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a b s t r a c t
Phenols and phenolic compounds are widely used in everyday life and industry. Environmental 
stability, solubility in aqueous medium and high toxicity of these compounds are due to their 
high attention. The purpose of this study is the removal of catechol from wastewater based on the 
comparative use of two photocatalytic hematite/UV and hematite/sunlight processes. In this experi-
mental laboratory study, the hematite nanoparticles are used with the separate application of UV and 
sunlight to reduce 10–50 mg L–1 concentration of catechol. The effect of parameters such as hematite 
concentration, reaction time and pH is studied on the catechol removal efficiency of both processes. 
The 6-W UV lamp as well as UV-A sunlight is used for radiation on the reactor contents. The remaining 
catechol concentration in the samples is measured by spectrophotometer within the wavelength of 
600 nm. The best catechol removal efficiency by UV/Fe2O3 and Fe2O3/sunlight processes is 92.3% and 
88% obtained at pH = 2, contact time of 60 min, hematite concentration of 4.0 g L–1 and catechol con-
centration of 50 mg L–1. UV/Fe2O3 process with 0.4 g L–1 Fe2O3 obtained COD removal of 71.3%, while 
sunlight/Fe2O3 process achieved lower COD removal of 50.9%. The results showed that UV/Fe2O3 
and Fe2O3/sunlight photocatalytic processes have a good potential in catechol removal from aqueous 
solutions at pilot scale. However, statistical analysis of results did not show a significant difference 
between the processes. Therefore, it is proposed to study the performance of these processes as a clean 
and environmentally friendly practice in full scale with real wastewater.
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1. Introduction

In recent years, it is necessary to protect water resources 
from pollution due to the limited water resources for rea-
sons such as drought and rapid population growth [1]. One 
of the most important global concerns is water pollution 

caused by organic compounds from agricultural, industrial 
and urban activities [2]. The majority of them form resistant 
organic compounds irremovable by conventional treatment 
methods such as coagulation, adsorption, ion exchange and 
chemical oxidation [2,3]. As a result, these compounds have 
been tracked down in water sources such as rivers, lakes, 
oceans and even drinking water supplies [4]. This leads 
to environmental health problems such as poisoning and 
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potential health risks of these compounds [2,5]. Phenols 
and phenolic compound pollution of the water resources 
as one of the persistent organic compounds has led to great 
concerns about the individuals’ health in recent decades. 
Phenols and phenolic compounds enter into the environ-
ment by industrial effluents. These compounds due to their 
toxic side effects on the permeability of the cell membrane 
and cytoplasm coagulation could cause damage to sensitive 
cells, resulting in irreparable damage to the health and envi-
ronmental problems [1]. Phenols and phenolic compounds 
are classified as priority pollutants by the Environmental 
Protection Agency of the United States [6]. Catechol as a phe-
nolic compound and one of the most important environmen-
tal pollutants is found in raw materials or finished products 
of various industries including the photography, oils and 
lubricants manufacturer, polymerization inhibitors, dyes, 
antioxidants, pharmaceuticals, oil refineries and coal con-
version [7,8]. This compound is highly toxic and created by 
replacing two hydrogen atoms in an aromatic nucleus with 
two hydroxyl groups. Table 1 shows some of the physical and 
chemical properties of catechol. Also, this compound is one 
of the intermediate products of phenol ozonation. Catechol 
is hematotoxic, hepatotoxic, mutagenic and carcinogenic 
to humans [8]. The International Agency for Research on 
Cancer has classified this compound in Group B2 with mid-
dle cancer risk to humans [6]. Catechol is much more toxic 
than phenol that it changes the function of red blood cells 
at doses even lower than 50 mg L–1 while these changes by 
phenols occur at a concentration of 250 g L–1 [9]. Catechol 
at concentrations of 5–25 mg L–1 is highly toxic to fish and it 
is an inhibitor to the biological growth of microorganisms. 
The concentration of phenolic compounds in natural waters 
is 0.01–2 mg L–1 [10]. Also, according to the Environmental 
Protection Agency’s standard, the maximum allowable con-
centration of phenolic compounds discharged to surface 
waters for agricultural purposes is equal to 1 mg L–1 while 

