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a b s t r a c t
The removal of Malachite Green (MG) dye from aqueous solutions was examined in this study using 
natural ground hematite (Fe2O3) particles in heterogeneous photo-Fenton process. Within this scope, 
a natural hematite sample was first ground by a high-energy planetary ball mill. Photo-catalytic 
activity of the produced ultrafine particles was then studied with various processing variables such 
as catalyst dosage, initial dye concentration, H2O2 concentration, reusability and initial pH. Prior to 
the experiments, the prepared catalyst was characterized in many ways by means of numerous ana-
lytical techniques and measurement methods. Elemental and mineralogical analyses confirmed high 
hematite inclusion with a very low amount of quartz. The surface area increased to 65.547 m2 g–1 as a 
result of the ball-milling process, pointing out improved catalytic property of the prepared sample. 
The experimental results indicated that the prepared catalyst provided a decolorization efficiency of 
97.90% for the optimum conditions of 0.50 g L–1 catalyst dosage, 10 mg L–1 initial MG concentration, 
15 mM H2O2 concentration and pH 11.0 at 120 min reaction time. Overall results suggested that, for 
the degradation of MG, natural ground hematite mineral can be effectively used as a heterogeneous 
catalyst in the photo-Fenton process due to the enhanced radiation scattering with respect to the 
classical process.
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1. Introduction

The discharge of industrial organic dyes into the receiv-
ing body such as rivers and lakes leads to some irretriev-
able harmful effects in surface and ground waters [1]. Many 
different approaches including ion exchange, adsorption, 
precipitation and coagulation–flocculation have been tried 
so far, but none of these have provided promising results 
in terms of efficiency, economic feasibility and environmen-
tal concerns [2]. Advanced oxidation processes (AOPs) such 
as photo-catalytic [3,4], sono-catalytic [5,6] and Fenton [7,8] 
have attracted great attention from scientific community, 
and they are considered as a viable option for dye removal 

due to their various advantageous properties. AOPs can 
effectively handle long-chain toxic compounds that are 
difficult to treat such as organic dyes. AOPs can degrade 
these compounds to various short-chain final products by 
means of HO• radicals generated [9–12]. In particular, het-
erogeneous photo-Fenton systems, one of the AOPs, are 
becoming increasingly important in this field [13,14]. In the 
presence of solid iron species and hydrogen peroxide under 
an irradiation source, reactive transient species, hydroxyl 
radicals, are generated in these processes. These radicals 
possess significant affinity for various kinds of refractory 
pollutants [15,16]. The main mechanism of the process 
can be expressed as follows [17–19]:
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As indicated from the above equations, hydroxyl radi-
cals can form by two ways in heterogeneous photo- Fenton 
process. In the first way, Fe3+ in the solution is reduced 
to Fe2+ under UV light, and hydroxyl radicals are formed 
which caused the degradation of dye. Secondly, Fe(II) 
reacts with H2O2 to form oxidized Fe(III) and additionally 
forms hydroxyl radicals depending on pH. In addition, 
Fe(III)–OH(s) represents a hydroxylated solid form of the 
ferric iron, which would occur at the interface with water 
in Eq. (2) [13,17]. In the solution, Fe(III) may be dissolved, 
may form solid species or may precipitate on the surface of 
the existing oxide. In the solution, since oxidized and super- 
oxidized forms of iron are transient species, the hydroxyl 
radicals produced in the reaction are non-quantitative and it 
is dependent on pH [20–22]. Hematite as an iron-based solid 
catalyst that allowed the collection of UV light in the pres-
ence of peroxide was used in this study. The photo- Fenton 
processes do not require the use of excessive amounts of 
dissolved iron, and also allow the catalyst to be easily sep-
arated and recovered from treated wastewaters [23–26]. 
In the present study, the degradation of Malachite Green 
(MG) dye was investigated using natural ground hematite 
particles prepared by a high-energy ball mill in the hetero-
geneous photo-Fenton process under ultraviolet (UV-A) 
irradiation. The effects of catalyst dosage, initial dye concen-
tration, peroxide concentration, reusability and pH on the 
decolorization efficiency were investigated in detail.

