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Abstract 

The influence of the synthesis method on the properties of Zn₁₋ₓFeₓO nanoparticles with different Fe 

doping levels (x = 0, 0.01, 0.03, and 0.05) for Congo Red (CR) adsorption was investigated. 

Nanoparticles were prepared by sol-gel and coprecipitation, and characterized using XRD, SEM, and 

FTIR. Sol-gel synthesis produced smaller (~13 nm) particles, exhibiting high CR adsorption efficiency 

(~90%) at 10 ppm and room temperature. In contrast, coprecipitation generated larger (~35 nm) 

nanostructures, with lower adsorption capacity (~24%). Both the synthesis method and calcination 

temperature significantly influenced the nanocrystallite size. Fe doping enhanced adsorption in all 

cases, particularly by maintaining high adsorption percentages at elevated temperatures. Fe³⁺ 

incorporation into ZnO nanoparticles modifies the crystal structure, possibly creating defects and 

vacancies that serve as preferential adsorption sites for anionic dyes. Efficient removal of organic 

dyes such as Congo Red is critical due to their toxicity and environmental persistence in industrial 

wastewater. These findings suggest that careful selection of synthesis parameters can yield highly 

effective adsorbents, providing a promising strategy for environmental remediation and sustainable 

water treatment applications. 

Keywords: nanoparticles; zinc oxide; Fe-doped; adsorption; Congo Red 

 

1. Introduction 

In recent years, zinc oxide (ZnO) nanoparticles have received much attention due to their 

physicochemical properties, with important applications such as sensors, solar cells, catalysts, 

adsorbent, electrical and optoelectronic processes and systems, and additives in many industrial 

products, among others [1,2]. 

This metal oxide, in its crystalline form, exhibits the wurtzite structure, with a hexagonal unit 

cell with two lattice parameters, a = 3.2489 (1) Å and c = 5.2053 (4) Å under ambient conditions. 

Furthermore, ZnO nanostructures possess a high surface area and remarkable catalytic activity [3], 

with interesting qualities for the treatment of contaminated water [4]. 

Therefore, the challenge involves the design of practical, effective, and low-cost methods that 

allow the large-scale production of this nanomaterial. 

Among the most promising synthesis methods, wet chemical processes such as sol-gel and 

coprecipitation allow nanostructures to be synthesized in a few steps and do not require complex 
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instruments or techniques [5]. In this way, pure ZnO nanoparticles can be obtained, using non-toxic 

solvents and low synthesis temperatures [6]. 

The sol-gel method involves the transition from sol to gel, followed by drying and calcination, 

while the coprecipitation method involves the conversion of a solution into an insoluble solid, which 

can be separated from the solution by sedimentation, filtration, and washing [7–10]. Since both 

methods allow for the economical and reproducible production of ZnO nanopowders with different 

characteristics, their comparative study is crucial. 

Furthermore, doping transition metal ions, such as Fe, in the ZnO crystal structure modifies the 

optical, electrical, magnetic, and physical properties of the material, providing new functionalities. 

In fact, Fe doping has been proposed as a stabilizer of ZnO in aqueous media, preventing the 

aggregation of nanoparticles into large flocculates due to their hydrophobic nature [11–15]. These 

new improved characteristics of Fe-doped ZnO nanoparticles substantially improve their application 

as an adsorbent for the treatment of contaminated water [16]. 

In terms of industrial pollution, approximately 1 million tons of dyes are produced annually 

worldwide by the textile industry, and almost 15% of these pollutants are discharged as effluents 

[17,18]. Effective treatment of colored wastewater is costly and involves chemical and energy-

intensive treatments. 

The presence of traces of dyes in aqueous systems has led to severe environmental problems 

because many of them have toxic, mutagenic, and carcinogenic characteristics [19]. Congo Red, in 

addition to having these characteristics, is interesting as a contaminant in industrial effluents and as 

a good model for complex pollutants [20]. 

Among the technologies available for water treatment, adsorption is a simple, economical, 

effective, and universal method [21]. ZnO nanoparticles have been frequently used for the adsorption 

of dyes, predominantly anionic dyes. At pH above 10 the surface species Zn(OH)3- and Zn(OH)42- 

dominate. However, at pH below 9, Zn(OH)+ and Zn2+ are the dominant species [22]. This explains 

the affinity of CR for the nanoparticles used as adsorbents. Sachin et al., [23] have shown that sol-gel 

prepared ZnO nanoparticles doped with Fe, Co and Mg, at a nominal 2 wt.%, have high removal 

efficiency of Congo Red from aqueous solutions. Although Co doping has been reported to achieve 

much higher removal efficiencies (around 230 mg/g), doping with Fe at different amounts can 

significantly affect the capacity of the nanoadsorbent. 