the concentration of catechol in industrial wastewaters varies 
between 10 and 1,000 mg L–1 and at the lower temperatures 
of the wastewater from coal carbonization, it is reported up 
to 5,300 mg L–1 [6,9,11,12]. Thus, according to the hazards 
created by catechol, a study is conducted to treat the waste-
waters containing various physical, chemical and biological 
processes [13]. This process includes up- flow fixed bed 
biological reactor, up-flow anaerobic sludge blanket, rotat-
ing bed biofilm reactor, continuous or steady flow reactor 
[14], ozonation and photo-Fenton [15]. On the other hand, 
biodegradation and removing organic compounds from 
water and wastewater is mainly conducted by the metabolic 
activity of the living organisms and thus the biological pro-
cesses usually do not provide satisfactory results in treating 
the wastewaters that have resistance to toxic compounds 
[16–19]. Nano-scale photocatalytic approach has the required 
potential to minimize toxic pollutants in water. This process 
creates radical electrons and cavities materials and meth-
ods by UV radiation to the nanoparticles [18,20–22]. Using 
titanium nanoparticles in the photocatalytic process limits 
the photocatalytic activity due to quick electron and cavity 
pairing. Also the use of magnesium as a catalyst is limited 
because of the difficulty in removing it from the wastewa-
ter [23]. Therefore, the use of hematite nanoparticle is more 
suitable due to magnetism and easy removal, non-toxicity, 
eco-friendliness, high surface to volume ratio, lack of need 
for the bed, chemical stability and inexpensiveness [20,24]. 
However, this process is completely biocompatible such 
that Fe2O3 nanoparticles are separated from the water by the 
magnet or separator pump and thus there is a possibility to 
reuse and recycle pollutants [25]. Also in recent years due to 
environmental requirements associated with controlling the 
consumption of form of energy, most professionals are look-
ing for proper solutions to use natural resources such that 
the use of sunlight has been considered as a clear source of 
energy for photocatalytic processes because of the abundance 
and inexpensiveness. This is more important for Iran that 
enjoys high sunny hours during the year (2,954 h) [26–28]. 
This method has been considered as a clean method due 
to no sludge production and no secondary contamination. 
The purpose of this study is to compare two photocatalytic 
methods based on the application of industrial UV and 
sunlight to remove catechol from the aquatic environment.

2. Materials and methods

2.1. Reagents and supplies

Catechol (purity ≥ 98%), alpha hematite (Fe2O3; as catalysts), 
sulfuric acid (H2SO4) and sodium hydroxide (NaOH) 0.1 N 
(to adjust pH), ammonium hydroxide (NH4OH), potassium 
ferricyanide (C6N7FeK4) and 4-amino anti-pyrene are 
purchased from Merck company, Germany.

2.2. Photocatalytic reactor

A photo-reactor is designed and built with dimensions 
of 45 cm × 15 cm × 3 cm to perform a photocatalytic process 
(Fig. 1). A 6-W UV lamp (middle range-UV-C lamp manufac-
tured by Osram Company, Germany) is devised as the light 
source inside the reactor. To ensure the absence of reflection, 

Table 1
Some of the physicochemical properties of catechol

Parameters Catechol

Chemical structure

C6H6O2

Other names Pyrocatechol; 1,2-benzenediol; 
1,2-dihydroxybenzene

Boiling point (°C) at 101.3 kPa 245.5
Density (g cm–3) 1.344
Molecular weight  
(MW; g mol–1)

110.11

Water solubility (g L–1)  
at 25°C (Cs)

430
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the whole system is located in a dark room. In order to com-
plete mixing and continuous flow of reactor contents, a stirrer 
is placed under the reactor. All process steps are performed at 
room temperature.