2. Experimental

2.1. Materials

The natural hematite sample was obtained from Karakaya 
Mineral Co., Turkey. MG dye was provided from Alvan Sabet 
Co., Iran. The main elemental composition of the natural 
hematite catalyst and the characteristics and chemical struc-
ture of MG are shown in Tables 1 and 2, respectively. Rest 
of the substances and reagents having analytical purity were 
provided from Merck Co., (Germany). Distilled water was 
used throughout the experiments.

2.2. Preparation of the Fe2O3 catalyst

The as-received hematite was first subjected to jaw 
and cone crushing. The crushed sample with top size of 
about 1 cm was then ground down to 100 µm by rod and 

ball milling. The grinding product was further ground for 
2 h at 900 rpm using a high energy planetary ball mill (LB 
200, Turkey). The final product, having an average size of 
1,000 nm, was stored in closed containers until its use in the 
experiments.

2.3. Characterization of the catalyst

The prepared catalyst was characterized in detail using 
various analyses and measurements. X-ray diffraction (XRD) 
patterns were recorded using a PANalytical Empyrean 
instrument (USA) with Cu-Kα radiation (40 kV, 30 mA, 
1.54051 Å) over 10°–70° at room temperature. The scanning 
rate of the instrument was kept constant as 2°min–1. Fourier 
transform infrared spectroscopy (FT-IR) analysis was car-
ried out with a Tensor 27, Bruker instrument (Germany) 
using the KBr pellet technique in 4,000–400 cm–1. Scanning 
electron microscopy (SEM) images and elemental inclu-
sions of the natural hematite catalyst were examined by 
a Zeiss Sigma 300 instrument associated with energy dis-
persive X-ray (EDX) spectroscopy (Germany). In addition 
to these analyses, specific surface area measurement was 
done by a Micromeritics 3 Flex instrument (USA) using 
nitrogen adsorption–desorption isotherms at –197.2°C with 
the relative pressure varying from 0 to 1. The measure-
ment was evaluated based on the Brunauer–Emmett–Teller 
(BET) and Barrett–Joyner–Halenda (BJH) methods. Particle 
size and its distribution were measured using a Zeta-sizer 
Nano ZSP.

2.4. Experimental setup and the procedure

Photo-Fenton experiments were conducted in a mag-
netically stirred quartz cylindrical reactor with the working 
volume of 500 mL. Magnetic stirring was used to achieve 
effective interaction between the catalyst and the dye. Outer 
surface of the reactor was completely covered with alumi-
num foil to obtain the maximum efficiency from the UV 
source. The experimental setup used is illustrated in Fig. 1. 
16 W UV-A (Sylvania, Japan) was used as the UV irradia-
tion source. Batch studies were carried out with the constant 
MG solution of 500 mL to determine the effects of vari-
ous processing variables, catalyst dosage (0.20–0.60 g L–1), 
peroxide concentration (0–25 mM), initial MG concentration 
(10–50 mg L–1) and pH (3–11), on the decolorization efficiency 
of MG. The pH value was adjusted by adding 0.1 M H2SO4 
or NaOH solution using a pH meter.

Experimental procedure started with the addition of 
certain amount of the prepared catalyst and H2O2 in the 
predetermined concentration of MG solution that was for-
merly poured into the reactor.

