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Abstract: Organic dye pollutants that are progressively used in modern chem-
ical industries, emerged as a major source of water contamination. A promising 
eco-friendly and simple approach to water purification is the heterogeneous 
photocatalytic process that uses various metal oxide semiconductors in the pre-
sence of light, initiating the oxidation-reduction reactions resulting in dye deg-
radation. The aim of this study was to investigate the influence of coprecipit-
ation synthesis methods on photodegradation efficiency. The ZnFe based 
photocatalysts were synthesized using two different methods: low (LS) super-
saturation and high (HS) supersaturation coprecipitation and thermally act-
ivated at 100, 300, 500 and 700 °C. Structural and textural characterisation 
were carried out and their efficiency in methylene blue photodegradation test 
reaction was studied. LS samples treated at 100 and 300 °C exhibited very low 
photodegradation efficiency (less than 10 %) when compared to HS samples 
treated at the same temperatures (75 and 85 %). The efficiency of LS 500 and 
LS 700 samples improved (67 and 75 %) with the increase in thermal treatment 
temperature and the photodegradation efficiency difference between LS and 
HS samples decreased. Such behaviour of LS and HS samples could be exp-
lained by structural and textural properties that originated from different syn-
thesis methods. 
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INTRODUCTION 
Rapid industrial growth over past few decades had immense negative inf-

luence on water eco-systems due to the presence of organic and inorganic con-
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taminants such as synthetic dyes,1,2 antibiotics,3 pesticides,4 etc. These micro- 
-contaminants raised concerns due to their excessive use in various industries and 
their discharge to aquatic environment. Organic and inorganic dyes have the abil-
ity to persist in the water environment for a significant amount of time, because 
of their stability. Textile industry was reported to lose up to 200,000 tons of dyes 
to effluents due to inefficiency of the dyeing process.5 Methylene blue (MB) is 
one of the organic dyes commonly used in industry and its presence in aquatic 
environment proved to be toxic.6,7 Methods of purification of wastewater before 
its discharge in environment have been researched over the past few decades, and 
some of them include adsorption, membrane filtration, oxidation, bioremediation, 
ion-exchange and heterogenous photocatalysis.8,9 The main disadvantage of 
many methods for water purification is the lack of capability to completely deg-
rade hazardous pollutants.10 Photocatalytic purification of wastewater using 
semiconductive oxides, such as TiO2, ZnO and Fe2O3, received substantial atten-
tion since it could use free and sustainable solar energy, it is simple, rapid, envi-
ronmentally friendly and leads to complete degradation of organic and inorganic 
contaminants.11–14 The possible additional application of these photocatalytic 
materials could be in the infrastructure design introducing added-value to porous 
pavements for managing pluvial floods resulting in the reduction of water pol-
lution.15 Layered double hydroxides (LDHs) are described as anionic clays with 
layered structure, with metal cations uniformly distributed in the hydroxide 
layers. Their versatility brought about significant attention in the field of photo-
catalytic degradation of dyes. Upon thermal treatment of LDHs, their layered 
structure collapses, hydroxyls and interlayer water transition to gaseous phase, 
triggering the formation of mixed metal oxides.16 The use of mixed metal oxides 
in photocatalytic purification of wastewater became very popular field of res-
earch, due to their reported ability to degrade various dyes,17 pesticides,18 anti-
biotics.3 Mixed metal oxides are promising for the application in photocatalytic 
treatment of wastewater because of their favourable properties, such as strong 
oxidation ability, good photocatalytic properties and coupling with semicon-
ductors.19 For example, zinc oxide exhibited favourable photocatalytic pro-
perties, such as high stability, non-toxicity and, due to its large band gap of 3.37 
eV, possible coupling with semiconductors with narrow energy band gap in order 
to ameliorate its photocatalytic performance.20,21 ZnO could also be used as anti-
bacterial agent, since it has been reported to have antibacterial influence on both 
Gram-positive and Gram-negative bacteria.22 Furthermore, iron and its oxides 
are suitable for the photocatalytic application because of their stability, non-tox-
icity, magnetic and optical properties, abundance and low cost.23 ZnFe mixed 
metal oxides obtained by thermal degradation of LDHs received much attention 
due to the possibility to tailor their functional properties during the synthesis 
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procedure resulting in the formation of nonstoichiometric mixed oxides with dif-
ferent additional phases, favourable for photocatalytic application.16 

