 5 (S1 – S6), uneven round-shaped particles are found with some 
agglomerations. 

A higher ratio of surface area to volume is the reason of the resulting accumulation producing numerous crystals to combine 
together forming bigger particles and also for the grain growth at higher calcination temperature for the contraction of Gibbs free 
energy producing from the reduction of the extended surface area of nanoparticles [48–50]. The mean particle sizes of the synthesized 
samples are increasing with increasing calcination temperatures and decreasing with the increase of pHs due to gain growth and 
electrostatic repulsion respectively [51,52]. 

Using Image J software, the average particle sizes have been calculated which are larger than the crystallite sizes obtained from the 
XRD data and are recorded in Table 4. The range of particle size distribution is 92 nm–126 nm. The lowest particle size is 92 nm for 
sample S1, while the highest one is 157 nm for sample S4. 

3.5. Particle size analysis 

The results of particle size distribution in the solution form at 25 ◦C observed by DLS-based Nanoparticle Analyzer are represented 
in Fig. 6. 

It is clearly observed from Table 5 that the prepared γ-Fe2O3 nanoparticles are poly dispersed with a narrow particle size distri-
bution having PDI (Polydispersity Index) value 0.509 to 0.612. The cumulative mean particle size of the prepared γ-Fe2O3 nano-
particles has increased with increasing calcination temperatures which are in the range from 315.27 nm to 837.07 nm (Table 5). 
According to DLS theory, When the particles are dispersed in a solvent or a medium, an electrical double layer adhere to the surface of 
the particles which means that DLS based particle size gives the size of the core particle, coating and solvent layer attached to the 
particles. On the other hand, SEM gives the information of core particles only. As a result, the hydrodynamic diameter obtained from 
Nanoparticle Analyzer is always bigger from the desiccated diameter from SEM micrographs [47,53,54] and the particle size increases 
following the same pattern like the SEM result [55]. 

3.6. Compositional analysis 

Energy Dispersive X-ray Spectroscopy (EDS) was used to determine the existence of constituents and their atomic weight per-
centage in the γ-Fe2O3 nanoparticles, as represented in Fig. 7 (S1 – S6). 

The purity and presence of Fe and O atoms in the synthesized γ-Fe2O3 nanoparticles with good elemental percentages are exhibited 
from the EDS spectrum as recorded in Table 6. From the EDS spectra, it is clear that only one oxygen (O) peak and three iron (Fe) peaks 

Table 3 
Effect of temperature and pH on various microstructural parameters.  

Sample ID Dislocation density, δ × 1014 (lines/m2) Lattice constant (Å) Cell Volume (Å3) 

D-S method W–H method 

S1 (200 ◦C, pH 12) 5.18 1.91 8.3483 581.82 
S2 (250 ◦C, pH 12) 4.65 1.55 8.3469 581.55 
S3 (300 ◦C, pH 12) 4.15 1.09 8.3466 581.48 
S4 (350 ◦C, pH 12) 3.67 0.81 8.3460 581.34 
S5 (350 ◦C, pH 13) 12.9 2.77 8.3463 581.41 
S6 (350 ◦C, pH 14) 13.8 3.07 8.3463 581.41  
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are found in all the prepared maghemite particles. No peak was observed rather than the expected Fe and O, for samples S1, S2, S4, S5, 
and S6 which identify that the synthesized product is highly pure. Whereas two additional signals for Na and Cl were observed in the 
sample S3 calcined at 300 ◦C. The atomic ratio of Iron and Oxygen was around the stoichiometric value of 0.66 for all the samples. 

Fig. 5. SEM micrographs and size distribution of S1, S2, S3, S4, S5 and S6 samples.  

Table 4 
Average particle sizes of γ-Fe2O3 nanoparticles.  

