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Abstract
Fenton oxidation is an effective and valuable method for wastewater treatment. To inhibit environmental impacts and increase 
overall reaction efficiencies, it is important to develop advanced catalysts. This paper illustrates an experimental study on the 
elimination of RR180 dye from synthetic aqueous solutions with raw leonardite and different iron-loaded leonardite powders, 
Fe(0)-loaded leonardite, and Fe(II)-loaded leonardite. The effect of solution pH (2.0–6.0), catalyst amount (0.10–1.5 g/L), 
H2O2 concentration (10–50 µL/L), and dye concentration (10–30 ppm) was tested to achieve maximum color removal effi-
ciency using the three catalysts. At pH = 2, color removal efficiencies were higher and more suitable. Initial experiments 
showed the advantage of using Fe(II)-loaded leonardite on using Fe(0)-loaded leonardite. Fe(II)-loaded leonardite catalyst 
was the most efficient in RR180 color removal compared to the other tested reagents. Color removal in function of solution 
pH did not decrease much when Fe(II)-loaded leonardite was used (100 to 96%) when pH was increased from 2.0 to 6.0. In 
the other hand, dye removal has been significantly affected in the case of using raw leonardite, Fe(0)-loaded leonardite (93 
to 0%), and (100 to 13%) in the same pH range, respectively. At optimum experimental conditions, catalyst amount: 0.75 g/L 
for Fe(II) and Fe(0)-loaded leonardite and 1.5 g/L for raw leonardite; dye concentration: 10 ppm; solution pH: 2.0; H2O2 
concentration: 50 µL/L; volume: 100 mL and reaction time: 60 min, RR180 dye removal efficiencies were 91%, 100%, and 
100% by raw leonardite, Fe(0)-loaded leonardite and Fe(II)-loaded leonardite, respectively. The stability and reusability of 
the tested catalyst was investigated up to ten cycles. The experimental results revealed that both Fe(0)-loaded leonardite and 
Fe(II)-loaded leonardite can be used in Fenton reaction up to four cycles without decreasing their efficiency in RR180 color 
removal. The characterization of the catalysts was established using scanning electron microscope with energy dispersive 
X-ray spectroscopy (SEM–EDX). The synthesized catalyst can be used at large scale in any textile industry to effectively 
remove dyes resulting in high elimination rates at the optimal determined and studied conditions.
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Introduction

Water pollution caused by synthetic dyes has come to be one 
of the most significant environmental issues in the last years. 
Dyes are involved in the aquatic pollution considerably as a 

result of numerous industrial resources (Gökku et al. 2013). 
Various dyes are known to be dangerous and toxic to the 
human being and to the environment. These toxic materials 
occurrence in the environment may be detrimental even at 
low concentrations (Deniz and Kepekci 2016). The elimina-
tion of dyes from wastewater is important in order to protect 
the environment and human health.

Wastewaters comprising dyes are known to be very chal-
lenging to treat because of stable nature, resistant, and recal-
citrant of these contaminants (Kousha et al. 2015). Several 
physicochemical processes are presented to remove dyes 
from aqueous solution, namely coagulation (Demissie et al. 
2021; Gökkuş and Yıldız 2014), floculation (Januário et al. 
2021), photo-catalytic (Bilici et al. 2021), and membrane 
filtration(Bouchareb et al. 2020). Long treatment duration, 
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high-cost, high amounts of produced sludge, poor efficiency, 
and in some cases toxic by-products creation make these tech-
niques unfeasible and expensive to operate (Albadarin and 
Mangwandi 2015).

To provide a proper treatment technique for the removal 
of a specific dye is not only difficult; however, expensive 
too. Therefore, it is important to develop a new or modified 
technology which overcomes the challenges of the conven-
tional methods. Biotechnological techniques are efficient and 
cost-effective alternatives to eliminate dyes in wastewaters as 
compared to the above processes. In this context, advanced 
oxidation processes (AOP) are effective techniques for persis-
tent toxic pollutants removal in dyes wastewater (Abukhadra 
et al. 2019). AOP is established based on chemical oxidation 
of organic contaminants by various reaction mechanisms using 
electrocatalysis, ozonation, photocatalysis, electrocatalytic oxi-
dation, and Fenton-like processes (Sievers 2011). The main 
reaction mechanism of these methods is based on the genera-
tion of reactive oxygen species (•OH, •OOH, and •O2−) char-
acterized by high oxidation potential (+ 1.8 to 2.8 V) (Ivanets 
et al. 2019). This process includes principally hydroxyl radi-
cals (OH•) (+ 2.80 V) that are highly reactive and non-selec-
tive for degradation of main contaminants to secondary con-
taminants, H2O and CO2 (Babuponnusami and Muthukumar 
2014). Along with these processes, Fenton process is the most 
effective technique for hydroxyl radicals generation which are 
able to increase the reaction rate and decrease reaction time 
for dyes removal (Çiner and Gökkuş 2012; Karthikeyan et al. 
2011). The different advantages of Fenton reagent compared to 
other approaches are summarized in Table 1 (Pani et al. 2020).

