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ABSTRACT. In this study, iron oxide nanoparticles were produced and 
characterized using a green synthesis method with Robinia pseudoacacia 
fruits. The structural and functional properties of the nanoparticles were 
investigated using XRD, TEM/EDX, and FTIR analyses. The results indicated 
that the produced iron oxide nanoparticles had nanoscale particle sizes and 
exhibited a poorly crystalline (predominantly amorphous) structure according to 
XRD analysis. The comparative adsorption performance of the synthesized 
FeONPs and fruit powder in the removal of malachite green (MG), phenol 
red (PR) and methylene blue (MB) from aqueous solutions was evaluated. 
According to the results, the adsorption capacity followed the order MB> MG > 
PR. FeONPs exhibited consistently higher Qₑ values across all dye systems 
compared to the fruit powder. High removal efficiencies were obtained at low 
and moderate initial concentrations, while increasing the adsorbent dose 
enhanced the overall removal but resulted in a reduction in the adsorption 
capacity per unit mass. The obtained findings indicate that biosynthesized iron 
oxide nanoparticles can be used as an efficient and environmentally friendly 
adsorbent for eliminating environmental pollutants. 
Keywords: green synthesis, fruit extract, iron oxide nanoparticles, Robinia 
pseudoacacia, dye removal 
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INTRODUCTION  

When it comes to the management of environmentally polluted areas, 
since the pollutant removal of from contaminated environments is generally 
a process that involves high costs due to technical requirements, preventive 
strategies aimed at avoiding the environmental contamination and natural 
resources from the outset are much more sustainable and effective. 
However, pollutants originating largely from intensive human activities enter 
the air, water, and soil and accumulate, creating stress on ecosystems, reducing 
biodiversity, decreasing soil fertility, and leading to crop losses. In addition, 
the transfer of these pollutants across the food chain poses various threats 
to other organisms and humans [1]. The increase in environmental pollution 
has required the development of appropriate methods for remediation of 
pollution sources from affected environments. The elimination of contaminants 
from the environment through organisms is referred to as bioremediation. 
The primary aim of this technology is to reduce or remove pollution [2]. 
Phytoremediation, defined as the elimination of pollutants from contaminated 
soil, air, and water using plants, is a type of bioremediation. This approach 
involves the use of plants together with rhizosphere microorganisms to eliminate, 
transform, or accumulate chemical compounds present in groundwater, surface 
water, soil, sediment, and the atmosphere [3-4]. Recently, studies using innovative 
approaches have increasingly targeted the reduction of pollution levels. 
Nanotechnology, with applications in a wide range of scientific and industrial 
fields, is also attracting growing attention in environmental remediation [5]. 
Notably, the production of nanosized particles using chemical and physical 
methods has long been recognized as a conventional approach [6-7]. 
However, due to these disadvantages, biological synthesis (green synthesis) 
has emerged in recent years as a simpler, lower-cost, and environmentally 
friendly alternative [8]. Indeed, research on biologically synthesized nanoparticles 
using yeasts, bacteria, algae and plants, have seen a significant increase in 
the last decade compared to chemical and physical methods [9-10]. Biosynthesis 
studies often include metal and metal oxide nanoparticles. Owing to their 
unique biological, physicochemical, magnetic, and optical characteristics, 
these nanoparticles have attracted considerable scientific interest [11]. In this 
context, the ability of plants to reduce metal ions is one of the key features 
of biological (green) synthesis processes. Plant extracts are among the most 
widely used natural reducing agents due to their lower cost, easier availability 
and high biocompatibility. In particular, the polyphenols, terpenoids, glutathione, 
carotenoids, and glucosinolates found in these extracts are environmentally  
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friendly biomolecules that contribute to the reduction of metal ions and 
the stabilization of nanoparticles [12]. One significant application area for 
environmentally friendly approaches is the remediation of water pollution. As 
water pollution is a serious global environmental problem, research into 
effective treatment strategies is intensifying. Bioremediation processes are 
therefore receiving increasing attention as a means of removing organic 
pollutants and heavy metals from aqueous solutions [13]. Bioremediation of 
dyes in wastewater is an effective method of treating textile waste, offering 
advantages over traditional techniques. Dyes are classified as hazardous 
pollutants by various international environmental agencies, including the US 
Environmental Protection Agency (EPA). Due to their carcinogenic properties, 
even low concentrations of dyes in water can have serious negative 
environmental and ecological impacts [14].  