Sample ID Average Particle Size (nm) 

S1 (200 ◦C, pH 12) 92 
S2 (250 ◦C, pH 12) 100 
S3 (300 ◦C, pH 12) 117 
S4 (350 ◦C, pH 12) 157 
S5 (350 ◦C, pH 13) 147 
S6 (350 ◦C, pH 14) 126  

B. Biswas et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e30810

9

3.7. Zeta potential 

The stability of γ-Fe2O3 nanoparticles dispersed in liquid medium was investigated by measuring the zeta (ζ) potential and results 
are shown in Fig. 8 (S1 – S6). To measure zeta potential value of γ-Fe2O3 nanoparticles, 10 mg of each sample were mixed with 100 ml 
deionized water and then sonicated for 30 min using ultrasonic homogenizer (model: LUH 105, brand: Labocon, UK). After that, the 
dispersed solutions were treated in neutral (pH~7) [56,57]. Thus, the solution was prepared for zeta potential measurement. 

The Zeta potential of the prepared samples was measured by the Nanoparticle Analyzer and recorded in Table 7. The difference of 
potential among the sliding plane in the electronic double layer and the bulk potential is called Zeta potential. While colloidal stability 
is linked to steric and electrostatic repulsion, measurements of zeta potential generally give a good indication representing the degree 
of electrostatic repulsion among the nanoparticles as zeta potential is associated to the surface charge on nanoparticles. The zeta 
potential with an absolute value higher than ±30 mV, is typically assumed as electrostatically stable particles [58–60]. Here sample S6 
has achieved the highest zeta potential value which is +47.9 mV. The second, third and fourth highest zeta potential values are 
achieved for the samples S3, S1 and S4 which are +34.7 mV, +33.2 mV and +31.9 mV. But the sample S2, and S5 have a potential 
value of +20.6 mV, and − 0.8 mV which are lower than the absolute value of ±30 mV. So, S6, S3, S1, and S4 are stable in dispersion 
but, S2, and S5 are unstable in dispersion. The reason for lower zeta potential value can be ascribed by Ohshima’s model where high 
zeta potential value is attributed for tiny particles and lower for particles with bigger size due to the intense thickness of opposite 
charged ion of small particles than bigger particles [47,50]. 

When the repulsion surpasses the attraction, then a steady system is formed [61]. Particles with a large positive or negative zeta 
potential value have a strong tendency to repel each other and there is zero tendency for the particles to come together. In DLVO 
theory, a system is considered as stable, when the van der Waals attractive force is dominated by the electrostatic repulsive force [62]. 

3.8. Magnetic properties analysis 

The room temperature (300K) magnetic hysteresis loops (M − H) of prepared γ-Fe2O3 nanoparticles are presented in Fig. 9 which 
describe the dependence of magnetism on the applied magnetic field upon the basis of microstructure and chemical phase of nano- 
particles as non-crystalline sample possess zero magnetism [35]. Table 8 represents the magnetic property like magnetic saturation 
(Ms), coercive field (Hc), residual magnetization (Mr), and squareness ratio (Mr/Ms) achieved from hysteresis loops measurement. 

All the prepared γ-Fe2O3 nanoparticles synthesized at different temperatures and pH exhibited good magnetic properties at room 
temperature indicating a moderate degree of ordering in Fe3+ cation vacancy in the as prepared γ-Fe2O3 nanoparticles [63]. In Fig. 9 
the M − H loops showed characteristic S-shaped curves of ferrimagnetic materials. From the Hc value range from 49.01 Oe to 65.45 Oe 
and the Mr value range from 0.23 Oe to 4.26 Oe, it is proved that gamma ferric oxide is a soft ferrite in nature. 

All six samples possess hysteresis loops with magnetic saturation (Ms), residual magnetization (Mr) and coercive force (Hc), which 
have been affected by the size and shape of the synthesized particles. The measurement of magnetic parameters at room temperature 
reveals that the coercive force decreases first and then rises with increasing calcination temperature at the same pH and after 300 ◦C, 
Hc again increases whereas the magnetization continuously increases and retentivity decreases with increasing calcination temper-
ature and pH as well. 