Equations (1) and (2) represent the main reactions of the 
process:

Organic species reaction with (OH•) radical is symbol-
ized in Eq. (3):
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The efficiency of adsorption-based methods varies, 
mainly, on the used catalyst. Up to now, several catalysts 
either from synthetic or natural origin have been used for 
dyes removal. These include modified activated carbons, 
industrial, and agricultural by-products, minerals, clay, and 
biosorbents (Solé-Sardans et al. 2016). Among these cata-
lysts, natural materials containing iron and modified cata-
lysts loaded with iron species are particularly efficient to 
remove different pollutants from contaminated wastewater. 
It seems that electrostatic interaction, specific adsorption, 
and surface complexation are the main mechanisms for dyes 
removal by iron-loaded materials.

Leonardite is a low-cost substance which has demon-
strated a good ability to eliminate dyes and heavy metal 
(Martínez et al. 2013; Terdputtakun et al. 2017; Sayjumpa 
et al. 2019; Arslan et al. 2022a, b) from aqueous solutions. 
Leonardite is an immature coal with high humic acid content 
containing oxygen functional groups (phenol, carboxyl, and 
hydroxyl) which allow to remove different contaminants. 
According to the stated above, the aim of this research study 
was the preparation of an effective catalyst for RR180 dye 
from a synthetic aqueous solution. The effects of solution 
pH, catalyst concentration, and initial dye concentration 
were investigated for wastewater treatment by Fenton oxi-
dation process.

Material and methods

Materials

The used anionic (RR180) dye was obtained from 
Alfa Chemistry (USA). Ferrous sulfate heptahydrate 
(FeSO4·7H2O, ACS reagent, ≥ 99.0%), ferric chloride 
hexahydrate (FeCl3·6H2O, ACS reagent, 97%), sodium 
tetrahydridoborate (NaBH4, powder, ≥ 98.0%), and hydro-
gen peroxide solution (H2O2, 30% (w/w) in H2O, contains 
stabilizer) were purchased from Merck (Germany). The 

(3)RH + OH
∙
→ RH

∙
+ OH

Table 1   Fenton reagent advantages

Advantages References

They are capable of oxidizing organic pollutants and metals, providing their transformation and degra-
dation

(Moussavi and Matavos-Aramyan 2016)

They have a complete destruction of pollutants capability to harmless materials (CO2, H2O and inor-
ganic salts)

(Nidheesh and Gandhimathi 2012)

Fenton reagent permits high mineralization degree at room temperature and pressure conditions (Tony et al. 2016)
Energy provision is not necessary to activate hydrogen peroxide (Bautista et al. 2007)
Cost-effective source of hydroxyl radicals, employing easy-to-handle reagents and generally involves a 

relatively short reaction time
(Zhang et al. 2016)

Reasonably priced, and the process is easy to operate (Singa et al. 2018)
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molecular structure and fundamentals properties of the dye 
are shown in Table 2. The surface morphological description 
and chemical composition of the catalysts were determined 
by Scanning Electron Microscopy combined with energy 
dispersive X-ray analysis using Zeiss Supra 55, Germany.

Fe(II) and Fe(0) loaded leonardite preparation

For Fe(II)-loaded leonardite preparation, 5 g of leonardite 
was added to 100 mL of 0.1 M FeSO4 solution. After shak-
ing in the mixer for 2 h, it was dried in an oven at 60 °C for 
overnight. A schematic diagram of the procedure is shown 
in Fig. 1A for Fe(II) loading on leonardite powder.

For Fe(0)-loaded leonardite preparation, 5 g of leonardite 
was added to 100 mL of 0.1 M FeCl3 solution. A 50 mL of 
0.1 M sodium borohydride was added to the FeCl3 solution 
while stirring at 150 rpm in the shaker. After mixing in a 
shaker at 150 rpm for 2 h, it was dried in the oven at 60 °C 

overnight. A schematic diagram of the procedure is shown 
in Fig. 1B for Fe(0) loading on leonardite powder.