Various synthesis methods have been researched, including coprecipitation, 
sol–gel, hydrothermal, layer deposition and calcination of metal hydroxide pre-
cursor.2,24,26 The coprecipitation synthesis method was selected taking into con-
sideration that the synthesis path should be simple, cost-effective and environ-
mentally friendly. The motivation behind this study was to apply a simple syn-
thesis route that will enable the formation of photocatalysts with suitable pro-
perties for efficient photocatalytic application. Taking all of the above into 
account, the influence of synthesis method and thermal treatment on structural, 
textural and photocatalytic properties of obtained ZnFe photocatalysts was studied. 

EXPERIMENTAL 
Preparation of photocatalysts 

Photocatalysts were synthesized using two synthesis methods: low supersaturation co- 
-precipitation (LS) method at constant pH and high supersaturation (HS) coprecipitation 
method. For both synthesis methods the same base solution (0.67 M Na2CO3; 2.25 M NaOH) 
and metal precursors were used: (Fe(NO3)3·9H2O and Zn(NO3)2·6H2O dissolved in 1 M sol-
ution containing 30 mol % of Fe and 70 mol % of Zn). In the LS method, the precursor 
solutions and the base solution were continuously added (4 cm3 min-1) at constant temperature 
(40 °C) maintaining the constant pH of 9.4 in the reaction mixture (Fig. 1a). In the HS method 
(Fig. 1b), the precursor solutions were quickly added to the base solution and vigorously stir-
red at constant temperature (40 °C). The precipitation products obtained from both synthesis 
methods were aged (12 h), washed with distilled water until pH 7, dried (24 h; 100 °C) and 
thermally treated at different temperatures (300, 500, 700 °C) for 5 h in air. The synthesized 
samples were denoted as follows: ZnFe LS 100, ZnFe LS 300, ZnFe LS 500, ZnFe LS 700, 
ZnFe HS 100, ZnFe HS 300, ZnFe HS 500, ZnFe HS 700. 

 
Fig. 1. Schemes of experimental set-ups for: a) LS and b) HS synthesis method. 
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Characterization of photocatalysts 
X-ray powder diffraction (XRD) was used for the identification of crystalline phases. 

XRD analysis was conducted with Rigaku MiniFlex 600 with Cu-Kα radiation (λ = 0.15406 
nm; 2θ range from 10 to 70°; scan rate = 0.02 s-1). The crystallite size was calculated using the 
Scherrer formula: 

 
cos

D k λ
β θ

=  (1) 

where D, nm, is the crystallite size, k is the shape function (0.9), λ, nm, is X-ray wavelength, θ 
 is angle of diffraction and β full width at half maximum of the most intense peak.  

Textural analysis was performed by low temperature nitrogen adsorption at –196 °C 
(Microtrac Belsorp Max II). The surface area was calculated using the Brunauer–Emmer– 
–Teller (BET) method. The pore size distribution and the cumulative pore volume were deter-
mined by Brunauer–Joyner–Hallenda (BJH) method applied to the desorption branch of the 
isotherm. The external surface area, which represented the mesopore surface area without 
micropores, was calculated using the t-plot method. 
Photodegradation experiments 

Photocatalytic tests were performed in an open cylindrical Pyrex vessel. Prior to the 
irradiation, all of the mixtures (100 ml of MB solution and 50 mg of photocatalyst) were 
stirred in the dark. The MB concentration was measured at defined time intervals using the 
UV–Vis spectrophotometer (Cecil2000) at maximum absorption length of 664 nm. The ads-
orption/desorption equilibrium was reached after 30 min. These tests were performed in order 
to ensure that photocatalytic efficiency of investigated samples was solely attributed to the 
photocatalytic reaction.  