To the best of our knowledge, there are no previous reports comparing different synthesis 

methods of Fe-doped ZnO nanoparticles with respect to their influence on performance in a specific 

application, as investigated in the present study. Therefore, the objective of this work was to 

synthesize and characterize Fe-doped ZnO nanoparticles at different amounts (Zn1−𝑥Fe𝑥O with x=0, 

0.01, 0.03, and 0.05) using sol-gel and coprecipitation methods to evaluate their capacity as 

nanoadsorbents in the treatment of aqueous solutions contaminated with Congo Red. 

2. Materials and Methods 

2.1. Materials 

For the synthesis of the nanostructures, the following reagents were employed: zinc acetate 

dihydrate ([Zn(CH3CO2)2.2(H2O)], 98-101%, Biopack, Buenos Aires, Argentina), iron(III) nitrate 

nonahydrate ([Fe(NO3)3.9H2O], 98-101%, Biopack, Buenos Aires, Argentina), citric acid monohydrate 

(C₆H₈O₇, ≥99%, Sigma Aldrich, Mumbai, India), ethylene glycol (C₂H₆O₂, ≥99%, Biopack, Buenos 

Aires, Argentina), sodium hydroxide (NaOH, ≥97%, Cicarelli, Santa Fe, Argentina), ammonium 

hydroxide (NH₄OH, 25-30%, Cicarelli, Santa Fe, Argentina) and absolute ethanol (C₂H₅OH, ≥99.5%, 

Biopack, Buenos Aires, Argentina). All reagents were stored in a cool, dry, and dark environment. 

Ultrapure deionized water obtained from the OSMOION water purification system (APEMA S.R.L.) 

was used in all experiments. 
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2.2. Synthesis of Zn1−𝑥Fe𝑥O Nanoparticles 

ZnO nanoparticles doped with different Fe contents were synthesized in triplicate to obtain the 

Zn1−xFexO molar ratio (x = 0, 0.01, 0.03, and 0.05) by sol-gel and coprecipitation. In both methods, zinc 

acetate [Zn(CH3CO2)2.2(H2O)] was used as the metal precursor and ferric nitrate [Fe(NO3)3.9H2O] as 

the dopant. 

For the sol-gel method, the procedure described in [24] was followed, with the addition of 2 ml 

of ethylene glycol as the surfactant. This involves the chelation of the precursor’s metal cations by 

surfactants in an aqueous environment. The solution was then allowed to form a yellow/orange gel, 

depending on the dopant concentration. Finally, the samples were dried at 120 °C for 24 hours in an 

oven and subsequently calcined at 400, 600, and 800 °C for 2 hours in a muffle furnace. 

Coprecipitation synthesis was performed following the procedure reported by [25] and the same 

precursors as for the sol-gel method were used, with the addition of 2 ml of ethylene glycol. The 

nanoparticles were rinsed with a 50% solution of double-distilled water and 50% ethanol and filtered 

repeatedly up to 6 times. Finally, the drying and calcination methods were applied under the 

conditions described above. 

2.3. Characterization 

The crystalline nature of Zn1−xFexO nanoparticles was analyzed by X-ray diffraction (XRD). The 

XRD patterns of the nanopowder samples were obtained with a SmartLab® X-ray diffractometer (Cu 

Kα (λ = 1.5418 Å), 40 kV and 30 mA, 2θ from 0 to 80°, step of 0.05° and time of 1 s). All measurements 

were performed at ambient temperature. The average diameter of the crystalline domain of the 

nanostructures was estimated using the Debye-Scherrer model formula [26] according to the 

equation: 

𝐷 =  
𝐶𝜆

𝛽𝑐𝑜𝑠𝜃
 (1) 

where D is the size of the coherently diffracting crystallite, λ is the incident X-ray wavelength (Cu Kα 

= 0.15406 nm), β is the full width at half maximum (FWHM) of the X-ray peaks in radians, θ is the 

diffraction angle (Bragg half angle) in radians, and C is the correction factor typically taken as ~0.9 

for spherical particles. 

