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Abstract. Copper-doped hematite (Cu-doped a-Fe,O3) nanoparticles have been synthesized by
the impregnation method using iron ore as the hematite source. The structural and
morphological properties of the prepared samples were studied using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and nitrogen adsorption-desorption. The XRD results
showed that the hematite extracted from iron ore was in the hematite phase. The average
crystallite size of copper-doped hematite was slightly smaller than that of hematite. The
copper-doped hematite nanoparticles exhibited high photocatalytic activity on degradation of
indigo carmine (IC) dye with the degradation percentage of 98.21 % and 99.78%, respectively
under UV and solar light irradiation. The highest photocatalytic activity was obtained at the
experimental condition namely initial pH of IC solution 1.0, photocatalyst mass of 400 mg,
initial concentration dye solution of 15 mg/L, and 90 minutes of irradiation times. The copper-
doped hematite nanoparticles could also remove dyes found in batik wastewater with a
percentage of the degradation up to 77.56 % and 97.83% under UV and solar light irradiation,
respectively.
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1. Introduction

Hematite (a-Fe,O3) is a promising semiconductor that can be used as photocatalyst because of the
narrow bandgap (1.9-2.2 eV), chemical stability, the abundance, and low cost. Moreover, hematite
collects up to 40% of the energy of solar spectrum, absorbs light up to 600 nm, and is stable in
aqueous solutions [1-3]. However, the application of hematite has been limited due to the poor
absorptivity, poor conductivity, rapid electron, and hole recombination after the photo-excitation of
hematite [4-6]. These disadvantages could be overcome by controlled morphological synthesis of -
Fe>03, surface modification, the formation of composites, and/or by doping of a-Fe,Os with transition
metal ions [7-8]. The structural properties of hematite are affected by the degree of crystallinity [9],
particle size [10-11], and doping [12]. Doping of metal ion strongly influences the morphology,
chemical reactivity, particle size, and redox behavior of Fe.Os. Therefore, the doping process can
provide a desirable photocatalytic activity for Fe;Os.
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Some transitions of metal ion doping photocatalyst have been reported including cobalt-doped
Fe,Os photocatalyst prepared by coprecipitation method that has been studied for degradation of
pararosaniline dye [13]. Gallium-doped a-Fe,Os with enhanced photocatalytic removal efficiency of
methyl orange prepared by coprecipitation method also has been reported [14]. The purpose of this
work was to synthesize 8% copper-doped hematite nanoparticles using impregnation method and
study the physicochemical properties. The hematite nanoparticles were prepared from iron ore by a co-
precipitation method using ammonium hydroxide and doping with copper ion by the impregnation
method. The photocatalytic activity of copper-doped hematite was studied on photodegradation of
indigo carmine (IC) dye that has been widely used in the textile industry. The initial pH of IC dye
solution, photocatalyst mass, and initial concentration of IC effect on the photodegradation efficiency
were also evaluated to set up the optimal working conditions of copper-doped hematite. The results
were compared with those obtained using undoped hematite.

2. Methods

2.1. Preparation of Copper-doped Hematite

Iron ore found in Aceh Besar district, Aceh province, Indonesia was ground to reduce the particle size
in a ball mill (Planetary mill, Fritch, P6) for 2 hours. Fine powder of iron ore was manually separated
using a magnetic bar and sieved with a 150-mesh standard sieve. Iron compounds of iron ore were
dissolved in 100 ml of 6 M HCI solution and heated at 80 °C for 2 hours. After filtering the mixture,
NH4OH was added to the filtrate solution until the pH reaches ~6 at which the iron (III) hydroxide
precipitate was formed. The precipitated was filtered, washed, followed by drying at 100 °C and fired
at 700 °C for 5 hours at which transformed into hematite (a-Fe;Os3). Copper doped hematite was
prepared by impregnating hematite with copper nitrate three hydrate solution (Cu(NOs3):-3H>0),
concentration such that solids containing 8% copper was obtained. The mixture was stirred for 30
minutes and heated at 80 °C. The product obtained was dried at 100 °C for 5 hours, followed by
calcination at 700 °C for 5 hours.