In bioremediation studies, plant-derived materials are commonly used 
as effective, sustainable and economical absorbents for removing synthetic 
dyes from water [15]. In this study, the fruits of Robinia pseudoacacia L., 
belonging to the Fabaceae family, and iron oxide nanoparticles obtained from 
these extracts, were characterized and their capacity to remove polluting 
dyes from water was determined. The R. pseudoacacia tree is adaptable to 
environmental stress and has high ecological and economic value. It is 
therefore widely used as an ornamental plant and for landscaping purposes 
in Türkiye and many others around the world [16]. The chemical composition 
and biological activities of R. pseudoacacia have been studied [17-19]. These 
studies have revealed that the species exhibits significant biological activity. 
Although other plant species and metal oxides may possess the potential for 
high dye-removal efficiency, many of these alternatives are not practical for 
dye remediation applications because of their high cost and limited availability. 
Therefore, the use of R. pseudoacacia fruit as an economical and readily 
accessible biomass, together with iron as a low-cost and environmentally 
benign metal, forms the main basis for their selection in this study. This study 
aims to synthesize iron oxide nanoparticles through a green approach using 
fruit extracts of R. pseudoacacia and to examine their structural and chemical 
characteristics. In addition, the study aims to evaluate the effectiveness of 
both the fruit-derived material and the synthesized iron oxide nanoparticles 
from fruit extract in removing synthetic dyes from aqueous solutions. Accordingly, 
this work aims to facilitate the development of a sustainable, environmentally 
friendly, and economically efficient remediation strategy. 
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RESULTS AND DISCUSSION 

1. Characterization of Iron Oxide Nanoparticles 

The formation of FeONPs was evaluated to determine whether the 
process had occurred as intended. During this assessment, the appearance 
of a dark, nearly black coloration was noted, and this change is generally 
regarded as a qualitative indication of FeONP formation [20]. Following the 
observation of the characteristic dark color formation, the reaction mixture 
was further examined by UV–Vis spectroscopy to verify nanoparticle synthesis. 
The most significant finding in the spectral analysis presented in Figure 1 is 
the substantial decrease in absorbance observed upon completion of the 
reaction, in comparison with the high absorption values recorded at the 
beginning of the experiment. This change is indicative of the fundamental 
chemical transformations that occur during the synthesis process. The 
absorbance decreased as free organic compounds bound to iron ions during 
FeONP formation. In particular, the absorbance variation observed in the 
400–500 nm region reflects the characteristic features of FeONPs. 
 

 

Figure 1. UV–Vis spectral variations observed during FeONP biosynthesis 
 
 

The functional groups in the plant extract and the produced iron 
nanoparticles were determined using FTIR analysis (Figure 2). In the of 
3200–3500 cm⁻¹ range, a broad band was observed particularly in the extract, 
which is mainly attributed to O–H stretching vibrations arising from phenolic-
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derived compounds; however, this band may also overlap with N–H stretching 
and other O–H bands in complex plant matrices [21]. In the iron nanoparticles, 
a slight shift and weakening the band were detected, indicating that the O–H 
groups interacted with iron ions and became bound to the nanoparticle 
surface. In the 1580–1650 cm⁻¹ interval, the extract exhibited a characteristic 
band (≈1588 cm⁻¹) that may arise from overlapping C=C stretching, C=O 
stretching, or aromatic ring deformation vibrations [22]. In the present study, 
this band was noticeably weakened and shifted to approximately 1610 cm⁻¹ 
following the formation of iron nanoparticles, indicating that these functional 
groups, particularly carbonyl and aromatic-based moieties, participated in the 
reduction of Fe³⁺ and the subsequent coordination of both Fe²⁺ and Fe³⁺ ions 
with oxygen-containing groups such as OH and conjugated C=O moieties on 
the nanoparticle surface [22]. In the 1000–1400 cm⁻¹ interval, the extract 
exhibited bands mainly associated with C–N and C–O stretching vibrations, 
together with overlapping contributions from phenolic O–H -related modes, 
C–H deformation, and amine- or amide-associated NH₂ vibrations. This 
interpretation is consistent with previous FTIR assessments for plant-derived 
green synthesis [21]. In both the extract and the FeONP sample, characteristic 
bands were observed within the 500–800 cm⁻¹ range. In the extract, two 
notable bands appeared at approximately 530 and 620 cm⁻¹, which fall within 
the typical Fe–O vibration region. In the FeONPs, this region showed additional 
minor features and a broader, more complex spectral profile. Similar observations 
reported in earlier studies suggest that the 800–400 cm⁻¹ range is characteristic 
of Fe–O bonding, with magnetite generally exhibiting a strong Fe–O band 
near 573 cm⁻¹ and additional shoulders attributed to surface oxidation [22]. 
Accordingly, the plant extract acted not only as a reducing agent, facilitating 
the conversion of Fe³⁺ to Fe²⁺ during nanoparticle formation, but also as a 
stabilizing agent through the coordination of its functional groups with the 
nanoparticle surface. 
 
 

    

Figure 2. FT-IR spectra of the fruit extract (a) and the synthesized FeONPs (b) 
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The TEM images of FeNOPs synthesized from fruit extracts are 
presented in Figure 3. The images indicate the formation of nanoscale iron 
oxide particulate structures. However, due to the very small particle size and 
slight agglomeration, individual particle boundaries are not sharply defined. 
Particle size is one of the key factors influencing surface properties. Smaller 
particles exhibit a higher surface-to-volume ratio, enhances mass transport [23] 
and provides a clear advantage in the adsorption of pollutant adsorption [24]. 
In the present study, the high dye removal efficiencies are consistent with the 
formation of these very small iron oxide nanoparticles, whose large surface 
area supports efficient adsorption. 
 