Fig. 6. Nanoparticle size distribution of S1, S2, S3, S4, S5 and S6 samples.  

Table 5 
Particle size distribution results of synthesized γ-Fe2O3 nanoparticles.  

Sample ID Average Particle Size (nm) 

S1 (200 ◦C, pH 12) 315.27 
S2 (250 ◦C, pH 12) 402.44 
S3 (300 ◦C, pH 12) 655.76 
S4 (350 ◦C, pH 12) 837.07 
S5 (350 ◦C, pH 13) 513.71 
S6 (350 ◦C, pH 14) 454.69  
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In terms of the calcination temperature effect, the nano-particles emerge into strong magnetism immediately when γ-Fe2O3 is 
appeared at 200 ◦C (S1), having the lowest value of saturation magnetization (Ms) of about 31.98 emu/g which is supported by the 
XRD data of incomplete γ-Fe2O3 phase. With increasing CT, the Ms value also increases gradually. The higher values of Ms are observed 
with increasing pH. This is because, higher pH favors the formation of precipitation of metallic ions. At pH 12, the Ms is 32.60 (S4) 
whereas it is 39.71 at pH 13 (S5). When calcination temperature reaches 350 ◦C having the highest pH value of 14 (S6), Ms reached to 
the highest saturated magnetization, 54.94 emu/g, similar to bulk γ-Fe2O3 particles (Ms = 60–80 emu/g) [32,47,43,64] owning to the 
better nanocrystalline particle, consistent with both the XRD data and SEM result [65,66]. Saturation magnetization is low for samples 
calcined at low temperatures and pH, because of the presence of non-magnetic phase. Stokes and Wilson also suggests that higher 

Fig. 7. EDS spectra of γ-Fe2O3 nanoparticles.  

Table 6 
Atomic percent of γ-Fe2O3 nanoparticles at different calcination temperature and pH.  

Sample ID Atomic % Ratio 

Fe O Fe/O 

S1 38.84 61.16 0.64 
S2 42.72 57.28 0.74 
S3 19.92 42.12 0.47 
S4 37.55 62.45 0.60 
S5 41.23 58.77 0.70 
S6 38.26 61.74 0.62  
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crystallinity is beneficial to enhanced Ms value of the sample [44]. 
Magnetic anisotropy (K), which prevents the magnetic momentum from aligning in an applied field is reduced first and increased 

leading to an increase in coercivity and saturation magnetization. The values of magnetic anisotropy can be calculated by Eq. (11) [50, 
67,68]. 

Fig. 8. Zeta potentials results of prepared S1, S2, S3, S4, S5 and S6 γ-Fe2O3 nanoparticles.  

Table 7 
Zeta potential results of γ-Fe2O3 particles.  

Sample ID Zeta potential (mV) 

S1 (200 ◦C, pH 12) +33.2 
S2 (250 ◦C, pH 12) +20.6 
S3 (300 ◦C, pH 12) +25.7 
S4 (350 ◦C, pH 12) +31.9 
S5 (350 ◦C, pH 13) − 0.8 
S6 (350 ◦C, pH 14) +47.9  

Fig. 9. M − H loop of γ-Fe2O3 particles Synthesized by Co-precipitation.  
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K=
Ms×Hc

0.96
(11)  

with increasing calcination temperature and pH an increase in magnetic saturation (Ms) and moment (ղB) are noticed (Table 7), which 
is due to the ordering of Fe3+ cation vacancy. The magnetic moment (ղB) can be assessed from Eq. (12) [68]. 

ղB =
MW × Ms

5585
(12) 

At pH 14 and 350 ◦C temperature, the magnetic saturation value of γ-Fe2O3 nanoparticles particles was the highest whereas the 
opposite action was noticed for the squareness ratio as well. The squareness ratio or remanence ratio is less than 0.5 for all γ-Fe2O3 
nanoparticles (Table 8), suggesting that the synthesized γ-Fe2O3 nanoparticles have small single domain with a random direction and 
interact by magneto-static interactions. 