Table 1
Main elemental composition, zeta potential and conductivity of the sample

Element O Mg Ca Si Mn Fe

Weight (%) 31.49 1.19 2.57 3.36 0.83 60.57
T°C ZP mV Mob µm cm Vs–1 Cond mS cm–1 Quality factor
25 –9.25 –0.725 0.0191 2.71
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The suspension was then agitated in dark for 20 min 
to reach the equilibrium. Afterward, the UV-A lamp was 
placed into the reactor and turned on. In addition, the tests 
conducted without UV irradiation were also performed in 
covered beakers to ensure similar processing conditions 
with the photo-Fenton experiments. At the predetermined 
time intervals, approximately 3 mL solution was taken and 
then centrifuged at 5,000 rpm for 4 min. In order to stop 
the Fenton reactions in the filtrate, 0.5 mL methanol was 
added into the solution. The remaining MG concentration 
was finally measured using an Optizen Pop UV–Vis spec-
trophotometer. The removal efficiency (RE, %) of MG was 
calculated from the below equation:

RE %� � � ��

�
�

�

�
� �

C C
C

t0

0

100  (3)

where C0 is the initial dye concentration and Ct is the MG 
concentration at time t.

Adsorption experiments were performed using tempera-
ture-controlled thermostatic shaker (VWR, Belgium) with-
out UV radiation. Point of zero charge (pHpzc) of the natural 

hematite particles was determined based on the method 
suggested by Bessekhouad et al. [27] with some minor mod-
ifications. According to this method, a total of 10 separate 
NaCl solutions (0.01 M 50 mL) were first prepared, and the 
pH values were adjusted from 3 to 11 with HCl and NaOH 
solutions. 0.2 g hematite was then added to each solution 
which was then stirred at 150 rpm for 48 h in a thermostatic 
shaker (VWR, Belgium). At the end of the residence time, 
the final pH values of each solution were measured, and the 
difference between the initial and final pH values (ΔpH) was 
plotted against initial pH values. The point at which ΔpH 
was equal to zero is the pHpzc.

3. Results and discussion

3.1. Characterization of natural Fe2O3 catalyst

Fig. 2 shows XRD patterns of the hematite sample. 
Acc ording to the XRD analysis, the crystallinity and the 
peaks correspond to the rhombohedral phase of hematite 
[28]. The peaks at 2θ values of 24.2°, 33.1°, 35.7°, 40.8°, 49.5°, 
54.0°, 57.5°, 62.7° and 64.1° were indexed as the respective 
diffractions of 012, 104, 110, 113, 024, 116, 018, 214 and 030, 
which were attributed to standard diffraction spectrum of 
hematite (These index hkl based on ICSD no. 201096) [29].

FT-IR spectra of the hematite sample are shown in Fig. 3. 
As seen from this figure, the IR absorption bands can be 
characterized by the sharp peaks of 430 and 530 cm–1, which 
are resulted from the Fe–O stretching vibrations [30,31]. 
The peak at about 1,040 cm–1 is resulted from silica stretch-
ing modes as Si–OH and Si–O–Si groups [31]. The first broad 
peak at about 3,200 cm–1 is assigned to OH stretching mode 
group. These peaks, which reflect the water content in a 
structure, are due to iron hydroxides of the sample [31,32]. 
The sharp peak observed between 1,600 and 1,300 cm–1 can 
be attributed to the C=O asymmetric and symmetric bend-
ing vibration of carbonyl groups [33].

3.2. Morphological and particle size distribution analyses

SEM images of the prepared natural hematite particles 
are shown in Fig. 4. As seen from the SEM micrographs, 
particles are predominantly agglomerated and have partially 
rough surfaces. As can be seen from the results of the BET 
analysis in Table 3, the porosity is caused by the formation 
of inter-particle spaces [19]. The SEM images also indicate 
that the particles are not uniform in both shape and size. 
As displayed in the nanoscale SEM images and in the parti-
cle size distribution analysis (Fig. 5), the prepared catalyst is 

Table 2
Chemical structure and basic characteristics of MG

C.I. name Chemical formula Chemical structure MW (g mol–1) λmax (nm)

Malachite Green C23H25ClN2 364.917 618

 

Fig. 1. Experimental setup used for photo-Fenton process.
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generally composed of particles with sizes of approximately 
1,000 nm. These results are also supported by the results 
of particle size distribution, which are reported in Table 3. 
EDX spectra of the sample can be seen from Fig. 6. According 
to the EDX analysis, the particles contain mainly Fe and O 
elements. Since the cumulative weight percentages of these 
two elements are more than 92%, the sample used can be 
considered as quite pure.