The morphology of the nanoparticles was studied by scanning electron microscopy (SEM) using 

a ZEISS EVO 15 microscope (Carl Zeiss NTS GmbH, Jena, Germany). The free ImageJ software was 

used to process the obtained micrographs. Elemental analysis was performed by energy-dispersive 

X-ray spectroscopy (EDS), to verify the presence of Fe in the samples. 

To determine the surface functional groups, Fourier transform infrared spectroscopy (FTIR) 

analyses were performed using a Shimadzu IRSpirit FT-IR spectrometer with QATR-S AT (Kyoto, 

Japan) in the region between 500 and 5000 cm−1. 

2.4. Adsorption Assays 

The removal percentage of CR (Table 1) by Zn1−xFexO nanoparticles was evaluated by triplicate 

in 50 ml volume under magnetic stirring at 300 rpm and a contact time of 60 minutes, with an 

adsorbate concentration of 10 ppm. This concentration was chosen considering that most industrial 

effluents contain between 5 and 30 ppm of CR [27]. The amount of adsorbent was kept at 0.05 g for 

the 50 ml reaction volume used, in an attempt to minimize the amount of adsorbent for a standard 

adsorbate concentration. The contact time was set at 60 minutes, since similar studies indicate that 

the adsorption percentage does not change after this time [28]. For the adsorption tests, the Zn1−xFexO 

samples obtained by sol-gel and coprecipitation, calcined at 600 °C, were used. 

An aqueous solution of CR dye was prepared at a concentration of 1000 ppm. From this stock 

solution, serial dilutions were made to obtain the desired concentrations using distilled water. The 

exact dye concentration was determined using a UV-Visible spectrophotometer (Shimadzu UV-2550, 

Kyoto, Japan). The calibration curve for CR was obtained from various dilutions of the stock solution, 

using a concentration range between 1 and 20 ppm. The variation of the dye concentration versus the 
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absorbance showed a linear behavior at λmax ≅ 500 nm, and the linear regression equation of the 

calibration curve showed a high correlation coefficient (R² = 0.993). The CR concentration in the 

solutions before and after adsorption was determined from the calibration curve equation.  

From these obtained data, the removal percentage (or adsorption percentage, %A) was 

calculated using the following equation [29]: 

%𝐴 =  
(𝐶𝑜−𝐶𝑓)

𝐶𝑜
 𝑥 100 (2) 

where Co is the initial concentration of the adsorbate or dye (ppm), and Cf (ppm) is the concentration 

of the adsorbate in the solution after the adsorption process and the removal of the adsorbent by 

centrifugation (5000 rpm for 5 min). 

Prior to the adsorption tests, the Zn1−xFexO nanoparticles samples used were homogenized in a 

mortar. 

Table 1. General characteristics of the colorant used. 

Characteristic  

Generic name Congo Red 

Molecular weight 696,66 g/mol 

Chemical formula C32H22N6Na2O6S2 

Maximum wavelength (λmax) 500 nm 

CAS number 573-58-0 

Molecular structure 

 

3. Results 

3.1. X-Ray Diffraction (DRX) and Energy Dispersive Spectroscopy (EDS) 

The phase purity and crystal structure of the Zn1−𝑥Fe𝑥O samples were examined by X-ray 

diffraction (Figure 1). XRD results revealed that all the obtained diffraction peaks could be indexed 

according to the hexagonal wurtzite system of ZnO, structure P63mc, as specified in JCPDS (Joint 

Committee of Powder Diffraction Studies of International Center) standard number 36–1451 [30]. The 

FWHM of the samples analyzed here progressively increases with increasing Fe content, indicating 

that the crystallinity of the samples decreases accordingly. A decrease in peak intensity with 

increasing Fe doping concentration is also observed (Figure 1). 

The absence of other peaks allows excluding the presence of crystalline impurities, such as other 

zinc or iron phases [31]. The presence of the element Fe in the doped samples versus its absence in 

the pure ZnO samples was verified by EDS analysis (Figure 2). 
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Figure 1. X-ray diffractogram for sol-gel and coprecipitation Zn1−𝑥Fe𝑥O samples with x=0 and x=0.05. 
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a) 

 
b) 

Figure 2. Energy Dispersive Spectroscopy (EDS) spectrum for samples a) Zn1−𝑥Fe𝑥O with x=0 and b) x=0.03. 