 
Figure 3. TEM images of FeONPs taken at different magnifications 

 
EDX analysis confirmed the elemental composition of the produced 

FeONPs and their successful formation [25-26]. The EDX results for the 
FeONPs are presented in Figure 4 and Table 1. According to the EDX analysis, 
oxygen (O), carbon (C), and iron (Fe) were identified as the major elemental 
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constituents of the FeONPs, accounting for the highest percentage contributions. 
Based on the atomic percentage data, oxygen was measured at 39.32%, 
carbon at 25.38%, and iron at 26.34%. In the weight percentage profile, iron 
appeared as the dominant element with 48.81%, followed by oxygen (23.50%), 
copper (14.68%), and carbon (11.18%). Magnesium, silicon, and sulfur were 
detected only in trace quantities, with atomic percentages of 0.64%, 0.26%, 
and 0.94%, and corresponding weight percentages of 0.54%, 0.25%, and 
1.04%, respectively. The high amounts of iron and oxygen detected in the 
nanoparticle samples support the presence of iron oxide in their structure [27]. 
Similar findings have also been reported in the literature. For example, in iron 
oxide nanoparticles synthesized from plant materials, the atomic percentages of 
iron and oxygen have been reported as follows: 33.29% Fe and 66.71% O in 
neem plant (Azadirachta indica A. Juss) leaf extract [28]; 14.21% Fe and 
47.33% O in firethorn (Pyracantha coccinea Roem.) fruit extract [29]; 8.65% 
Fe and 50.55% O in algal biofilm–derived nanoparticles [30]; and 77.08% Fe 
and 22.97% O in nanoparticles synthesized using Eichhornia crassipes 
(Mart.) Solms leaf extract [31].  
 

Table 1. EDX elemental composition of the FeONPs 

Atom No Element Atomic % Weight % 
6 Carbon  25.38 11.18 
8 Oxygen 39.32 23.50 

12 Magnesium 0.64 0.54 
14 Silicon 0.26 0.25 
16 Sulfur 0.94 1.04 
26 Iron 26.34 48.81 
29 Copper  7.13 14.68 

 

The identification of carbon as the third most abundant element after 
oxygen and iron, in both atomic and mass percentages, indicates the presence 
of residual organic compounds associated with the nanoparticle surface rather 
than being a structural component of the FeONPs. Green synthesis studies 
indicate that the carbon content of iron nanoparticles may vary depending on 
the plant species, the plant part used, and the synthesis conditions. For 
example, in FeONPs synthesized from mango peel extracts, carbon was 
reported as 14.95%, following iron (48.5%) and oxygen (34.06%) [32]; 40.79% 
in those produced from algal biofilms [30]; 38.46% in iron nanoparticles 
synthesized from Pyracantha coccinea Roem. fruit extract [29]; and 16.22% 
in nanoparticles obtained from waste tea extracts [33]. The copper signal 
detected in the EDX spectrum originates from the TEM copper grid used 
during sample preparation and does not indicate the incorporation of copper 
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into the nanoparticle structure [34]. The small amount of sulfur detected in 
the EDX analysis originates from the FeSO₄ precursor used in the synthesis. 
Similarly, Da’na [35] reported that the sulfur peak corresponds to the sulfate 
group derived from FeSO₄. The trace levels of silicon and magnesium are 
considered to arise from the plant extract, laboratory glassware, or minor 
environmental contamination during synthesis or sample preparation. These 
findings indicate that the FeNOPs were successfully synthesized and possess 
an oxidized structure.  
 

 
Figure 4. EDX spectra of the FeONPs 

 

In this study, the crystal structure of iron oxide (FeOx) nanoparticles 
produced using R. pseudoacacia fruit extracts was analyzed by X-ray diffraction 
(XRD). The theoretical XRD peak positions reported for JCPDS Card No. 19-
0629 were used as a reference for comparison, with characteristic peaks at 
2θ values of 30.1° (220), 35.5° (311), 43.1° (400), 53.4° (422), 57.0° (511), and 
62.6° (440). In the XRD analysis conducted in the present study, the diffraction 
pattern obtained is presented in Figure 5. In the 2θ regions corresponding to 
the theoretical peaks of JCPDS 19-0629, broad and suppressed signals were 
observed instead of distinct and sharp diffraction peaks. This XRD pattern 
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indicates a predominantly amorphous structure, with only a few weak signals 
that may correspond to trace crystallinity associated with iron oxide phases. 
In addition, the presence of broad features in the diffraction pattern, particularly 
at 2θ ≈ 22° and 36°, may also indicate the possible presence of iron oxyhydroxide 
phases, such as goethite (FeOOH). However, due to the absence of distinct 
peaks, it does not appear possible to distinguish Fe₃O₄ from other iron oxide 
phases such as Fe₂O₃ based on the amorphous diffraction pattern in Figure 5. 
For this reason, the synthesized material is described more appropriately and 
conservatively as iron oxide nanoparticles (FeOx) rather than being attributed 
to a specific crystalline phase such as Fe₃O₄. It has been reported that X-ray 
diffraction patterns of FeNOPs synthesized using fruit extracts tend to exhibit 
amorphous characteristics. For instance, in the XRD pattern of iron nanoparticles 
obtained from Pyracantha coccinea fruits, broad bands belonging to the 
amorphous structure were observed instead of the characteristic peaks specific 
to iron oxide nanoparticles [29].  
 