When the equilibrium was established, reaction mixtures were irradiated by the light 
source (Osram Ultra Vitalux 300 W lamp with the emission spectrum that simulates the solar 
light placed 45 cm above the top surface of MB solution) and aliquots were analysed at def-
ined time intervals. The decrease in MB concentration was used to calculate the efficiency of 
MB photodegradation:27,28 

 0
eff 100 c cE

c
−=  (2) 

Eeff , %, is the photodegradation efficiency, c0, mg dm-3, and c, mg dm-3, are the initial and 
measured MB concentration. 
Kinetics of the photocatalytic reaction 

The kinetics of MB photodegradation reaction were evaluated using the pseudo-first- 
-order reaction that follows the Langmuir–Hinshelwood kinetic model:29 

 0
appln

t

c k t
c

 
= 

 
 (1) 

The MB concentration at defined time t was denoted as ct and kapp is the apparent first order 
reaction rate constant, obtained from the slope of linear function ln(c0/ct) vs. time.  

The half-time of the reaction, t1/2, was calculated as follows: 

 1/2
app

ln 2t
k

=  (4) 
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RESULTS AND DISCUSSION 

Structural characterization 
XRD diffraction peaks of all synthesized and thermally treated photocat-

alysts, presented in Fig. 2, can be correlated with the series of Bragg reflections 
corresponding to the standard JCPDS. XRD patterns of ZnFe LS 100 in Fig. 2a 
exhibited low intensity broad peaks characteristic for the layered structure (2θ 
values of 13.18, 23.97, 32.72 and 59.27°) which correspond to (003), (006), (009) 
and (110) planes,30 with additional low intensity broad peaks (32.6 and 36.2°) 
that could be attributed to the ZnO phase. XRD analysis of the dried sample 
obtained by the HS method (ZnFe HS 100) revealed the presence of sharp, int-
ense peaks of dominant (31.8, 34.4, 47.5, 56.6, 62.8°) zincite ZnO phase. Con-
sidering that the dominant phase of LS sample was typical for the layered struc-
ture, it can be concluded that the LS synthesis method triggered the formation of 
ZnFe layered double hydroxide, whereas the HS method led to formation of non-
stoichiometric mixed metal oxides. 

 
Fig. 2. XRD pattern of photocatalysts: a) LS samples and b) HS samples. 

After thermal treatment of LS samples at temperatures above 300 °C (ZnFe 
LS 300), the layered structure collapsed and intense, sharp peaks were detected 
corresponding to the zincite ZnO phase (JCPDS File no. 79-2205). Additionally, 
new, lower intensity peaks (30, 35.4, 42.8 and 52.9°) were detected in both LS 
and HS samples treated at 300 °C that confirmed the formation of ZnFe2O4 spi-
nel phase (JCPDS file no. 89-1012). For samples obtained by both LS and HS 
method the increase in thermal treatment temperature (500 and 700 °C) inten-
sified the crystallisation of the phases detected by the presence of sharp, more 
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intense and distinctive peaks of both, dominant zincite ZnO phase and additional 
ZnFe2O4 spinel phase. Additionally, in both LS and HS samples thermally 
treated at 700 °C the appearance of low-intensity peak was detected at 2θ value 
of around 37° that could be correlated to the Fe2O3 or Fe3O4 phase (JCPDS file 
no. 87-2334).31,32 The crystallite size calculated for the dominant phase (Table 
I), also confirmed the increase of crystallite size with the rise of thermal treat-
ment temperature, considering that the temperature increase generally results in 
the grain growth and consequently in greater crystallite size.16,31,32 When com-
pared with the HS samples, LS samples exhibited similar crystal structure at 
higher temperatures with lower peak intensities, indicating lower crystallinity of 
LS samples. The XRD analysis results showed significant influence of synthesis 
method on the crystal structure of studied samples. 

TABLE I. Structural and textural parameters of analysed samples 
Sample D / nm S / m2 g-1 dp / nm Vp / cm3 g-1 Stp / m2 g-1 
ZnFe LS 100 9.6 82 14.9 0.36 80.8 
ZnFe LS 300 15.8 28.5 46.9 0.32 28 
ZnFe LS 500 22.6 27 40.5 0.26 25.4 
ZnFe LS 700 28.1 12.6 80.7 0.22 12.6 
ZnFe HS 100 20.7 147 4.8 0.16 145.1 
ZnFe HS 300 22.4 108 5.1 0.17 107.4 
ZnFe HS 500 25.5 16.3 22.7 0.11 16 
ZnFe HS 700 33.7 7.8 39.22 0.08 7.5 