2.2. Characterization of Cu-doped Hematite
The crystallographic structure and phase identification of samples were determined using powder X-
ray diffractometer (Shimadzu, XRD D6000), equipped with Cu-Ka radiation (40 kV, 30 mA), a scan
speed 10° min' and a monochromator at a 20 angle 10° to 80°. The Debye-Scherer’s formula
(Equation 1) was used to calculate the average crystallite sizes of materials (D), where D is the
average crystallite size, k = 0.9 (Scherrer’s constant), A = 1.5405 A, is the wavelength of X-ray
diffraction radiation, 0 is the Bragg’s angle and FWHM is the full width at half maximum observed
from XRD pattern [15].
p-— % __ &)
FWHM cosé

Scanning electron microscopy (SEM; model JSM6510LV) was used to investigate the morphology
of the synthesized samples at an accelerating voltage of 15 kV. The average pore radius and specific
surface area of samples were determined using a Quantachrome Nova 3200E instrument utilizing the
Brunauer-Emmet-Teller (BET) method. The sample tubes were loaded with 0.1 —0.15 g of undoped or
copper doped hematite samples, then degassed in a nitrogen flow.

2.3. Photocatalytic evaluation of Cu-doped Hematite

The photocatalytic activity of Cu-doped hematite was evaluated by photodegradation experiments
using indigo carmine (IC) dye under UV irradiation conditions. The experiments were conducted at
room temperature on the different initial pH of the dye solution, photocatalyst mass, initial
concentration of IC solution and irradiation times. Hydrochloric acid or sodium hydroxide solution
was added to the IC solution to adjust the pH at the desired value measured using a pH meter
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(HANNA instruments pHep). In each experiment, a certain amount of photocatalyst and 25 mL of IC
solution with the definite concentration were put into a Pyrex glass vessel. The suspension was stirred
for 30 min in the dark to establish the adsorption-desorption equilibrium between the photocatalyst
and IC, then irradiated under UV light (6 W UV lamp, A= 365 nm) which was placed 10 cm from the
Pyrex glass vessel. A certain quantity of the IC suspension was taken at regular intervals during the
irradiation period and centrifuged at 4000 rpm for 10 minutes. The residual IC dye in the solution was
analyzed at Amx of 610 nm by using a UV-Vis spectrophotometer (Shimadzu UV mini 1240). The
percentage of IC degradation (%D) was determined by using the formula of Equation (2).

(Co 'Ct )
IC Removal % = S x100% ()
(o]
where C, and C; are the initial concentration of IC and concentration of IC after irradiation time (t),
respectively.

3. Results and Discussion

3.1. Characterization
Figure 1 shows XRD patterns of iron ore, undoped and 8% Cu-doped hematite nanoparticles. The
diffraction peaks in iron ore corresponding to (211), (310), (311), (400), (421), and (533) planes
indicated the presence of magnetite (Fe3O4) (Figure 1a.) according to JCPDS card no. 96-900-2317.
Iron ore also contains quartz (SiO,) and TiO.. On the other hand, according to JCPDS card no. 96-
900-9783, the diffraction peak in Figure 1b corresponded to the (110), (211), (101), (210), (202),
(312), (310), and (211) reflection planes of hematite (a-Fe.O3). No peaks corresponding to copper
oxides or copper metal that could be observed when copper was added to hematite nanoparticles
exhibiting that copper had been successfully incorporated into the hematite lattice. Figure 1 also shows
that the XRD patterns of undoped and copper-doped hematite almost similar suggested that
incorporation of copper did not change the hematite structure. Copper doping caused the right shift in
the XRD peaks position of hematite compared with undoped hematite. This observation has a good
agreement with previously reported research [16-17]. Copper ion could easily substitute Fe site in
Fe,O; crystal lattice because the ionic radius of Cu** ion (0.073 nm) was slightly higher than that of
the Fe** ion (0.065 nm). The average crystallite size of materials determined using Debye-Scherer’s
formula indicated that the crystallite size of Cu-doped hematite (36.16 nm) was slightly smaller in
comparison with undoped hematite (36.52 nm). The crystallite size calculation was performed by
measuring full-width at the half-maximum of the diffraction peaks at 20 = 33.15°, 35.62°, and 54.08°.
SEM photographs of materials presented in Figure 2 showed that the iron ore particle had irregular
and layered shape. The hematite (a-Fe;Os) of iron ore had two different shapes including spherical
and rod-like particle (Figure 2b). The spherical shape particle had a larger size than that of rod-like
shape. SEM photograph of copper-doped hematite showed no rod-like shape particle observed (Figure
2¢). In addition, the spherical shape of copper-doped hematite had smaller and uniform particle size
than that of hematite. Figure 2¢ also shows the agglomeration of Cu-doped hematite particles. This
observation is in accordance with the previously reported study [13].
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Figure 1. XRD patterns for (a) Iron ore (b) undoped and (c) Cu-doped hematite nanoparticles