It is observed that the average crystallite domain size of the nanostructures is 13.23 ± 0.19 nm for 

the sol–gel synthesis, and almost three times higher for the nanoparticles obtained by coprecipitation 

(34.93 ± 3.05 nm), considering in both cases the samples calcined at 400 °C and without Fe doping 

(Figure 3). It is important to note that the size of the crystalline domain depended on the synthesis 

method and was affected by the calcination temperature of the samples. The amount of dopant in 

this case was not significant in the change in size of the nanoparticles. 
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Figure 3. Size of Zn1−𝑥Fe𝑥O nanoparticles synthesized by sol-gel (a) and coprecipitation (b) as a function of the 

amount of dopant and the calcination temperature. 

3.2. Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared spectroscopy results in a positive identification (qualitative analysis) of each type of 

material, and also allows the functional groups of the synthesized nanoparticles to be recognized. 

Figure 4 presents the results obtained by FTIR-ATR analysis of Zn1-xFexO nanoparticle samples 

synthesized using both methods, with different concentrations of doped Fe. 

In both figures, the most important band is observed in the low frequency region, which is 

located below 600 cm-1 and corresponds to the antisymmetric vibration tension of the O-Zn-O bonds, 

which also confirms the wurtzite structure [32]. In the doped samples, this Zn–O stretching peak 

shifts slightly towards lower frequencies, indicating a strain in the crystal lattice due to the partial 

replacement of Zn²⁺ by Fe³⁺ [33]. The broad band in the region near ~3400 cm⁻¹ is attributed to the O–

H stretching vibration of hydroxyl groups, and the band at ~1600 cm⁻¹ is associated with the bending 

of the H-O-H group of water [34]. 
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Figure 4. Fourier Transform Infrared Spectroscopy (FTIR) spectrum of Zn1−𝑥Fe𝑥O nanoparticles obtained by a) 

sol-gel and b) coprecipitation, with variable amount of doping Fe. 

3.3. Scanning Electron Microscopy (SEM) 

The morphological characteristics of the o nanopowders were examined by scanning electron 

microscopy (SEM). Figure 5 shows comparative micrographs of Fe-doped and undoped ZnO 

nanoparticles synthesized by sol–gel and coprecipitation methods, after calcination at 600 °C. 

  
a) b) 

  
c) d) 
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e) f) 

 

   
g) h) i) 

Figure 5. Scanning Electron Microscopy (SEM) micrographs of Zn1−𝑥Fe𝑥O nanoparticles obtained by methods a) 

and b) coprecipitation with x=0, c) and d) coprecipitation with x=0.05, e) and f) sol-gel with x=0, and g), h) and i) 

sol-gel with x=0.05. 

In agreement with the XRD results, a marked difference in particle size is observed: the 

nanostructures synthesized by coprecipitation (Figure 5b) have dimensions approximately twice 

those of the particles obtained by sol–gel (Figure 5f). The undoped samples obtained by both methods 

do not show significant variations in their apparent morphology, exhibit a predominantly spherical 

morphology, sometimes elongated, with facets (Figures 5a, 5b, 5e and 5f). With increasing Fe doping, 

a trend toward the formation of sharper tips is observed. The Fe-doped samples (x=0.05) synthesized 

by coprecipitation (Figures 5c and 5d) present nanostructures with sharper ends compared to the 

undoped samples synthesized by the same method. Comparing these doped samples with those 

obtained by sol-gel, in both cases the increase in the percentage of doped Fe causes a morphology 

change toward structures with sharp, pointed ends. However, the nanoparticles synthesized by sol-

gel have a more uniform and densely packed structure, with defined edges (Figures 5g, 5h and 5i). 

They present a mostly polyhedral and homogeneous morphology, with compact agglomeration. 

  
a) b) 
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c) d) 

  
e) f) 

Figure 6. Scanning Electron Microscopy (SEM) micrographs of Zn1−𝑥Fe𝑥O nanoparticles with x=0.05 obtained by 

coprecipitation and calcination at a) and b) 400 °C and c), d) 600 °C e) and f) 800 °C. 

Figure 6 shows the micrographs of Zn1−𝑥 FeₓO nanoparticles synthesized by coprecipitation, with 

different calcination temperatures. The change in nanostructure morphology with increasing 

calcination temperature is clearly demonstrated, with the samples calcined at higher temperatures 

exhibiting more rounded or less sharp tips (Figures 6e and 6f). 