Textural charaterization 
The results of textural analysis are given in Fig. 3 and Table I. The ads-

orption isotherms and pore size distribution of all studied samples are presented 
in Fig. 3. BET surface area, S, average pore diameter, dp, pore volume, Vp, and 
external surface area obtained from t-plot method, Stp, are given in Table I. The 
isotherms of LS samples (Fig. 3a) corresponded to type II isotherm from IUPAC 
classification. This type of isotherm is characteristic for non-porous or macro-
porous adsorbents and it represented unrestricted monolayer/multilayer adsorp-
tion. Type IV isotherms correspond to HS samples (Fig. 3b) and are charac-
terized by the finite multi-layer formation that corresponds to complete filling of 
capillaries in an adsorbent. The mesoporous isotherms should be classified in 
more details if the hysteresis loop (where adsorption and desorption curves do 
not overlay) is present. LS samples exhibited H3 hysteresis loop type, indicating 
that LS samples had mesoporous structure with wedge shaped pores formed by 
the loose stacking of flaky particles.33 Whereas for HS samples, hysteresis loops 
correspond to combination of H1/H3 types formed at relative pressure range of 
0.4–1, concluding that present mesopores have non uniform shape.31 
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Fig. 3. Textural analysis results: a) adsorption isotherms for LS samples; b) adsorption 

isotherms for HS samples; c) pore size distribution for LS samples; d) pore size 
distribution for HS samples. 

From Fig. 3c it was observed that the ZnFe LS 100 sample had a developed 
pore size distribution with an intense peak at around 3 nm that is in good agree-
ment with the detected high surface area (Table I) and a wide peak at higher 
values of pore diameters (40–110 nm). ZnFe LS 300 sample exhibited a broad 
peak in the region of pore diameters from 30 to 100 nm. Upon the thermal treat-
ment at 500 °C, sample ZnFe LS 500 showed monomodal pore size distribution 
with one intense peak at around 35 nm, whereas the sharp peak at 3 nm com-
pletely disappeared, which is in correlation with smaller measured pore vol-
ume.31 The pore size distribution of sample ZnFe LS 700 shifted towards higher 
pore diameter values (> 50 nm), also in correlation to the significantly low sur-
face area (Table I). 

The pore size distribution of HS samples (Fig. 3d) was similar to LS 
samples, with a larger amount of smaller mesopores resulting in the much larger 
surface area. With the increase in the temperature of the HS sample thermal treat-
ment, the presence of both, smaller and larger mesopores decreased, especially 
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for the samples treated at 500 and 700 °C BET surface area of LS samples treated 
at lower temperatures (100 and 300 °C), when compared to the corresponding HS 
samples, was significantly lower since it originated from the presence of mainly 
larger pores in those samples.13 Pore size distribution and its change with tem-
perature indicated that the increase in thermal treatment temperature shifted the 
pore size distribution towards higher values of pore diameters, which is in good 
correlation with measured parameters (a decrease in pore volume and BET sur-
face area and an increase in average pore diameter).  

The results obtained from textural analysis were also analysed by t-plot 
method.34 The calculated external surface area is in good agreement with the 
calculated BET surface area, since it represented the surface area only from 
mesopores. These results confirmed that there were no micropores present in any 
of the samples.  

Photodegradation of methylene blue  
The results of the MB photodegradation (Fig. 4) showed that all the HS 

samples have significant photodegradation efficiency higher than the corres-
ponding LS samples. Besides that, the LS samples treated at lower temperatures 
(100 and 300 °C) had very low efficiency (< 10 %). The results also indicate that 
the increase in thermal treatment temperature increased the photodegradation 
efficiency for samples obtained by both coprecipitation methods. Photocatalytic 
behaviour could be explained by the presence of photocatalytic active phases. All 
HS samples have photocatalytic active ZnO phase, whereas the samples treated at 
higher temperatures (ZnFe HS 300, ZnFe HS 500 and ZnFe HS 700) also have an 
additional ZnFe2O4 phase. The coupling of ZnO and ZnFe2O4 phases with 
energy bands from 2.1 to 2.3 eV, enhanced the MB photodegradation in the solar 
light spectrum.31 Lower photodegradation efficiency of LS samples could be 