3.3. Surface area and pore size analysis

In this stage, total pore volume of the sample was mea-
sured for the single point P/P0 value of 0.950, and the pore 
size distribution was determined by the Barrett–Joyner–
Halenda (BJH) method. The hematite samples were degassed 

for 15 h at 100°C before the measurements. As seen from 
Table 3, the obtained results indicated that hematite sample 
is mesoporous, which may be the reason for its high catalytic 
activity [34].

Fig. 7 shows the N2 adsorption/desorption BET isotherm 
of the prepared catalyst. Based on the IUPAC classification, 
the isotherm results exhibit a type-IV isotherm and H3 hys-
teresis loop for the P/P0 value of 1.0. The Type H3 loop has 
mainly two characteristic features:

• It has an adsorption branch, which resembles type II 
isotherm.

• It has the lower limit of desorption branch, which is 
located in the P/P0 caused by cavitation-induced.

This type of loops is resulted from either non-rigid aggre-
gates of flat-shaped particles or macro pores which partially 
contribute pore density [35]. These results point out that the 
catalyst has the macro porosity-scale pores. Fig. 8 exhibits 
the pore size distribution of the prepared sample, indicating 
that the pore volume was mainly distributed in the particles 
finer than 10 nm.

3.4. Effect of operational parameters on the photo-Fenton process

3.4.1. Catalyst dosage

The amount of catalyst has generally significant effect 
on photo-Fenton processes. For this reason, hematite dos-
ages varying from 0.20 to 0.60 g L–1 were tested to determine 
its optimum. Fig. 9 illustrates the effect of hematite catalyst 
dosages on the decolorization efficiency of MG. According 
to Fig. 9b, for the residence time of 120 min, with increasing 
natural hematite particle dosage from 0.20 to 0.60 g L–1, the 
decolorization efficiency increased from 81.40% to 96.34%, 
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respectively. As the dosage of the natural hematite catalyst 
increases, the formation of hydroxyl free radical required 
for catalytic degradation of the target organic pollutant 
increases due to the increased number of active reaction 
sites [36,37].

However, although the amount of catalyst increased 
from 0.50 to 0.60 g L–1, there was no significant increase in 
the decolorization efficiency of the dye. This is due to the 
fact that when the amount of natural hematite particles 
exceeds a certain level of saturation stage, the light effect of 
the photon decreases radially. This situation probably cre-
ates a light scanning effect that leads to a reduction in the 
surface area exposed to excessive photocatalyst irradiation 
[38,39]. In such processes, the increase in the amount of 
catalyst can sometimes reduce the decolorization efficiency 

or cause an insignificant increase. This is due to the reduced 
amount of free radical due to the scavenging potential of 
iron ions [36]. In addition, an excess amount of catalyst can 
lead to increased turbidity of the solution, which reduces 
the reaction of photo-Fenton [40].

3.4.2. Initial dye concentration

Degradation performance largely depends on chemical 
structure and concentration of target compound, and other 

(a) (b)

(d)(c)

Fig. 4. SEM micrographs of the natural hematite particles.