 

Figure 5. XRD diffraction pattern of the FeONPs 
 

Similarly, the XRD patterns of iron nanoparticles synthesized using 
mango leaves, neem leaves, clove buds and rose leaves showed well-defined 
characteristic peaks of Fe₃O₄ together with α-Fe. However, in the nanoparticles 
produced using ajwain (carom) seeds, which served as the only fruit-derived 
source in that study, only a single weak peak was observed. This indicated a 
very low degree of crystallinity and the formation of a typical biosynthesized 
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amorphous structure due to the capping effect of biopolymers [36]. In the 
literature, there is evidence that iron nanoparticles synthesized not only from 
plant extracts derived from leaves, seeds or flowers [37-38], but also from 
fruit extracts, may exhibit an amorphous structure. For example, the XRD 
pattern of iron nanoparticles synthesized using an extract obtained from the 
fruit of Dipteryx alata Vogel displayed an amorphous character [39]. The 
findings suggest that crystal nucleation may be restricted due to the presence 
of rich biopolymer structures in the fruit extracts, which could have a negative 
impact on crystallization.  

The amorphous structure detected in this study may be related to the 
presence of various biologically active components in fruit extracts, including 
flavonoids, phenolic acids, carbohydrates, proteins and organic acids. These 
compounds may participate in the reduction of iron ions and simultaneously 
function as surface-stabilizing agents, potentially limiting nucleus growth and 
hindering the complete development of a crystalline structure. 

2. Dye Adsorption Studies 

The residual dye concentrations in solutions at different initial 
methylene blue (MB) concentrations were quantified, and the percentage 
adsorption values were calculated for both the nanoparticle and the fruit-
powder adsorbents (Figure 6A, B). 

In the methylene blue (MB) adsorption experiments, the percentage 
adsorption values of FeONPs (1.25, 2.5, and 5.0 g/L) and fruit powder (FrP) 
(5.0, 10.0, and 20.0 g/L) exhibited a similar trend at low dye concentrations 
(2.5–40 mg/L), despite differences in adsorbent dosage. In both adsorbent 
substances, high adsorption efficiencies were obtained within this concentration 
range; adsorption reached over 97% for the FeONP, while the FrP showed 
values ranging from 96.4% to 99.82%. The FrP achieved almost complete 
removal at high adsorbent concentrations, such as 10 and 20 g/L, whereas 
similarly high efficiencies were obtained with the FeONPs at much lower 
concentrations (particularly 2.5 and 5.0 g/L). This observation is related to 
the higher active surface area per unit mass of the nanoparticles. At low initial 
concentrations, the equilibrium concentrations measured for both the FeONPs 
and the FrP were close to zero. The results shows that the available active 
surface area in the system was sufficient to completely retain the dye molecules. 
It also shows that increasing the amount of adsorbent provided only a limited 
improvement within this range. Similarly, Padmavathy et al. [40] reported that 
the adsorption efficiency showed only very limited variation at low initial 
concentrations, and that this was due to the active surface sites being 
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already used effectively. This result is also similar to the limited variation 
observed at different adsorbent concentrations in the present study; since 
the system did not reach surface saturation within the low concentration 
range, increasing the adsorbent concentration did not produce a noticeable 
difference in the adsorption efficiency. At moderate initial methylene blue 
concentrations of 100 and 250 mg/L, the lowest adsorption efficiency in the 
FeONP system was observed at the 1.25 g/L adsorbent concentration. At 
this concentration, the %Ads value was 96.61% at the 100 mg/L initial level, 
decreasing to 90.67% at 250 mg/L. In contrast, increasing the adsorbent 
concentration to 5 g/L enhanced the removal performance, yielding 94.73% 
adsorption at 250 mg/L. In the FrP system, at the same initial dye concentrations, 
the lowest value at 100 mg/L was 98.65% at 5 g/L adsorbent concentration, 
while the highest removal rate at 250 mg/L reached 99.63%.  