A detailed comparison of the extracted γ-Fe2O3 nanoparticles of the current research has been carried out with the existing 
literature which include the precursor materials, synthesis methods, microstructural parameters, magnetic properties as well as its 
probable applications to understand the impacts of current research (Table 9). 

3.9. XPS study 

To explore the surface chemistry of the synthesized γ-Fe2O3 nanoparticles which is opposite to Fe3O4, X-ray photoelectron spec-
troscopy (XPS) analysis of prepared γ-Fe2O3 samples is carried out in addition, as presented in Fig. 10 [35]. Fig. 10a shows the 
high-resolution XPS survey spectrum data of the synthesized γ-Fe2O3 nanoparticles at 14 pH and 350 ◦C sintering temperature, 
whereas Fig. 10b displays the narrow scan for Fe 2p spectra. It was already revealed that iron (Fe) and oxygen (O) were the primary 
composition of γ-Fe2O3 particles. Apart from Fe 2p, O 1s, and the C 1s peaks in the spectrum, there are trace amount of Na coexisting 
and the C element of binding energy 284.8 eV ascribed to the contaminated carbon from air absorbed on the sample surface (Fig. 10). 

In particular, Fe 2p3/2 spectra (Fig. 10b) exhibit two peaks at 710.31 and 724.48 eV, which are the characteristic peaks of the 3+
ion of γ-Fe2O3 [75,76] and there is no signal or shoulder at smaller binding energies as would be expected for the presence of the Fe2+

ion (~708 eV) [77]. Generally, Fe 2p XPS analysis shows broad peak of Fe3+ compared to Fe2+ and a satellite peak of Fe3+ is observed 
at approximately 8.0 eV higher than Fe 2p3/2 peak, whereas a satellite peak of Fe2+ is located at about 5.0–6.0 eV above Fe 2p3/2 peak 
[78]. Moreover, an additional peak, refereeing as the shakeup satellite peak at about 718.7 eV proves the absence of the Fe2+ ion in the 
prepared γ-Fe2O3 nanoparticles. The results of XPS spectra are consistent with the finding of XRD diffractogram patterns. 

The peak in the narrow scan for oxygen (Fig. 10c) at the binding energy 529.7 eV was attributed for lattice Fe3+-O bonded oxygen 
and 531.4 eV for oxygen bonded with moisture molecule associated on the surface of the γ-Fe2O3 nanoparticles by physisorption 
process [79]. The FWHM of the peak 2.84 eV suggest the chemisorption phenomena in the sample [80]. So, the interaction of moisture 
with the synthesized γ-Fe2O3 nanoparticles following chemisorption and physisorption methods recommend the suitability as hu-
midity sensor. 

4. Conclusion 

The magnetic γ-Fe2O3 nanoparticles have been successfully synthesized from ‘wasted iron cans’ by a simplistic, low-cost acid 
leaching precipitation method. The synthesis process was optimized through variation of calcination temperature and pH. The X-ray 
crystallographic data were used to calculate the crystal size, strain, lattice constant, cell volume and dislocation density using Debye- 
Scherrer and Williamson-Hall method. In both cases, increased crystallite sizes, lattice strain and decreased dislocation density, lattice 
constant, cell volume were found with increasing calcination temperatures, which was completely in opposite manner for pH. As 
expected, the average particle sizes obtained from SEM were bigger than the crystallite sizes but smaller than the particle sizes from the 
DLS-based Nanoparticle Analyzer. More importantly, the composition of the gamma iron oxide nanomaterials was tuned with vari-
ations of the synthesis conditions. The results obtained from different characterization recommend that sample S6 (350 ◦C and pH 14) 
was the optimal product with 26.90 nm crystallite size, 8.3463 Å lattice constant, 126 nm and 454.69 nm particle sizes from SEM and 
DLS as well as +47.9 mV zeta potential. The high-resolution XPS survey spectrum data of γ-Fe2O3 nanoparticles revealed that the 
synthesized nanoparticles were predominately made up of iron (Fe) and oxygen (O) and exhibited the distinctive peaks of the Fe3+ ion 
associated with γ-Fe2O3. The room temperature magnetic measurements of the synthesized γ-Fe2O3 nanoparticles exhibit the 

Table 8 
Saturation Magnetization (Ms), Coercivity (Hc), Remanent magnetization (Mr), Magnetic anisotropy (k) and Squareness Ratio and Magnetic Moment 
(ղB) of synthesized γ-Fe2O3 nanoparticles.  