Table 3
Results of the surface area measurements

Parameter Values

BET surface area (m2 g–1) 65.547
BJH cumulative surface area (m2 g–1) 40.094
Total pore volume (cm3 g–1) 0.070
Average pore width (nm) 4.261
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Fig. 5. EDX spectra of natural hematite particle samples.
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existing substances in solution [39]. Some compounds such 
as 4-chlorophenol need a longer reaction time due to the 
complexity of its intermediate products with respect to 
oxalic acid, which is directly mineralized to carbon dioxide 

and water [41]. Fig. 10 shows variability of the decoloriza-
tion efficiency with MG concentrations ranging from 10 to 
50 mg L–1. As revealed in Fig. 10b, when the dye concen-
tration decreased from 50 to 10 mg L–1, the decolorization 
efficiency increased from 53.29% up to 94.62% for 120 min, 
respectively. This is most probably resulted from the insuf-
ficient hydroxyl free radicals to decompose high MG con-
centrations under the constant values of the operational 
parameters. The increased dye concentration can also sat-
urate the particle surface of the natural hematite catalyst, 
and therefore it can lead to a reduction in the photonic 
efficiency and result in deactivation [42]. In addition, if the 
more effective the pollutant adheres to the catalyst surface, 
the easier its removal from the solution. Hence, functional 
groups of pollutants are highly important in photo-catalytic 
degradation [43].

3.4.3. Kinetics of the degradation process

In this stage, the kinetic studies were conducted using 
the Langmuir–Hinshelwood (LH) model, which is one of the 
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most commonly used approaches for the characterization of 
heterogeneous catalytic processes [17]. The equations used to 
build this model are as follows [44]:

r dC
dt

k KC
KC
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where kr is the reaction rate constant (mg L–1 min–1), t refers 
to the irradiation time (min), C0 and C indicate the respective 

dye concentrations at initial and a specific time (mg L–1), 
K represents the equilibrium constant (L mg–1) and kapp is the 
pseudo-first-order rate constant (min–1).

When ln(C0/C) is plotted against time, it gives a straight 
line with the high correlation efficiency (R2 > 0.99) illustrated 
in Fig. 11, which confirms the suitability of the model for the 
obtained test results [45]. The reaction rate constants (kapp) 
decreased with the increasing dye concentrations. In partic-
ular, the rate constants of 0.0193, 0.010, 0.0086, 0.0077 and 
0.0068 min–1 were obtained for the sequential MG concen-
trations of 10, 20, 30, 40 and 50 mg L–1. In addition, when 
initial concentration was plotted against 1/kapp, the reaction 
rate constant (kr) and the adsorption equilibrium constant 
(K) were found as 0.45177 mg L–1 min–1 and 0.0522 L mg–1, 
respectively. The high regression coefficient (0.9232) obtained 
also supports the suitability of the Langmuir–Hinshelwood 
kinetic model.
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3.4.4. Effect of initial pH

The initial pH is an important parameter since it influ-
ences precipitation of the iron oxides present in the catalyst and 
changes the surface properties of the catalyst. In addition, 
pH determines the ligands of dissolved iron complexes which 
affect the light absorbance property [40]. The experiments 
were carried out with 0.50 g L–1 catalyst dosage, 15 mM 
H2O2 concentration and 50 ppm initial MG concentration. 
As clearly seen from Fig. 12, the decolorization efficiencies 
of 23.64%, 81.37%, 84.47%, 88.74%, 81.66% and 97.90% were 
obtained for the respective pH values of 3, 4, 5, 7, 9 and 11 
for the elapsed time of 120 min. The decolorization efficiency 
depends on the pH of the media in the photo-Fenton-like 
processes. As seen in Fig. 13, the zero point charge (pHpzc) 
of the natural hematite was found to be around 8.0–9.0. This 
is meaning that the catalyst surface is positively charged 
below the pH of 8.0–9.0 whereas it is negative above the 
pHpzc.

As seen in Fig. 13, for pH values lower than 8.0, the hema-
tite catalyst surface charge is positively charged, causing a 
reduction in the adsorption efficiency due to the electrostatic 
repulsion [46]. As shown in Fig. 13, the low decolorization 
efficiency of MG at pH value of 3.0 may be attributed to 
the scavenging effect of hydrogen ions at strongly acidic 
conditions as shown in Eq. (7) [47] as follows:

OH e H H O� �� � � 2  (7)

In contrast, a significant increase in the adsorption of 
cationic MG was observed due to the negative surface of the 
catalyst at high pH. For example, the increase in decolori-
zation efficiency at pH of 11 can be attributed to the enhance-
ment in adsorption of cationic MG dye molecules by 
the combination of electrostatic interactions and hydrogen 
bonding through strongest interaction.