The obtained results showed that by increasing the adsorbent 
concentration in both the FeONP and FrP systems, it is possible to maintain 
the adsorption capacity at moderate initial concentrations. This may be due 
to the increased availability of active surface sites. The result conforms with 
observations reported in the literature [41]. The correlation between the 
number of active sites and the progression of adsorption is supported by 
kinetic models [42]. At high initial dye concentrations (500–1000 mg/L), the 
amount of adsorbent used becomes the main factor affecting the adsorption 
performance of both the FeONP and FrP systems. In the nanoparticles, the 
adsorption efficiency remained at 60.68% at 500 mg/L and 55.91% at 1000 mg/L 
when an adsorbent amount of 1.25 g/L was used; however, increasing the 
amount to 5.0 g/L enhanced the efficiency to 90.26% and 93.00%, respectively. 
Similarly, in the FrP, the efficiency was measured as 87.47% at 500 mg/L 
and 67.00% at 1000 mg/L with an adsorbent amount of 5 g/L, and increasing 
the amount to 20 g/L improved these values to 91.08% and 75.43%, respectively. 
These findings indicate that, at high initial concentrations, where the amount 
of dye in the solution is high relative to the active surface regions, the adsorbent 
surface approaches saturation, and that this effect can be partially balanced 
by the wide surface area provided by the increased adsorbent amount. This 
mechanism is also consistent with the Langmuir [43] isotherm approach, 
which describes the tendency toward saturation in the presence of a limited 
number of active sites. The situation is also supported by the Qe values. At the 
lowest adsorbent amounts, the Qe values for the FeONPs reached quite high 
capacities, with 77.29 mg/g at an initial concentration of 100 mg/L, 181.34 mg/g 
at 250 mg/L, 242.74 mg/g at 500 mg/L, and 447.27 mg/g at 1000 mg/L. In 
contrast, in the fruit powder, the Qe values at the lowest adsorbent amounts 
were lower at the same initial concentrations, occurring at 19.73 mg/g, 49.40 
mg/g, 87.47 mg/g, and 134.00 mg/g, respectively. This difference arises from 
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the fact that the nanoparticles, due to their high specific surface area and fine 
morphology containing more active sites, can bind far more dye molecules per 
unit adsorbent [44]. When the Qe values are taken as the basis, they provide 
a clear superiority compared to the fruit powder, offering 3–4 times higher 
adsorption capacity particularly at moderate and high initial concentrations such 
as 250–1000 mg/L. Comparable proportional differences were also obtained at 
the other adsorbent amounts. 
 

  
 

Figure 6. MB adsorption at different concentrations: (A) FeONPs, (B) FrP. 
 

Malachite green (MG) aqueous dye solutions with various initial 
concentrations (2.5, 5.0, 10.0, 50.0, 100.0, and 250.0 mg/L) were exposed 
to three different amounts of FeONPs (1.25, 2.5, and 5 g/L) and FrP of R. 
pseudoacacia (5.0, 10.0, and 20.0 g/L) used as adsorbents for a period of 12 
hours. After completion of the process, the residual dye concentration (Ce) and 
adsorption efficiency (% Ads.) in the solution were calculated (Figure 7A, B). 
In the adsorption of malachite green (MG), both FeONPs and FrP exhibited 
high removal efficiencies at low initial dye concentrations (2.5–10 mg/L), ranging 
from 94.70% to 99.99%. In this concentration range, a distinct concentration-
dependent difference in performance was observed for the FrP, and the 
adsorption efficiency remained consistently above 99% at an adsorbent 
concentration of 20 g/L. These results indicate that, at low dye concentrations, 
both systems possess sufficient active surface sites, allowing adsorption to 
proceed without reaching surface saturation. As the initial concentration 
increased, differences in removal efficiency among the adsorbent concentrations 
became more noticeable. For example, at 250 mg/L MG, FeONPs achieved 
90.30% removal at an adsorbent concentration of 1.25 g/L, whereas increasing 
the adsorbent concentration to 5 g/L enhanced the removal efficiency to 
98.93%. Similarly, for the FrP, 5 g/L adsorbent provided 95.06% removal at 
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250 mg/L MG, while 20 g/L resulted in a markedly higher efficiency of 99.66%. 
These point to the fact that increasing the adsorbent concentration significantly 
improves the adsorption performance under high pollutant loads by increasing 
the overall surface area and the availability of active binding sites [42,45]. 
Malachite green (MG) exhibited adsorption performance similar to methylene 
blue (MB). The Qe values calculated for the iron nanoparticles were higher 
than those of the fruit powder at all adsorbent concentrations. Furthermore, 
as observed for MB, the Qe values decreased with increasing adsorbent 
concentration. For instance, at an initial MG concentration of 250 mg/L, the 
Qe values for the iron nanoparticles were determined to be 180.60, 96.65, 
and 49.47 at adsorbent concentrations of 1.25, 2.50, and 5.00 g/L, 
respectively. In contrast, under the same conditions, the corresponding Qe values 
for the fruit powder were calculated as 47.53, 24.34, and 12.46, respectively. 
At low adsorbent concentrations, the dye molecules present in the solution are 
required to bind to a limited density of active surface sites. Therefore, a larger 
amount of dye is adsorbed per unit mass of the adsorbent. As the adsorbent 
concentration increases, the dye molecules have access to a larger surface 
area; however, since the total amount of dye in the solution remains constant, 
some of the available active sites remain unused. Consequently, less dye is 
adsorbed per unit mass of the adsorbent, resulting in lower Qₑ values. 
 

  
Figure 7. MG adsorption at different concentrations: (A) FeONPs, (B) FrP. 