3.4. Adsorption Assays 

Congo Red (CR) is an anionic dye, and its structure contains two (–N=N–) groups linked to 

aromatic rings, as well as two sulfonate groups (–SO₃⁻) attached to these rings (Table 1). In aqueous 

solution, these sulfonate groups are fully ionized to –SO₃⁻, giving the molecule a net negative charge, 

which causes CR to behave as a strong anionic dye with high affinity for positively charged surfaces. 

The adsorption of CR at a concentration of 10 ppm by Zn1-xFexO nanoparticles with different 

dopant percentage was compared. Figure 7 shows the percentage of CR adsorption according to each 

synthesis method used to obtain the adsorbent. It can be observed that the nanoparticles synthesized 

by sol-gel clearly show a higher performance (%A greater than 80%) than those synthesized by 

coprecipitation. In this regard, the samples obtained by coprecipitation showed a maximum A% of 

less than 24%. Furthermore, it can be observed that increasing the percentage of Fe doped in the 

nanoparticles increases CR adsorption. 
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Figure 7. Congo Red adsorption percentage according to each synthesis method used to obtain the adsorbent 

samples, with varying Fe doping percentage. 

To elucidate the importance of Fe as a dopant in the adsorption of CR, adsorption experiments 

were carried out using Zn1−𝑥Fe𝑥O nanoparticles synthesized by the sol–gel method, with dopant 

concentrations in the range 0≤x≤0.05. Figure 8 shows that the adsorption percentage for undoped 

ZnO nanostructures exceeds 80%, whereas samples containing Fe in the crystal lattice (x=0.01, x=0.03, 

and x=0.05) exhibit an increase of approximately 10% in the adsorption efficiency. 

 

Figure 8. Congo Red adsorption percentage for Zn1−𝑥Fe𝑥O nanoparticles synthesized by sol-gel and with variable 

Fe doping percentage. 

The variation in the percentage of CR adsorption at 10 ppm concentration by Zn₁₋ₓFeₓO 

nanostructures with x=0 and x=0.05 in an amount of 0.05 g was also analyzed versus the increase in 

temperature. Figure 9 shows that the adsorption decreases with increasing temperature in ZnO 

nanostructures, this has been previously reported as an exothermic reaction [35]. It is important to 

note that under the same conditions, doped nanoparticles maintain high adsorption (>85%). 
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Figure 9. Congo Red adsorption percentage according to each type of nanostructure used as an adsorbent, 

varying the percentage of Fe dopant and the reaction temperature. 

  
a) b) 

  
c) d) 

  
e) f) 
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Figure 10. Scanning Electron Microscopy (SEM) micrographs of Zn1−𝑥Fe𝑥O nanoparticles obtained by sol-gel and 

calcination at 600 °C, a) and b) x=0 and before adsorption, c) and d) x=0 and after adsorption of 10 ppm of CR, e) 

x=0.05 and before adsorption, and f) x=0.5 and after adsorption of 10 ppm of CR. 

Figure 10 shows Zn1-xFexO nanoparticles before and after adsorption of 10 ppm of CR, after the 

adsorption tests the samples were dried at 80 °C for 24 hours. Micrographs of the samples prior to 

dye adsorption (Figures 10a, 10b and 10e) show particles with well-defined edges and granular 

distribution. In contrast, after adsorption of 10 ppm of CR (Figures 10c, 10d and 10f), the nanoparticles 

show an apparent increase in size, with less defined surfaces and smoothed edges, suggesting the 

presence of an organic layer coating the particles. Likewise, greater compaction and the appearance 

of amorphous material between the agglomerates are observed, attributable to the adsorbed dye. 

 

Figure 11. Fourier Transform Infrared Spectroscopy (FTIR) spectrum of Zn1−𝑥Fe𝑥O nanoparticles obtained by sol-

gel, with variable amount of doping Fe and before and after adsorption CR. 

Figure 11 shows the FTIR spectra for the 1% and 5% doped Zn1−xFexO samples, before and after 

CR adsorption, only in the region between 500 and 2000 cm-1. In the samples with adsorbed CR, new 

peaks or intensity increases appear in the region between 1000 and 1600 cm⁻¹, associated with the 

vibrations of the functional groups of the dye, such as C–N, C–C aromatic stretching (~1400–1600 

cm⁻¹), N=N (~1500–1550 cm⁻¹) and –SO₃⁻ (~1180–1250 cm⁻¹) [36,37]. The presence of these bands 

confirms the adsorption of the dye on the surface of the nanoparticles. 