Distilled water (500 mL) was added to the Fe(II) and 
Fe(0)-loaded leonardite (10 g) in the beaker and the content 
was turbulently stirred until the pH of the leached solution 
became invariant with time. The leached solutions were 
filtered through a 0.45-µm cellulose acetate filter and the 
samples were analyzed for iron analysis using AAS.

Fenton oxidation experiments

Experiments were carried out separately for raw leonardite, 
Fe(II), and Fe(0)-loaded leonardite powders. RR180 stock 
dye solution was prepared as 100 ppm. Experiments were 
carried out in a volume of 100 mL. pH, leonardite amount, 
H2O2 concentration, and kinetic studies were performed 
sequentially. The main parameters considered were pH (2, 
2.5, 3, 4, 5, and 6), the dose of leonardite (0.1, 0.25, 0.5, 
0.75, 1, 1.25, and 1.5 g/L), H2O2 concentration (10, 25, and 

Table 2   Molecular structure and fundamentals properties of RR180 dye

Chemical name Chemical structure Molecular formula UV absorption λmax (nm)

Reactive Red 180 (RR180) C29H19N3Na4O17S5 542

Fig. 1   A schematic representa-
tion of the Fe(II) and Fe(0) 
loading procedure on leonardite 
powder
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50 µL/L), and dye concentration (10, 20, and 30 mg/L). The 
removal efficiency of RR180 dye was calculated by measur-
ing absorbance at a wavelength of 520 nm using a UV–vis 
spectrophotometer (T90 + UV/VIS spectrometer, PG Instru-
ments Ltd.).

Kinetic studies

The relationship between the adsorption performance of 
leonardite and time was investigated by the experiments 
of adsorption kinetics. Firstly, 50 mL of dye solutions in 
different concentrations (10, 20, 30 mg/L) was added to 
100 mL conical flasks, adjusting the pH of the solution to 
optimum pH by HCl or NaOH. Then, to each solution, in 
optimum conditions, Fe-Np-coated ACC was added and 
agitated for 1 h. Following, a sample was taken at regular 
times (5, 10, 15, 30, 45, 60 min) to measure the dye content 
and the concentration of dyes was measured in a UV–vis 
spectrophotometer.

Results and discussion

SEM–EDX analysis

Raw and iron-loaded leonardite powders were characterized 
to explore the distinctions between the different tested sam-
ples. The morphological definition and chemical composi-
tion of the catalysts were observed by a scanning electron 
microscopy (Fig. 2). It is clearly observed from the SEM 
image represented in Fig. 2A that leonardite raw material has 
sheet morphology. Figure 2B and C illustrate the distribution 

of Fe(II)-loaded and Fe(0)-loaded on leonardite material. 
Both iron-loaded materials revealed a good dispersion on 
the leonardite surface. Such dispersion would increase the 
active material surface area and enhance the redox reaction 
of iron and improving catalyst effectiveness.

The elemental analysis was further conducted by the EDX 
attached to SEM analysis. EDX results of the three stud-
ied materials: raw leonardite, Fe(II)-loaded leonardite, and 
Fe(0)-loaded leonardite are depicted in Fig. 3A–C, respec-
tively. Based on the obtained EDX spectrum illustrated 
in Fig. 3B and C, iron element (Fe) percentage increased 
revealing the amount of metal that was loaded on the leon-
ardite surface.

Effect of pH

It was reported that solution pH has a significant effect on 
the dye molecules adsorptive uptake because of its influ-
ence on the binding-sites of catalyst surface and on the dye 
molecule ionization process (Sathishkumar et al. 2012). 
Fenton oxidation is not appropriate to alkaline solutions 
(when pH > 8). In an alkaline environment, iron ions tend 
to form flocs and precipitate. In addition, H2O2 is unstable 
and may possibly decompose to form water and oxygen and 
eventually loses its oxidation ability. Therefore, this study 
was conducted at pH between 2 and 6 to investigate the 
effectiveness of the Fenton oxidation reactions. The experi-
mental results are demonstrated in Fig. 4 which shows the 
RR180 dye removal efficiency as a function of solution pH 
and type of catalyst. The rest of experimental conditions 
were kept constant during the reaction time of 60 min, i.e., 
dye concentration: 10 mg/L; leonardite amount: 1 g/L; H2O2 