The nitrogen sorption isotherm of the materials was measured to obtain the specific surface area
and the average of pore radius. As calculated by BET equation, the particular surface area of Cu-doped
hematite was 7.78 m’g™!, while the undoped hematite was 5.64 m?g’!. The high surface area of Cu-
doped hematite contributed to enhancing the adsorption of dye molecule on the surface of the
photocatalyst. The adsorption process is an essential step on photocatalysis in the enhancement of
photocatalytic activity [18]. The addition of copper ion slightly decreased the average pore radius of
hematite from 3.05 nm to 2.58 nm. This observation was in in line with the crystallite size based on
the XRD data.
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3.2. Photocatalytic Activity

The photocatalytic activity of the Cu-doped hematite nanoparticles was investigated on the
photodegradation of IC dye under UV irradiation. Figure 3 shows the effect of the initial pH of IC
solution on its photodegradation. The initial pH of the IC solution was adjusted from 1 to 5; the initial
IC concentration was set to 15 mg/L and the photocatalyst mass was 300 mg. The results showed an
increase in photodegradation efficiency at lower pH and the highest photodegradation efficiency was
achieved at pH = 1. This observation corresponded the previously reported that the maximum
photodegradation of IC dye over MnO; occurred at pH = 2 [19] and the presence of a-ZrP occurred at
pH =3 [20].

The pH of the reaction medium affects not only the characteristics of the photocatalyst surface but
also the organic dye molecules [21]. In acidic pH environment, indigo carmine as an anionic dye could
be easily adsorbed on the positively charge of the surface of a-Fe,Os through the negatively charged
(SOs" group) on the IC molecule [22]. The increase in IC molecule on the photocatalyst surface led to
increase the photodegradation of IC. It has been suggested that the process of dye adsorption on the
surface of photocatalyst is a key factor in photodegradation [23]. The more the molecules were
adsorbed, the more the number of IC molecule would react with an electron, hole, *OH, or O, in
photocatalysis. On the other hand, the adsorption decreased at higher pH values because of the
repulsion between the negatively charged surface of hematite and anionic dye molecules as a result of
the photodegradation efficiency of the IC declined.
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Figure 3. Photodegradation of IC over Cu-doped hematite. The initial IC concentration and
photocatalyst masses are 15 mg/L and 300 mg, respectively.

The effect of photocatalyst mass on the photodegradation of IC dye was studied with different Cu-
doped hematite mass ranging from 200 to 400 mg on the initial pH of the IC solution which was 1
(Figure 4). The results showed that photodegradation efficiency of the IC increased with the increase in
mass of photocatalyst, which confirmed that more active sites led to the production of more reactive
radicals (-HO®, O,"), which in turn caused to higher rates of IC photodegradation [24]. The maximum
photodegradation efficiency of IC (98.41 %)occurred on the maximum photocatalyst mass used in this
report. Therefore, the photocatalyst mass used on the further photodegradation evaluation was performed
by using 400 mg of the photocatalyst.
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Figure 4. Photodegradation of IC over Cu-doped hematite. Initial IC concentration is 15 mg/L, initial
pH of IC solution is 1
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Figure 5. Photodegradation of IC over Cu-doped hematite. Initial pH of IC solution is 1 and
photocatalyst mass is 400 mg