Sample ID Ms (emu/g) Hc (Oe) Mr (Oe) K Mr/Ms (ղB) 

S1 (200 ◦C, pH 12) 31.98 53.25 4.26 1773.89 0.133 0.914 
S2 (250 ◦C, pH 12) 32.30 49.92 3.12 1679.60 0.097 0.923 
S3 (300 ◦C, pH 12) 32.32 49.01 3.04 1650.00 0.094 0.924 
S4 (350 ◦C, pH 12) 32.60 54.44 2.09 1848.69 0.064 0.932 
S5 (350 ◦C, pH 13) 39.71 62.22 1.47 2573.70 0.037 1.135 
S6 (350 ◦C, pH 14) 54.94 65.45 0.23 3745.65 0.004 1.571  
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Table 9 
Comparison of the current research with the literature.  

Precursor Synthesis procedure Final Product Crystallite size 
(nm) 

Ms (emu/g) Hc (Oe) Application Ref. 

Scrap iron Hydrothermal γ-Fe2O3 nanoparticles 20 to 40 0.3813 10 Environmental waste management [1] 
Iron pentacarbonyl, Fe(CO)5 Microwave plasma synthesis γ-Fe2O3 nanoparticles 2 to ~50 13.2–67.6 – Impact of size reduction [7] 
Slag, mill scale, scrap and iron 

dust 
Co-precipitation γ-Fe2O3 particles 11.04 to 18.62 17.44–41.69 3.464–60.193 Waste disposal problem [42] 

Waste Toner Powder Thermal transformation 
technique 

Magnetic iron oxide 
nanoparticles 

32.07 19.5 – Preparation of Recyclable Co(II)– 
NH2–SiO2@Fe2O3 

[69] 

Iron chloride and urea Co-precipitation γ-Fe2O3 nanoparticles 60 0.025 1250 Removal of toxic heavy metals from 
electroplating wastewater 

[70] 

Recyclable electro-coagulated 
sludge 

Electrocoagulation method γ-Fe2O3 nanoparticles 28.3 – – Wastewater treatment [71] 

Rusty iron nails from scrap 
metal 

Electrochemical method γ-Fe2O3 nanoparticles 7.54 – – Purification of Industrial Waste Water [72] 

Waste green vitriol Solid-phase reduction-oxidation 
reaction 

γ-Fe2O3 nanoparticles 35 – – adsorption of arsenite [73] 

Iron (III) acetylacetonate Modified Sol-gel synthesis γ-Fe2O3 nanoparticles 8.5 23 74 Magnetic Hyperthermia Applications [74] 
Wasted condensed milk ‘Can” Acid leaching precipitation γ-Fe2O3 Nanoparticles 26.90 to 52.15 54.94 65.45 Recycling and reuse of environmental waste This 

work  
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ferrimagnetic characteristics with high Ms (54.94 emu/g) and Hc (65.45 Oe). The findings contribute to the understanding that pH and 
calcination temperature play a vital role in nanomaterial synthesis. Finally, it can be said that this economically feasible and easy 
technique will be a great resolution for the recycling process which can be scale up for large production as well as prospective 
implementation in photocatalysis, humidity sensing, biomedicine, environmental remediation and energy storage. 
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Mn0.5Zn0.5Fe2− xO4 nanoparticles: structural, magnetic and optical characterizations, Ultrason. Sonochem. 61 (2020) 104836, https://doi.org/10.1016/j. 
ultsonch.2019.104836. 
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