2.3. Photocatalytic process

The parameters examined in this study are the effects 
of pH, Fe2O3 concentration, initial catechol concentration 
and reaction time on the UV/Fe2O3 and Fe2O3/sunlight pro-
cesses. In each of the cases, the removal of catechol with and 
without catalyst, UV and sunlight is investigated. The stock 
solution (100 ppm) is used to prepare 10, 20, 30 and 50 mg L–1 
concentrations of catechol. In order to achieve comparable 
results, the samples are exposed to UV, alpha hematite and 
sunlight under controlled conditions in separate processes. 
The concurrent effects of UV/Fe2O3 and Fe2O3/sunlight are 
studied on catechol oxidation in 10, 20, 30 and 50 mg L–1 
catechol solutions. Accordingly, the 0.2, 0.3 and 0.4 g L–1 con-
centrations of alpha hematite are used. After adjusting pH 
on each of 2, 3, 4, 5 and 7 values within 15, 30 and 60 min 
intervals, reactor sampling is conducted. At the end of each 
stage of the experiment, alpha hematite in the samples is 
separated by the magnet and filtration of each sample is con-
ducted by Buchner funnel and passing through Whatman 
filter paper with 0.45 mm mesh made of cellulose acetate. 

In this study, the UV-A in the sunlight is used for radiation to 
reactor contents. UVA rays contain waves with a wavelength 
between 320 and 4,000 nm and pass the glass. During a sum-
mer day, about 96.5% of the ultraviolet spectrum that reaches 
the Earth’s surface is UVA type. 90% of visible light, above 
70% of the UVA (300–400 nm) and more than 80% of solar 
heat passes through the transparent glass. Fe2O3/sunlight 
process experiments are conducted in ShahreKord in a 
mountainous area at 32°–20° N, 51°–50° East in July between 
10 am and 2 pm.

2.4. Analysis

Catechol remaining in the filtered sample is measured 
by adding 2 mL of ammonium hydroxide, adjusting the 
pH by phosphate buffer in the range of 7–9, adding 2 mL 
4-amino anti-pyrene and 2 mL potassium ferricyanide after 
15 min with a spectrophotometer at a wavelength of 600 nm. 
All experiments in this study are conducted according to 
the experiment protocol in “standard methods for water 
and wastewater experiments”. COD was measured by 
dichromate oxidation according to the standard method [29]. 
The catechol removal rate is calculated using the following 
equation:

Degradation efficiency %( ) = −








×1 100

0

C
C
t  (1)

where C0 and Ct are the initial and final catechol 
concentrations [29].

3. Results and discussion

3.1. Effect of pH0

Photocatalytic degradation of catechol in pH between 
2 and 7 for UV/Fe2O3 and Fe2O3/sunlight processes is shown in 
Fig. 2. The highest catechol degradation for all concentrations 
in both processes has occurred at pH = 2 and the removal effi-
ciency has a downward trend by increasing pH from 2 to 7. In 
other words, the photocatalytic reaction has the highest effi-
ciency in acidic pH. This is due to the presence of hydrogen 
ions in the acid environments that serves as a precursor to 
hydrogen radicals. Then the radicals form HO2

• through the 
reaction with oxygen in the solution and finally they lead to 
the formation of OH• radicals [30]. In confirming the present 
study, Mandal et al. [31] showed that in the photo-Fenton 
process the hydroxyl radicals are produced through reaction 
with H2O2 in the optimal pH of 2.7. Also the obtained results 
are consistent with Chen et al. [32]. Gogoi et al. [33] showed 
that the highest catechol degradation happens at acidic pH 
of 2.4 because hydroxyl radicals are produced to a greater 
extent in acidic conditions and the presence of magnetic 
nanoparticles. But in alkaline conditions O2

•–anionic radical is 
produced. OH• radicals have a much greater ability to break 
down catechol and phenolic compounds [33]. However 
the results of Li et al. [34] are in contrast with the results of 
the present study. In their study, the increase in pH raised 
the level of catechol degradation. They concluded that the 
impact of initial pH on catechol degradation is dependent on 
reaction time; thus pH of the solution reduced by increasing 

Fig. 1. Schematic of experimental setup. (1) Power supply, 
(2) glass reactor, (3) air pump, (4) air distributer, (5) UV 
lamp, (6) sampling port, (7) air exhaust, (8) cap of reactor and 
(9) synthetic wastewater.
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the reaction time. This is associated with the production of 
some intermediate acidic compounds (formic acid, acetic 
acid, oxalic acid and maleic acid). In fact the production 
of intermediate acidic compounds reduces the pH of the 
solution and decreases the efficiency of the oxidation process 
[34]. In a study by Boruah et al. [35], the maximum phenol 
degradation efficiency was obtained in pH = 7 which is not 
consistent with the present study. They concluded that the 
maximum degradation of phenolic compounds happens in 
the pH range between 5 and 11. Boruah et al. [35] attributed 
this to the reduced catalytic activity of ammonia-modified 
graphene (AG)/Fe3O4 in acidic solutions.