Figure 5 shows the influence of the initial concentration of IC solution on its photodegradation over
Cu-doped hematite nanoparticles. Five different IC concentrations were used to evaluate the impact of
the initial concentration of IC on the photodegradation while keeping constant the photocatalyst mass
(400 mg). The results revealed that the photodegradation rate of IC with the initial concentration of 5
mg/L tol5 mg/L was almost the same. Increasing the initial IC concentration to 20 and 25 mg/L
caused the decrease in the photodegradation rate. This observation can be explained because the
higher the IC concentration, the more IC molecules can react with the active site (holes, electrons or -
OH®) on photocatalyst surface after being irradiated by UV light. However, at the higher IC
concentration, the dye molecules prevented the UV light to reach the surface of the photocatalyst,
hence decreasing the generation of electrons and holes leading to less production of reactive —-HO® on
the photocatalyst surface [25-26], and lower extents of photodegradation.

Figure 6 shows the photodegradation of IC dye over different photocatalysts under UV or solar
light irradiation for 90 minutes at optimum conditions (pH = 1, photocatalyst mass = 400 mg). It is
evident that the doping copper ion into the crystal lattice of hematite could enhance the photocatalytic
activity of hematite. The increase in photocatalytic activity of Cu-doped hematite can be arisen by the
decrease in electron-hole pair recombination rate due to the copper impurity energy level which traps
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electrons [27]. In addition, the specific surface area of Cu-doped hematite was higher than that of
undoped hematite; as a result, the active surface available for chemical reaction increased [8]. Cu-
doped hematite has high photocatalytic activity both under UV and solar light irradiation.

Figure 6 also exhibits that Cu-doped hematite is an excellent adsorbent which could remove IC up
to 89.21 %. Since hematite has been widely considered as a photocatalyst, the experiment also
conducted using hematite extracted from iron ore. The result showed that hematite had a higher
photocatalytic activity under solar light compared with UV light irradiation but the photocatalytic
activity was still lower than Cu-doped hematite. This case was probably becausethe photon energy of
the UV light used in this report (at A = 365 nm and 6 W) was less than that of solar light that contained
UV A (400-320 nm), UV B (320-290 nm), and UV C (290-200 nm) [28]. The degradation of IC itself
under UV and solar light could achieve 2.60 % and 10.09 % within 90 min, respectively.
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Figure 6. Photodegradation of IC in the presence of different photocatalysts under irradiation with
UV and solar light. The initial pH of IC solution is 1, the initial IC concentration is 15 mg/L, and the
photocatalyst mass is 400 mg

The photocatalytic activity of Cu-doped hematite was also evaluated on the photodegradation of
dyes found in batik wastewater. The results showed that dyes in batik wastewater could remove up to
77.56 % and 97.83 % under UV and solar light irradiation, respectively.

4. Conclusion

In this study, Cu-doped hematite nanoparticle was prepared using an impregnation method and its
characteristics and photocatalytic activity were investigated. The crystallite size of Cu-doped hematite
was slightly smaller than that of undoped hematite. According to the nitrogen adsorption-desorption
results, the specific surface area of Cu-doped hematite was higher than that of undoped hematite. The
photocatalytic testing confirmed the role of copper ion doping on hematite. Photodegradation
investigation showed that Cu-doped hematite had the highest photocatalytic activity on the experiment
conditions: the initial pH of IC solution was 1.0; the photocatalyst mass was 400 mg; the initial
concentration of IC 15 mg/L and 90 minutes irradiation times both under UV and solar light. Cu-
doped hematite nanoparticles could also remove the dyes found in batik wastewater with a percentage
of degradation up to 77.56 and 97.83% under UV and solar light irradiation, respectively.
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