Fig. 2   SEM images of A raw 
leonardite, B Fe(II)-loaded 
leonardite, C Fe(0)-loaded 
leonardite
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concentration: 50 µL/L and sample volume of 100 mL. The 
trend of dye removal according to pH, when raw leonardite 
was used as catalyst, is similar with the one when Fe(0)-
loaded leonardite is used as shown in Fig. 3. As noticed, the 
RR180 removal efficiency decreased sharply when aqueous 
solution pH was increased. Raw leonardite as Fenton oxida-
tion reagent was ineffective when solution pH overcome 3 
recording a removal efficiency of RR180 of less than 20% 
and no dye removal was observed when pH was in the range 
of 4 to 6. Contrarily, Fenton oxidation using Fe(II)-loaded 
leonardite as catalyst showed higher and better removal 
efficiencies in all the investigated pH range. Experimental 
results showed a total RR180 dye removal for pH values of 
2, 2.5, 3, and 4. Thus, RR180 dye was more easily removed 
by Fenton oxidation using Fe(II)-loaded leonardite than 
using raw leonardite or Fe(0)-loaded leonardite.

As reported in previous studies, the best dye removal 
efficiencies were obtained at acidic solution pH (Raji et al. 
2021; Sathishkumar et al. 2012; Yang et al. 2018). Treatment 
efficiency was very low when raw leonardite material was 
used, and this could be due to the unavailability of ferrous 
ion for hydrogen peroxide decomposition and eventually no 

Fig. 3   SEM–EDX of A raw leonardite, B Fe(II)-loaded leonardite, C Fe(0)-loaded leonardite

Fig. 4   The effect of pH on RR180 dye removal efficiency (experi-
mental conditions: dye concentration: 10  mg/L; leonardite amount: 
1 g/L; H2O2 concentration: 50 µL/L; volume: 100 mL; reaction time: 
60 min)
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hydroxyl radical is produced. Thus, RR180 dye is hardly 
decomposed due to the absence of hydroxyl radical. The sig-
nificant decrease in treatment efficiency when Fe(0)-loaded 
leonardite was used is probably due to the decrease and pre-
cipitation of free iron species in the solution which obstruct 
the reaction between ferric ion and hydrogen peroxide. 
Subsequently, the regeneration of ferrous ion was inhibited. 
Moreover, Fe(OH)3 may form which is able to catalyze the 
decomposition of hydrogen peroxide to water and oxygen in 
which outcomes in low production of hydroxyl radical. On 
the other hand, the best treatment was achieved with Fe(II)-
loaded leonardite, where there is abundance of ferrous ion 
(Fe2+). The ionization conditions of the functional groups on 
both catalyst surface and dye molecule influence the degree 
of interaction between the dye and catalyst (Gusain et al. 
2020). The best dye removal at acidic pH can be explained 
by the good electrostatic interactions between the catalyst 
and the investigated adsorbate (RR180 dye). At acidic pH, 
more hydroxyl radicals are generated in Fenton oxidation 
reaction; as result, more dye removal occurs. At higher pH, 
iron hydroxides precipitation inhibits the ferrous ions regen-
eration leading hydroxyl groups (OH•) formation for further 
oxidation (El-Desoky et al. 2010; Raji et al. 2021).

Effect of catalyst amount

The effect of catalyst concentration was studied by vary-
ing the catalyst amount from 0.125 to 1.50 g/L, while 
other parameters were fixed, dye concentration: 10 mg/L; 
H2O2 concentration: 50 µL/L; sample volume of 100 mL; 
solution pH = 2 and reaction time 60 min. Figure 5 illus-
trates the RR180 color removal vs. different investigated 
catalysts’ dosages. The three studied Fenton reagents 
have shown a similar trend of dye removal in function of 
catalyst concentration. Relatively low treatment efficien-
cies were found at low catalyst dosage. Raw leonardite 
has shown the least effectiveness of RR180 color removal 
at the interval of (0.10–0.75 g/L), which only achieved 
34–70% of color removal. It was necessary to use up to 
1.5 g/L of raw leonardite material to achieve complete 
RR180 dye removal. In the other hand, both catalysts, 
Fe(II)-loaded leonardite and Fe(0)-loaded leonardite, 
showed similar dye removal efficiency against catalyst 
amount with a slight advantage of Fe(II)-loaded leonar-
dite. When catalyst amount was enhanced from 0.10 to 
0.25 g/L, color removal increased from 81 to 96% and 
from 83 to 99% for Fe(0)-loaded leonardite and Fe(II)-
loaded leonardite, respectively. This is explained by the 
increase of iron concentration leached in the aqueous solu-
tion resulting in oxidation effectiveness improvement and 
eventually better dye removal occurs (Yang et al. 2018). 
When the optimal catalyst amount was exceeded (more 

than 0.25 g/L), the oxidation activity of the catalyst did 
not improve as given by results represented in in Fig. 5. 
Similar results were obtained in previous studies (Bouras 
et al. 2017; Yang et al. 2018; Zhong et al. 2021).