4. Discussion 

4.1. X-Ray Diffraction (DRX) and Energy Dispersive Spectroscopy (EDS) 

X-ray diffraction (XRD) analysis provides essential information on the crystal structure, phase 

purity, and crystallite size of materials. The resulting samples are highly crystalline, as evidenced by 

the high peak intensity and smoothed baseline (Figure 1). The absence of additional phases may 

suggest that Fe has been successfully inserted into the ZnO crystal lattice over the entire concentration 

range analyzed in this work (0≤x≤0.05). The presence of the element Fe in the samples was confirmed 

by EDS (Figure 2). 
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As the calcination temperature increases, a tendency toward an increase in crystallite size is 

observed (Figure 3). At such high temperatures, grain boundary migration occurs, leading to the 

coalescence of small grains and the formation of larger ones. FWHM in an XRD pattern is related to 

the degree of disorder in the crystal arrangement of a material. The FWHM of the samples analyzed 

here progressively increases with increasing Fe content, indicating that the crystallinity of the 

samples decreases accordingly (Figure 1). Results from other authors suggest that doping leads to an 

increasing number of cation vacancies because of the substitution of Zn²⁺ by Fe³⁺ in the zinc oxide 

unit cell [38]. The increased disorder in the ZnO crystal structure can be attributed to the difference 

in the ionic radius of Zn²⁺ (0.74 Å) compared to that of Fe³⁺ (0.64 Å) [39]. 

4.2. Fourier Transform Infrared Spectroscopy (FTIR) 

In the doped samples, this Zn–O stretching peak shifts slightly to lower frequencies, which is 

further evidence of successful doping. No new peaks appear, in agreement with the XRD analysis, 

since no new phases such as Fe oxides are present. The bands corresponding to water adsorbed on 

the surface are reduced, showing that the nanoparticles were practically dry. Also in both cases (sol-

gel and coprecipitation), greater peak definition is observed particularly in the undoped samples 

(x=0). This is because a more ordered crystal lattice produces more defined vibrational modes, and 

consequently, sharper peaks [40]. 

Comparing both methods, it is observed that the FTIR spectra of the nanoparticles synthesized 

by coprecipitation show more intense O–H bands and a general broadening of the peaks with respect 

to those obtained by sol-gel, which shows a greater amount of hydroxyl groups and a greater degree 

of structural disorder. Several authors demonstrated that synthesis methods such as sol-gel allow 

obtaining greater crystallinity at similar calcination temperatures [41,42], which correlates with the 

more defined vibrational modes observed here in FTIR. In coprecipitation synthesis, the presence of 

a greater structural disorder generates broader or less defined bands. 

4.3. Scanning Electron Microscopy (SEM) 

The change in morphology with increasing Fe doping (Figure 5), including the appearance of 

edges or pointed shapes, is consistent with others authors [43]. This morphological transformation 

can be attributed to a progressive change in the preferential direction of crystal growth, observing a 

marked anisotropic growth along a primary axis derived from the increase in dopant concentrations. 

In the doped samples the nanoparticles are clustering together and even forming larger structures 

resembling prisms, ranging in size from 200 nm up to 1 µm (Figures 5g and 5h) particularly with the 

sol–gel method. This has already been reported by other authors [44,45], where it is shown that at 

higher Fe concentrations, the nanoparticles tend to form larger agglomerates, even under the same 

pH and ionic strength conditions, confirming that doping reduces the surface repulsion between 

particles. It may also be due to changes in morphology, which in turn influences their coalescence, or 

to changes in the surface charge of the nanostructures and/or slight magnetic interactions induced by 

the Fe doped in the ZnO crystal structure. In this sense, the nanoparticles can retain Fe³⁺/Fe²⁺ magnetic 

moments, which can partially align and form collective magnetic domains or clusters when they 

approach each other [46]. Several authors agree that the presence of Fe creates magnetic moments on 

the surface of the doped nanoparticles, which causes residual magnetic dipoles to exist even in the 

absence of an external field [47]. Doping is also likely to modify the isoelectric point or zeta potential 

of the particles. Near the isoelectric point, colloidal stability decreases. Doping can modify these 

parameters, reducing electrostatic repulsion and promoting particle-particle contacts [48]. 