 

In the removal of another dye, phenol red (PR), adsorption tests were 
carried out with solutions at initial concentrations ranging from C0 = 2.50 to 
250.00 mg/L and FeONP adsorbent concentrations of 1.50, 2.00, and 5.00 g/L. 
The adsorption performance was evaluated in terms of equilibrium concentrations 
(Ce) and % adsorption (Figure 8A, B). 
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At an initial dye concentration of 2.5 mg/L, methylene blue (MB) and 
malachite green (MG) exhibited high removal efficiencies in the range of 95–
99% using fruit-derived FeONPs at an adsorbent dose of 1.25 g/L, whereas 
phenol red (PR) showed a comparatively limited adsorption performance of 
89.38% even at a higher FeONP dose of 1.50 g/L at the same initial 
concentration. However, while holding the initial dye concentration (2.5 mg/L) 
constant, increasing the adsorbent amount to 2.00 and 5.00 g/L resulted in 
a substantial enhancement of PR removal, with efficiencies reaching 98.81% 
and 98.87%, respectively. These findings suggest that PR adsorption is more 
sensitive to the amount of adsorbent at low levels than the other dyes, and 
that high removal efficiencies are attainable only when an adequate surface 
area is available. When the dye concentration ranged between 5 and 250 mg/L, 
a gradual decrease in PR removal efficiency was observed at an adsorbent 
amount of 1.50 g/L. At an adsorbent amount of 1.50 g/L, the adsorption efficiency 
was 86.93% at 5 mg/L and progressively declined with increasing concentration, 
reaching 68.81% at 250 mg/L. Similarly, at an adsorbent amount of 2.00 g/L, PR 
removal efficiency generally decreased with increasing initial dye concentration, 
declining from 89.24% at 5 mg/L to 82.46% at 250 mg/L. In contrast, at an 
adsorbent amount of 5.00 g/L, the system exhibited enhanced stability 
against increasing dye concentration, maintaining efficiencies above 91.50% 
up to 100 mg/L before decreasing to 83.67% at 250 mg/L. These results 
indicate that, particularly at lower adsorbent amounts, increasing the initial 
dye concentration facilitates surface saturation, whereas at higher adsorbent 
amounts this effect is partially offset by the increased availability of active 
surface area. By contrast, at a low initial PR dye concentration (C0 = 2.5 mg/L), 
removal efficiencies above 95% were achieved nearly at all adsorbent amounts, 
except for the lowest FeONP dose (1.50 g/L), indicating that surface saturation 
was not reached under low adsorbate-to-adsorbent ratio conditions. It was 
observed that increasing the initial concentration generally led to a decrease 
in removal efficiency. In particular, for the FrP, at an adsorbent amount of 10 g/L, 
the lower removal values observed at initial concentrations of 5 and 10 mg/L 
(35.64% and 18.94%, respectively) deviated from the general concentration–
efficiency relationship. However, the systematic decreasing trend was preserved 
in the other dose and concentration combinations. For example, at an initial 
concentration of 100 mg/L, the removal efficiencies at 5, 10, and 20 g/L were 
determined as 57.87%, 76.94%, and 58.94%, respectively; when the initial 
concentration was increased to 250 mg/L, these values decreased to 20.25%, 
35.02%, and 51.53%. These results indicate that increasing dye concentration 
limits removal performance at all doses, and that although increasing the 
adsorbent dose at higher concentrations provides a partial improvement, the 
efficiency levels observed at lower concentrations could not be achieved. 
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The Qe values calculated for phenol red were higher for the FeONP 
adsorbent than for the FrP, similar to the results obtained for the other two dyes 
examined in this study. Furthermore, a systematic decrease in Qe values was 
observed with increasing adsorbent dosage. The Qe values calculated for an initial 
dye concentration of 250 mg/L and FeONP adsorbent concentrations of 1.5, 2.0 
and 5.0 g/L were found to be 114.69, 103.07 and 41.83 mg/g respectively. At the 
same initial dye concentration, the Qe values for the FrP at adsorbent dosages of 
5.0, 10.0, and 20.0 g/L were 10.13, 8.75, and 6.44 mg/g. The decrease in Qe 
values observed with increasing adsorbent concentration, as noted for the other 
dyes, can be explained by reduction in adsorption capacity per unit mass resulting 
from the increase in adsorbent amount at a fixed initial concentration. 

When the adsorption capacities (Qe) are considered, the overall 
performance of the dyes followed the order MB> MG > PR. These results 
can be partly explained by the chemical structures of the dye molecules and 
the possible influence of solution pH on the adsorption process. The natural 
pH values of the dye solutions used in the study were measured and 
determined as 4.88 for MB, 3.02 for MG, and 3.76 for PR. The relatively less 
acidic pH of the MB solution could be one of the factors influencing its higher 
observed adsorption efficiency. However, no pH-controlled experiments were 
performed. Under such pH conditions, the adsorbent surface may become 
more negatively charged, which may enhance electrostatic attraction toward 
cationic dyes. Similarly, higher pH values increase the negative charge on the 
adsorbent surface and favor the adsorption of positively charged molecules [46]. 
In addition, the pH-dependent protonation of nitrogen and sulfur groups may 
modulate dye–surface interactions; under acidic conditions, their protonated 
forms can also contribute to adsorption through electrostatic attraction and 
hydrogen bonding [47]. The relatively lower adsorption performance of MG 
and PR may be associated with differences in their molecular structures and 
their behavior under the studied solution conditions.  