Effect of H2O2 concentration

The main cost of Fenton reaction process is related to the 
cost of H2O2. Therefore, it is critical to optimize H2O2 
amount involved in the Fenton oxidation reaction (Kim 
et al. 2004). For optimum H2O2 concentration determi-
nation, experiments were conducted by varying H2O2 
concentrations from 10 to 50 µL/L, keeping the rest of 
parameters fixed at optimal values as determined in the 
above sections. The dye removal as a function of [H2O2] 
is presented in Fig. 6. The results indicated good removal 
of RR180 dye for all tested [H2O2]; however, the removal 
efficiency did not increase much with the increase in the 
H2O2 concentrations for the three tested materials. Then, it 
shows that the fractional degradations of RR180 dye were 
91%, 95%, and 100% at 10 µL/L of H2O2 concentration 
for raw leonardite, Fe(0)-loaded leonardite, and Fe(II)-
loaded leonardite, respectively. When H2O2 concentration 
was increased to 50 µL/L, all the tested catalyst resulted in 
a complete or nearly complete color removal. The lower 
performance of dye removal obtained with 10 µL/L H2O2 
indicates an insufficient amount of hydroxyl radicals for 
the treatment of 10-ppm RR180 dye concentration. Then, 
the stoichiometric weight ratio of H2O2 should be inves-
tigated according to the treated water pollutants content 
(Bautista et al. 2007; Baycan and Can 2019).

Fig. 5   The effect of catalyst amount on RR180 dye removal efficiency 
(experimental conditions: dye concentration: 10 mg/L; pH:2.0; H2O2 
concentration: 50 µL/L; volume: 100 mL; reaction time: 60 min)
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Effect of initial dye concentration

Figure 7 demonstrates the impact of the initial RR180 color 
concentration on Fenton oxidation reactions using the three 

tested materials at the following optimal experimental con-
ditions: amount of catalyst: 0.75 g/L for Fe(II) and Fe(0) 
loaded leonardite and 1.5 g/L for raw leonardite; solution 
pH: 2.0; amount of H2O2: 50 µL/L and reaction time of 
60 min. The following initial dye concentrations (10, 20, 
and 30 ppm) were investigated in this study. As can be 
noticed in Fig. 7, the dye removal trends have known two 
distinct behaviors, namely a rapid dye removal in the first 
5 min, followed by a slowing down of the removal rate in 
the rest of the reaction time. The fast adsorption rate dur-
ing the first 5 min of Fenton oxidation reaction indicates 
the significance of the specific surface on the adsorption 
process. The experimental results show that the removal 
efficiency of RR180 dye decreased with increasing initial 
dye concentration. The rate and the mechanism of a color 
removal are a function of dyes solubility and their chemi-
cal properties (Shen et  al. 2001). For example, RR180 
color removal when Fe(II)-loaded leonardite was used as 
catalyst (Fig. 7C) decreased from 100 to 81% when initial 
dye concentration was increased from 10 to 30 ppm. It can 
be attributed to the saturation of the available adsorption 
sites on the catalyst as the different dye aqueous solutions 
were subject to similar experimental conditions of catalyst 
amount, H202 concentration, pH, and reaction time. Pelosi 
et al. (2014) reported that the color removal performance 
declines with the increase of the initial dye concentration 
ending to the saturation at higher dye concentrations (Pelosi 

Fig. 6   The effect of H2O2 concentration on RR180 dye removal effi-
ciency (experimental conditions: dye concentration: 10  mg/L; leon-
ardite powder: 0.75  g/L for Fe(II) and Fe(0)-loaded leonardite and 
1.5  g/L for raw leonardite; pH:2.0; volume: 100  mL; reaction time: 
60 min)

Fig. 7   The effect of initial dye 
concentration on RR180 dye 
removal efficiency using A 
raw leonardite, B Fe(0)-loaded 
leonardite, and C Fe(II)-loaded 
leonardite (experimental 
conditions: leonardite powder: 
0.75 g/L for Fe(II) and Fe(0)-
loaded leonardite and 1.5 g/L 
for raw leonardite; pH: 2.0; 
H2O2 concentration: 50 µL/L; 
volume: 100 mL; reaction time: 
60 min)
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et al. 2014). Since all experiments for the same catalyst were 
performed at similar experimental conditions, the amount 
of catalyst and formed hydroxyl radicals was not enough 
to degrade greater amounts of RR180 color concentrations. 
Correspondingly, the number of active catalyst sites was not 
enough to adsorb higher quantity of dyes (Es’haghzade et al. 
2017; Hassani et al. 2018). In addition, the quantity of effec-
tive hydroxyl radicals can be reduced because of the adsorp-
tion of high concentrations of dye molecules onto the active 
sites of the catalyst (Acisli et al. 2017).