Similar results have also been reported by Öztürk and 
Malkoc [48]. Moreover, the increment of adsorption capacity 
at pH higher than 9.0 would probably be due to the alka-
line fading of MG for that MG turns into a carbinol base at 
a basic pH [49].

As a result, at high pH, due to the reduction of Fe(3+) 
ion concentration and increased Fe(OH)3 in the solution, 
the decolorization efficiency of MG is expected to decrease; 
whereas the opposite situation can be attributed to both the 
effective adsorption process and color fading. The decol-
orization efficiency of cationic MG dye demonstrates that 
it strongly depends on pH of the solution and the point of 
zero charges (pHpzc) of the catalyst.

3.4.5. Effect of H2O2 concentration

Since hydrogen peroxide is particularly important in 
the generation of hydroxyl radicals, it was evaluated as 
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an indispensable parameter for Fenton processes. For this 
reason, the effect of peroxide concentration (0–25 mM) was 
tested as a function varying processing time up to 120 min 
for the hematite catalyst dosage of 0.50 g L–1, initial MG 
concentration of 10 mg L–1 and natural pH of 9.30 to deter-
mine its optimum value.

As seen from Fig. 14b, the decolorization efficiency 
values of 45.38%, 74.57%, 83.47%, 94.62%, 85.90% and 90.46 
% were obtained for the respective peroxide concentrations 
of 0, 5, 10, 15, 20 and 25 mM at reaction time of 120 min. 
Based on these results, peroxide concentration of 15 mM 
was selected as the optimal value for performing photo- 
Fenton process over natural hematite catalyst. As can be 
clearly seen from Fig. 14b, H2O2 addition from 0 to 15 mM 
resulted in the increase of MG decolorization efficiency 
from 45.38% to 94.62% within 120 min. Possible explanation 
for this improvement is the generation of higher amounts 
of radicals by decomposition of H2O2 in magnetite pres-
ence [33,50]. Hydrogen peroxide molecules in the media 
act as a source for the generation of hydroxyl radicals by 
the dissociation of water molecules; thus, the increase in the 
concentration of H2O2 increases the production of hydroxyl 
radicals [36]. However, an increase higher than optimum 
value can slow the degradation process. The main reason 
is that the excessive amount of H2O2 can act as scavenging 
compound for hydroxyl free radicals by producing H2O2 
that is less active than the hydroxyl radical [36,51]. Thus, 
excessive amounts of H2O2 in the solution react with OH• 
resulting in the generation of weak OOH• radicals as repre-
sented in Eqs. (8) and (9) [36,45].

H O OH H O OOH2 2 2� � �� �  (8)

2 2 2 2OOH H O O� � �  (9)

So, in the present study, 15 mM of hydrogen peroxide 
can efficiently assist the photo-Fenton process to degrade 
10 mg L–1 of MG in the presence of 0.50 g L–1 of the natural 
hematite catalyst.

3.4.6. Single effect of each component

The efficiencies of various processes involved in the 
removal of MG through the photo-Fenton process cata-
lyzed by natural hematite were compared, and the obtained 
results are given in Fig. 15. As shown, the degradation of MG 
solution was insignificant in the dark within an elapsed time 
of 120 min. Generally, photonic process alone is not efficient 
enough to degrade organic compounds in the solution. As 
shown in Fig. 15, the decolorization efficiency of MG for 
50 mg L–1 solution was determined as 0.77% in the presence 
of only UV irradiation at 120 min. This effect increased by 
3.75% with the addition of peroxide. From the data obtained, 
it was observed that the adsorption of Mg was quite high on 
the natural hematite catalyst. This value was determined as 
54.78% for 300 min and 18.81% for 120 min. When the per-
oxide is added to the solution containing the catalyst, the 
decolorization efficiency of Mg significantly increased and 
when the time increased from 120 to 300 min, the decolor-
ization rate reached from 53.29% to 88.40%.