Regarding the influence of calcination temperature on the morphology of the obtained 

nanoparticles, those calcined at higher temperatures exhibit greater agglomeration, as the nucleation 

and growth rate increases with calcination temperature. The fusion of grain boundaries results in 

larger particle sizes at higher temperatures (as observed in the XRD analysis). Likewise, a lower 

specific surface area has been observed at higher calcination temperatures [49]. 
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4.4. Adsorption Assays 

The CR adsorption results using zinc oxide nanoparticles obtained by sol-gel showed higher 

adsorption efficiency compared to those obtained by coprecipitation. This could be attributed to the 

smaller size of the nanoparticles synthesized by sol-gel, approximately on the order of 10 nm (Figure 

3), which increases the specific surface area of the nanostructures and, therefore, the number of active 

sites available for dye adsorption. Furthermore, each synthesis method can generate nanoparticles 

with different surface characteristics, such as porosity, crystalline defects, or diverse functional 

groups, which significantly influence the interaction between the surface and the dye [50]. In this 

regard, the FTIR spectra of ZnO nanoparticles synthesized by both methods showed that the sol-gel 

method generates nanoparticles with a more homogeneous crystalline structure. This could influence 

adsorption and is possibly accompanied by pores and defects that favor the specific interaction 

between CR and the Fe-doped ZnO surface. In contrast, the coprecipitation method may have a lower 

effective surface area and difficulties for uniform adsorption. Previous studies show that treatments 

that increase crystalline order or surface stability can enhance the adsorption capacity of synthetic 

dyes [51]. 

On the other hand, although the addition of Fe as a dopant did not prevent the aggregation of 

the nanostructures as reported in certain studies, the percentage of dye adsorption was favored by 

the presence of Fe as a dopant in the ZnO crystal structure. Thus, a high percentage of RC dye 

adsorption could be obtained with a small amount of Fe-doped nanostructured zinc oxide. In this 

case, it could be inferred that the partial substitution of Zn²⁺ by Fe³⁺ alters the crystalline lattice and 

could generate structural defects and oxygen vacancies that act as preferential adsorption sites (with 

greater affinity towards molecules such as CR) [52]. 

As the reaction temperature increased, the percentage of adsorption was observed to decrease 

in the undoped samples of nanoparticles, reaching ~60% at 60 °C. However, the doped samples did 

not show a significant decrease in adsorption. It is possible that the adsorption of CR on undoped 

ZnO is mainly physical, with weak interactions that are affected by thermal changes since at higher 

temperatures, the adsorbed molecules acquire more kinetic energy and are easily desorbed, 

decreasing the adsorption percentage. The active sites generated by the substituted Fe³⁺ ion are likely 

more stable at elevated temperatures, allowing the nanomaterial to maintain high adsorption 

efficiency even when the system is heated. Previous work has supported the theory of enhanced 

stability and adsorption of transition metal-doped ZnO [53], enhancing adsorbent-adsorbate bond 

stability. Studies with Fe-containing materials indicate that Fe is an atom that can play an important 

role in strengthening the Van der Waals forces [54]. 

SEM micrographs of the samples before and after adsorption show changes such as an apparent 

increase in size and filler material between nanoparticles. This result is consistent with other studies 

evaluating the adsorption of organic dyes onto nanostructures [55–57]. Although these 

morphological changes are consistent with the partial coverage of the nanoparticles by organic dye 

molecules, due to the low electronic contrast of organic compounds in SEM, confirmation of the 

presence of the dye should rely on complementary techniques such as FTIR, as verified here (Figure 

11). 

5. Conclusions 

The study demonstrates that synthesis conditions strongly influence the properties and 

performance of Zn₁₋ₓFeₓO nanoparticles, allowing near-complete Congo Red adsorption (~100%) 

with a very small amount of nanoadsorbent. Fe-doped ZnO shows improved adsorption 

performance and thermal stability, suggesting that Fe not only increases surface affinity but also 

maintains efficiency under varying conditions. These findings highlight the importance of optimizing 

the production of effective adsorbents and show that it is possible to develop nanoparticles 

specifically tailored for the efficient removal of organic dyes, providing a practical strategy for 

environmental remediation and sustainable water treatment. 
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