 

  

Figure 8. PR adsorption at different concentrations: (A) FeONPs, (B) FrP. 
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CONCLUSION 

Iron oxide nanoparticles (FeONPs) were produced through green 
synthesis using R. pseudoacacia fruit extract and investigated by UV–Vis, XRD, 
FTIR, TEM, and EDX techniques. The obtained data indicated the successful 
synthesis of amorphous FeONPs with particle sizes in the nanoscale range. The 
adsorption performance of synthesized FeONPs and FrP was comparatively 
investigated for malachite green (MG), phenol red (PR), and methylene blue 
(MB). The results of the study showed that the adsorption capacity ranking was 
MB > MG > PR. FeONPs exhibited higher Qe values in all dye systems in 
comparison to fruit powder. Efficient removal of the dye was observed at low 
and medium initial concentrations, with an increase in the amount of adsorbent 
resulting in an enhancement of the total removal process. However, this was 
associated with a reduction in the adsorption capacity per unit mass. 
Biosynthesized FeONP may serve as a sustainable, economical, and efficient 
adsorbent for dye removal, thereby representing a significant alternative in 
advanced environmental treatment technologies. 

EXPERIMENTAL SECTION 

1. Sampling  
The fruits of R. pseudoacacia trees cultivated for landscaping purposes 

in the Eskibağlar Neighborhood of Gümüşhane Province, Türkiye, were collected 
in September 2023. 

2. Preparation of Fruit Extracts 
The fruits of the plant were dried at room temperature in an environment 

protected from sunlight and subsequently pulverized into a fine powder with 
a blender. The entire fruit (legume pod), including both the pericarp and the 
enclosed seeds, was used without any prior separation. A total of 1.1 kg of 
this powder was transferred into a 20-L container along with 10 L of distilled 
water. The mixture was boiled in a closed vessel for 2.5 hours and then 
allowed to cool to room temperature. After the formation of the extract, the 
mixture was separated using sieves with pore sizes of 1.00, 0.50, and 0.25 mm. 
The dry matter content of the resulting extract was then determined to be 
4.00% ± 0.25 using a digital refractometer (Hanna HI96801). The extract was 
concentrated in a vacuum evaporator at 60 °C and 150 mbar to obtain a dry 
matter content of 10% [29].  
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3. Synthesis of Iron Oxide Nanoparticles (FeONPs) 
For the green synthesis of FeONPs from R. pseudoacacia fruit samples, 

solutions containing iron(III) and iron(II) ions were prepared. For this purpose, 
125 mL of a 0.2 M Fe³⁺ solution was prepared using FeCl₃·6H₂O salt. 
Additionally, 3.8 g of FeSO₄ was weighed to obtain 125 mL of a 0.1 M Fe²⁺ 
solution, and both substances were dissolved separately in beakers and then 
combined in a volumetric flask and made up to 250 mL. Then, 250 mL of  
R. pseudoacacia fruit extract (FE) with a 10% dry matter content was added 
to a 600-mL beaker. Using a pH meter (OHAUS Starter 3000), The pH value 
was then adjusted to 10 by gradually dropping 1.0 M NaOH into the solution. 
Following this, the solution was stirred on a magnetic stirrer (750 rpm), and 
the Fe²⁺/Fe³⁺ solution was added dropwise at a rate of one drop per second 
using a separatory funnel. This dropwise addition was completed in 60 minutes 
for the total volume of 250 mL. Then, the beaker was covered with a glass 
lid and stirred at 750 rpm for 2.5 hours [48-49]. The synthesis of FeONP was 
accompanied by a visible change in color of the reaction mixture, giving it 
a completely black appearance. The resulting FeONP solution was pipetted 
into eight 50 mL falcon centrifuge tubes and centrifuged at 4000 rpm using 
a NÜVE NF 800R centrifuge and this process was repeated three times. The 
precipitates were placed in pre-weighed glass Petri dishes and air-dried in 
a vacuum dryer at 60 °C for three hours, thereby completing the synthesis 
process [48-49]. 

4. Characterization of Iron Oxide Nanoparticles 
UV–Vis spectroscopy was used to confirm the formation of FeONPs 

using a Shimadzu UV-1800 spectrophotometer (Kyoto, Japan) within the 
wavelength range of 200–800 nm. To evaluate the chemical structure of the 
nanoparticles obtained from the R. pseudoacacia fruit extract (FE), Fourier 
Transform Infrared Spectroscopy (FTIR) analysis was performed on both the 
nanoparticles and the plant extract used in the synthesis. The analyses were 
performed using a PerkinElmer FT-IR spectrophotometer (model: UATR 
Two) at the Gümüşhane University Central Research Laboratory Application 
and Research Center, within the wavenumber range of 4000–450 cm⁻¹. 

Structural characterization of the FeONPs was performed using X-ray 
diffraction (XRD). The measurements were performed using a Bruker D8 
DISCOVER instrument at the Bayburt University Central Research Laboratory. 
A copper (Cu) anode served as the X-ray source, operated at 40 kV and 40 mA. 
Diffraction patterns were recorded over the 2θ range of 10°–80°. 