However, the photo-Fenton process, formed by means of 
inserting UV-light to the process, provided a great MG dete-
rioration in a very short time. Naturally, the photo- Fenton 
reactions were originated from the light absorptions by 
hematite or dye.

The excited hematite or dye produced electron in con-
duction band, which was then absorbed by H2O2 to produce 
HO• radical [52,53]. Alternatively, the photo-generated elec-
tron was trapped by Fe3+ to form Fe2+, which reacted with 
H2O2 (similar to Fenton reaction) to produce HO• radicals 
based on Eqs. (10)–(16) [54–56].

dye hv dye� � *  (10)

dye Fe dye Fe* *� � �� �3 2  (11)

Fe O hv Fe O heCB VB2 3 2 3� � �� ��  (12)

H O e OH OHCB2 2 � � �� �  (13)

Or,

Fe e FeCB
3 2� �� �  (14)

Fe H O Fe OH OH2
2 2

3� � � �� � � �  (15)

OH dye CO H O� � � �2 2  (16)
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Fig. 14. Effect of H2O2 concentration on the degradation efficiency 
of MG (a) as a function of time and (b) for 120 min. Experimental 
conditions: catalyst dosage = 0.50 g L–1, [MG]0 = 10 mg L–1 and 
natural pH: 9.30, temperature: 20°C.
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As a result, the photo-Fenton process, which is the pro-
cess of combining the light effect with the produced hydroxyl 
radicals, has shown a very good decolorization efficiency 
compared with other processes.

3.4.7. Reusability of the catalyst

From a practical point of view, the most important 
properties of catalyst is its long-term reusability. Therefore, 
reusability of the catalyst was also examined by three 

consecutive cycles. The operational parameters were kept 
the same with the previous stage. After each cycle, the used 
catalyst was separated from the solution, washed with dis-
tilled water and dried for the next run. The decolorization 
efficiency of MG obtained for these three successive tests are 
demonstrated in Fig. 16. As seen from this figure, the effi-
ciency reduced from 94.62% to 63.93% after three consecutive 
cycles, corresponding to only 51.16% decline in the efficiency. 
In addition, at the end of 18 h, the decolorization efficiency 
was found to have an approach of 98% at all three cycles. 
This result points out the reusability of the natural hematite 
particles as catalyst from aqueous solution.

4. Conclusion

In this study, natural hematite particles were used as 
heterogeneous catalyst in photo-Fenton process for the deg-
radation of MG dye from aqueous solutions. XRD, FT-IR, 
SEM and EDX analyses confirmed the favorable structure of 
the prepared natural hematite as a catalyst. The experimental 
results conclude that:

• Natural hematite particles can effectively degrade MG 
dye by the photo-Fenton process.

• The photo-Fenton process provided the highest removal 
efficiency, 94.73%, among the various processes tested.

• The optimum values of catalyst dosage, peroxide concen-
tration and initial dye concentration were sequentially 
found as 0.25 g L–1, 15 mM and 10 mg L–1.

• Excessive dosage of the catalyst reduced the decoloriza-
tion efficiency of MG dye.

• High amount of peroxide usage caused a substantial 
decrease in the efficiency.

• The decolorization efficiency of MG at high pH was 
found to be much more effective than low pH. For exam-
ple, when the pH of the solution decreased from 11 to 3, 
the decolorization effect of MG increased from 23.64% to 
97.90%.

In conclusion, the natural hematite can be effectively 
used as heterogeneous catalyst in photo-Fenton process for 
the purification of water contaminated by MG dye.
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