3.2. Effect of Fe2O3 concentration

Fig. 3 indicates the change in removal efficiency of cate-
chol for UV/Fe2O3 and Fe2O3/sunlight processes vs. varying 
concentrations of Fe2O3. According to this graph, it can be 
concluded that by increasing the Fe2O3 concentration, cate-
chol removal is increased for both processes. This increased 
removal rate follows an almost similar pattern at lower 
concentrations of Fe2O3, and whatever Fe2O3 concentration 
increases, the curves for both processes have been further 
apart. The reason could be the availability of more absorption 
active sites in the solution. The results of this study are con-
sistent with Kadirova et al [36] on the effect of Fe2O3 loading 
on methylene blue photocatalytic degradation. The study 
suggests that by increasing the catalyst concentration, the 

number of absorbed photons increases and finally increases 
the number of active sites on the surface of the photocatalyst. 
Therefore, by increasing Fe2O3, the photocatalytic degradation 
of methylene blue increases [36]. Mandal et al. [31] showed 
that in case of using ferrous sulfate catalyst, the hydroxyl 
radicals’ production increases significantly and this leads to 
further catechol degradation [31]. Also Masomboon et al. [37] 
studied 1 and 6-dimethyl amine oxidation by Fenton process. 
They concluded that the catalyst concentration should be 
increased to raise the rate of pollutant degradation, but more 
than one mg per liter increase of hematite leads to the forma-
tion of an inhibiting effect in hydroxyl radicals which results 
in reducing pollutant’s degradation [37]. But Gogoi et al. [33] 
concluded that increasing CeO2/Fe3O4 catalyst to 50 mg in 
acidic medium leads to greater catechol degradation which 
is due to smaller particle size, more active sites and greater 
contact surfaces of Fe3O4.

3.3. Impact of the initial concentration of catechol

Fig. 4 shows the effect of initial concentrations of 
catechol in photocatalytic degradation. According to this 
chart, increasing initial concentration of catechol from 10 to 
50 mg/L–1 has increased the photocatalytic degradation of 
catechol in UV/Fe2O3and Fe2O3/sunlight processes by 22.5% 
and 20%, respectively. In this study, the highest catechol 
removal concentration is obtained in 50 mg L–1. In fact, by 
increasing the catechol concentration from 10 to 50 mg L–1, 
the number of catechol particles’ collision with the hydroxyl 
oxidizing agent is increased which increases the removal 
efficiency. But studies have shown that increasing catechol 
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Fe2O3 and (b) Fe2O3/sunlight (time = 60 min and Fe2O3 = 0.4 g L–1).
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concentration to greater than 50 mg L–1 produces interme-
diate products more reactive than the pollutant that react 
with the free radicals and reduce catechol removal efficiency 
[15,31]. Lofrano et al. [15] studied the advanced oxidation of 
catechol with the photocatalytic process and concluded that 
by increasing catechol concentration 50–200 mg L–1 the rate 
of catechol degradation is reduced because of the increase 
in intermediate products and their competition with cate-
chol. Generally the photocatalytic process is not effective 
for the degradation of high concentrations of catechol [15]. 
Mandal et al. [31] found that by increasing the initial con-
centration of catechol more time is required for catechol 
degradation. So that at low concentrations about 90% of the 
catechol is removed by the photo-oxidation process in the 
first 5 min of contact time [31].

3.4. Effect of reaction time

Catechol removal rate as a function of time is shown in 
Fig. 5. According to this chart, with an increase in time, the 
rate of photocatalytic degradation of catechol increases. This 
is due to increased interaction between hydroxyl and catechol 
radicals. Mandal et al. [31] studied catechol removal from 
aqueous solutions by advanced photo-oxidation processes. 
Their results showed that about 90%–95% of catechol was 
removed in 60 min. They have associated this with higher 
production of hydroxyl radicals by increasing the reaction 
time [31]. Kadirova et al. [36] in a study on the absorption and 
degradation of methylene blue by active hematite - carbon 
under UV showed that by increasing the reaction time, 
removal efficiency increases. The same results were obtained 
by Lofrano et al. [15].