The morphological and elemental characteristics of the synthesized 
FeONPs were examined using a transmission electron microscope (TEM) at 



SEMRA DEMIR, BÜLENT AKAR, CEMALETTIN BALTACI 
 
 

 
82 

the Bayburt University Central Research Laboratory. The analyses were 
carried out with a Thermo Fisher Scientific Talos F200S TEM operated at 200 
kV. Elemental composition was determined using an energy-dispersive X-ray 
spectroscopy (EDX) system attached to the TEM. The scale bars in the TEM 
images were generated by the instrument software. 

5. Adsorption of Dyes 
Green-synthesized FeONPs and R. pseudoacacia fruit powder (FrP) 

were used, and stock solutions of each dye (malachite green, MG; methylene 
blue, MB and phenol red, PR) were prepared at a concentration of 2500.0 mg/L. 
From these stock solutions, defined volumes were taken and diluted with 
deionized water to obtain seven different dye solutions at concentrations of 2.5, 
5.0, 10.0, 20.0, 40.0, 100.0 and 250.0 mg/L for MG and PR, and nine solutions 
for MB by additionally preparing 500.0 and 1000.0 mg/L concentrations. The 
original pH values of each prepared dye solution (MB at pH 4.88, MG at pH 
3.02, and PR at pH 3.76) were measured. To perform the adsorption tests, 
0.0125, 0.025 and 0.050 g of FeONPs were placed into polypropylene (PP) 
tubes, to which 10 mL of the dye solutions were added. Accordingly, the 
concentrations of the adsorbent suspensions were set to 1.25, 2.50 and 5.00 g/L. 
Then, blank sampling was carried out by adding 10 mL of deionized water to 
0.050 g and 0.100 g of FeONPs. For phenol red (PR), preliminary trials 
showed that the lowest FeONP suspension concentration (1.25 g/L) resulted 
in insufficient dye removal; therefore, slightly higher doses (1.50 and 2.00 g/L), 
in addition to 5.00 g/L, were adopted to ensure measurable adsorption. For FrP, 
higher adsorbent doses (5, 10 and 20 g/L) were employed because the powdered 
R. pseudoacacia fruits exhibited noticeably lower adsorption capacity compared 
with the FeONPs. The samples were shaken on an orbital shaker at 50 rpm 
for 12 h and then centrifuged at 5000 rpm for 15 min to separate the solid and 
liquid phases. The residual dye concentrations in the supernatants obtained 
after centrifugation were analyzed using a UV–Vis spectrophotometer [30,50]. 
The spectral profile of methylene blue was evaluated by scanning a 5.0 mg/L 
solution between 200 and 1000 nm using the spectrophotometer, which clearly 
showed a distinct absorption maximum at 664 nm. For quantitative calibration, 
standard solutions prepared at 1.0, 2.5, 5.0, 10.0 and 25.0 mg/L were analyzed, 
and the resulting measurements were used to generate a linear calibration curve 
described by y = 0.1477x + 0.0422, with an R² value of 0.999. In addition to the 
measurements reported for methylene blue, the same wavelength-scanning 
and calibration procedure was applied to malachite green and phenol red. 
Malachite green displayed its absorption maximum at 617 nm, and the calibration 
curve obtained from its standard solutions was described by y = 0.353x − 0.0114 
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(R² = 0.998). Phenol red exhibited a maximum absorbance at 430 nm, with 
a corresponding calibration relationship expressed as y = 0.0248x − 0.0038. 
In this study, the residual dye concentration in the solution (Ce) was determined 
from the UV–Vis absorbance data for the calculation of dye adsorption onto 
FeONPs. Adsorption efficiency (%) and adsorption capacity per unit mass of 
adsorbent (Qe, mg/g) were calculated. All tests were repeated at least three 
times, and the results are reported as mean ± standard deviation. All necessary 
calculations were carried out using the formulas presented below (Equations 
1–3) [30,50]. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑑𝑑𝑑𝑑𝑑𝑑 �𝑚𝑚𝑚𝑚
𝐿𝐿
� = (𝐴𝐴 − 𝐵𝐵) 𝐸𝐸⁄     (1) 

Equation 1 defines A as the recorded signal intensity, with B serving 
as the intercept and E representing the slope of the calibration graph. The % 
adsorption was determined using Equation 2.  

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = ((𝐶𝐶0 −  𝐶𝐶𝑒𝑒)/𝐶𝐶0) 𝑥𝑥 100  (2) 

According to Equation 2, C0 (mg/L) refers to the initial dye level, while 
Ce (mg/L) indicates the residual concentration in the equilibrium phase. Using the 
dye concentration remaining in the solution phase (Ce), the amount of dye taken 
up by 1 g of FeONP (mg/g) was determined according to Equation 3. 

𝑄𝑄𝑒𝑒 =    ((𝐶𝐶0 − 𝐶𝐶𝑒𝑒) 𝑥𝑥 𝑉𝑉) 𝑚𝑚⁄                 (3) 

In Equation 3, V represents the volume of the adsorbate solution (L), 
m indicates the mass of the adsorbent (g), Qe denotes the amount of adsorbate 
adsorbed per gram of FeONPs (mg/g), C0 refers to the initial dye concentration 
(mg/L), and Ce represents the equilibrium dye concentration (mg/L). 
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