Reuse number

To test the stability and reusability of the three tested cata-
lysts, ten cycles were performed at optimal operating con-
ditions determined in this study for RR180 dye removal. 
After each cycle, the catalyst was separated and washed 
with deionized water for next cycle. Dye removal efficien-
cies of the ten cycles are shown in Fig. 8. For Fe(0)-loaded 
leonardite and Fe(II)-loaded leonardite, the color removal 
efficiency remained stable and the catalyst performance did 
not decrease for the first four cycles. Then, color removal 
decreased gradually from 100% to lower levels around 58% 
after ten cycles. However, the removal efficiency decreased 
from 82% to less than 10% using raw leonardite.

It was observed that the stability of iron loaded leonardite 
was higher than raw leonardite material. The reason might 
be explained since the active sites of the loaded iron species 
on leonardite were more open because of the agglomera-
tion prevention and color molecules could be adsorbed more 

easily to the open active sites. Hence, more dye molecules 
were adsorbed by open active areas and there were occupied 
during the next cycles. However, reusability of the catalyst 
for RR180 dye removal declined after four cycles because 
of the insufficient adsorption sites. Furthermore, iron leach-
ing could lead to a decrease in the removal performance by 
Fenton oxidation for the next cycles (Ramirez et al. 2007). 
As a conclusion, experiments showed the importance of 
iron-loaded leonardite to be used several times in Fenton 
oxidation for RR180 color removal. The results showed that 
iron leached into the solution was also insignificant which 
indicated that the iron was tightly adsorbed and loaded onto 
the loenardite surface.

Conclusion

In this research study, the activity of raw leonardite, Fe(0)-
loaded leonardite, and Fe(II)-loaded leonardite for RR180 
dye removal efficiencies was investigated by Fenton oxi-
dation treatment process. It was found that pH was a sig-
nificant parameter in Fenton oxidation. Acidic pH = 2 was 
more suitable for the color removal. Fe(II)-loaded leonardite 
as Fenton reagent was the most efficient in RR180 color 
removal. The molecular interactions between the reactive 
dye and the tested catalyst including the amount of reactive 
oxygen species involved in Fenton reaction were affected by 
solution pH. Only H2O2 concentration did not show much 
effect on color removal efficiency in the Fenton oxidation. 
However, its optimization is a must since it is a cost-effective 
parameter. At optimum experimental conditions, catalyst 
amount: 0.75 g/L for Fe(II) and Fe(0)-loaded leonardite and 
1.5 g/L for raw leonardite; dye concentration: 10 ppm; solu-
tion pH: 2.0; H2O2 concentration: 50 µL/L; volume: 100 mL 
and reaction time: 60 min, RR180 dye removal efficiencies 
were 91%, 100%, and 100% by raw leonardite, Fe(0)-loaded 
leonardite, and Fe(II)-loaded leonardite, respectively. The 
stability and reusability of the tested catalyst showed that 
both Fe(0)-loaded leonardite and Fe(II)-loaded leonardite 
can be used in Fenton reaction up to four cycles without 
decreasing their efficiency in RR180 color removal.

The results of this study confirmed the importance of iron 
loaded on leonardite which was low-cost and easily acces-
sible catalyst for textile dyes removal from aqueous solu-
tion by Fenton oxidation reaction. A technical and economic 
study might be suggested as a complementary and additional 
value to the current research.
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Fig. 8   Stability and reusability of raw leonardite, Fe(0)-loaded leon-
ardite, and Fe(II)-loaded leonardite for RR180 dye removal Fenton 
oxidation (experimental conditions: leonardite powder: 0.75  g/L for 
Fe(II) and Fe(0)-loaded leonardite and 1.5  g/L for raw leonardite; 
dye concentration: 10 ppm; solution pH: 2.0; H2O2 concentration: 50 
µL/L; volume: 100 mL; reaction time: 60 min)
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