3.5. Use of UV radiation and Fe2O3 catalysts in catechol 
degradation separately

Fig. 6 presents the comparison between Fe2O3 cata-
lysts, UV radiation, sunlight, UV/Fe2O3 and Fe2O3/sunlight 
on catechol removal in optimal conditions (50 mg L–1 cate-
chol, pH = 2, contact time of 60 min, hematite concentration 
of 0.4 g L–1). The maximum catechol removal efficiency by 
Fe2O3 is only 2%, which is minimal compared with the pho-
tocatalytic degradation of catechol in the Fe2O3/UV process 
(92.33% efficiency). The reason for this could be the low 
amount of hematite in the sample which is not capable of 

initiating photocatalytic reaction and adsorption. Moreover, 
the hematite containing sample has a very weak absorp-
tion band that is not capable of catechol adsorption. In fact, 
when hematite is used alone, the radical reactions will not 
happen, thus the removal is very low. According to Fig. 6, 
the maximum catechol removal by UV radiation alone is 
about 2.5%. The study conducted by Sun (2012) titled “the 
hematite effect on the photocatalytic activity of phenols” 
confirms this issue [23]. In a study by Araña et al. [38], no 
catechol adsorption was observed at the first 45 min of 
contact time. In the present study using sunlight, catechol 
degradation is only 2% in optimal conditions. Boruah et al. 
[35] showed that in the absence of AG/Fe3O4 catalysts and 
using sunlight alone, only 6% of the phenol is biodegraded. 
Also in case of using the catalysts in the dark, 17% of phenol 
was degraded. However, the concurrent use of catalysts and 
sunlight at pH = 7 and contact time of 120 min increases 
phenol degradation to 92.43% [35].
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In this study, UV/Fe3O4 process had higher efficiency than 
other processes for catechol removal (92.3%). Unlike the pres-
ent study, the results of Kunduz and Soylu [39] for phenol 
removal from wastewater using photocatalytic activity of 
BiVO4 nanoparticles showed that the sunlight has a better 
efficiency in the phenol removal than UVB and mercury 
lamp. It is stated that in a contact time of 90 min, 100% phenol 
is removed in the presence of sunlight and BiVO4 nanoparti-
cles while the removal efficiency by UVB and mercury lamp 
is 74% and 34%, respectively [39].

3.6. Oxidation of catechol by UV/Fe2O3 and 
sunlight/Fe2O3 processes

Control experiments were conducted to compare the 
oxidation performance of various processes including UV/
Fe2O3 and Fe2O3/sunlight. The results in Fig. 7 show that 
COD removal of 58% within 60 min and no COD removal 
was found by Fe2O3 adsorption alone, showing surface 
adsorption of Fe2O3 did not contribute to COD removal 
in catechol oxidation. However, in the presence of UV 
irradiation, heterogeneous UV/Fe2O3 with 0.4 g L–1 Fe2O3 
obtained COD removal of 71.3%, while Fe2O3/sunlight 
achieved lower COD removal of 50.9%. The oxidation effi-
ciency in heterogeneous UV/Fe2O3 was larger than the 
Fe2O3/sunlight. Hence, the following experiments were 
performed on catechol oxidation by UV/Fe2O3 and Fe2O3/
sunlight processes. Li et al. [34] showed that heterogeneous 
UV–Fenton with 0.5 g L–1 nano-Fe3O4 obtained COD removal 
of 84% while photolysis of H2O2 achieved lower COD 
removal of 32%.

4. Conclusion

This study proved the catechol removal of 92.3% and 
88% for UV/Fe2O3 and Fe2O3/sunlight reactions in the best 
operation conditions (pH = 2, contact time of 60 min, hema-
tite concentration of 4.0 g L–1 and catechol concentration 
of 50 mg L–1). The results of the study showed that there is 
no significant difference in the catechol removal between 
two processes with p > 0.05, therefore replacing the sun-
light instead of UV lamps will be a step towards economic 
optimization and sustainable development.
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