 
Fig. 4. Photodegradation efficiency of: a) LS photocatalysts and b) HS photocatalysts. 
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attributed to the lower presence and lower crystallinity of active phases, when 
compared to the corresponding HS samples, especially for the ZnFe LS 100 
sample being the only sample with the LDH phase and the lowest amount of ZnO 
phase. Higher photodegradation efficiency (67 and 75 %) was observed for LS 
samples thermally treated at 500 and 700 °C probably due to the higher amount 
of ZnFe2O4 spinel phase. The enhanced photodegradation efficiency of ZnFe HS 
700 (96 %), when compared to the corresponding LS sample, could be assigned 
to the higher amount of photocatalytic active ZnO, ZnFe2O4 phase and Fe2O3 
phase which could allow easier transport of photo-induced electrons from 
ZnFe2O4.14 It could be concluded that the favourable textural properties without 
the presence of adequate active phases did not have great impact on the photo-
catalytic behaviour. 

Kinetics of photocatalytic reaction 
The results of the kinetic study indicated that the experimental data obtained 

from MB photodegradation experiments were best fitted with the linear fit and 
followed the pseudo-first-order reaction model. The correlation coefficient was 
proposed as the best criteria for selection of kinetic model. The calculated values 
of the rate constant (Table II), as well as the half time of the reaction, for HS 
samples treated at 500 and 700 were approximately 5 times higher than rate cons-
tant values for LS samples treated at same temperatures, which confirmed that 
ZnFe HS 500 and 700 samples participated in faster reactions. The obtained 
results from the kinetic study showed that MB photodegradation followed Lang-
muir–Hinshelwood kinetic model, since photodegradation reactions with single 
substrate usually follow this model.35 

TABLE II. Kinetic parameters of analysed samples 
Sample kapp / min-1 t1/2 / min R2 Sample kapp / min-1 t1/2 / min R2 
ZnFe LS 100 – – – ZnFe HS 100 0.0084 82.5 1 
ZnFe LS 300 - – – ZnFe HS 300 0.0120 57.8 1 
ZnFe LS 500 0.0022 315.1 0.96 ZnFe HS 500 0.0094 73.7 0.97 
ZnFe LS 700 0.0017 407.7 0.95 ZnFe HS 700 0.0136 51.0 1 

Since Langmuir–Hinshelwood kinetic model can be used under the follow-
ing assumptions: i) limited amount of adsorption sites on photocatalyst surface, 
ii) monolayer coverage, iii) reversible adsorption reaction and iv) homogenous 
surface of photocatalysts; it could be concluded that the nature of active sites and 
their distribution had great influence on the rate of photocatalytic reaction and the 
rate of the entire process depended on the reaction carried out on the surface 
active sites.29 
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CONCLUSION 

The mixed metal oxides obtained by low and high supersaturation co-pre-
cipitation methods were analysed and their efficiency was evaluated in MB 
photodegradation reaction. Both HS and LS samples exhibited desirable photo-
catalytic properties when thermally treated at higher temperatures due to the fav-
ourable structural and textural properties. It could be concluded that the photo-
catalytic active phases and the high crystallinity detected by XRD were respon-
sible for good photocatalytic behaviour of HS samples. Furthermore, it could be 
concluded that the favourable textural properties without the presence of the 
adequate active phases did not have great impact on the photocatalytic behaviour. 
The study revealed that the HS sample treated at 700 °C had the highest effi-
ciency in MB removal, probably due to the largest amount of active phases (ZnO, 
ZnFe2O4 and Fe2O3/Fe3O4). The reaction kinetics corresponded to the Lang-
muir–Hinshelwood pseudo-first order model. This study demonstrated that the 
synthesis path had a significant influence on the photocatalytic active phase 
formation and consequently on the MB photodegradation efficiency.  
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И З В О Д  

УТИЦАЈ КОПРЕЦИПИТАЦИОНЕ МЕТОДЕ СИНТЕЗЕ НА ЕФИКАСНОСТ 
ФОТОКАТАЛИЗАТОРА НА БАЗИ ZnFe 
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Органски полутанти, попут боја, су веома заступљени у савременој хемијској 
индустрији, због чега су постали велик извор загађења. Хетерогена фотокатализа 
представља једноставан и еколошки повољан процес пречишћавања отпадних вода. 
Као фотокатализатори користе се различити полупроводници у виду металних 
оксида који у присуству светлости разграђују полутанте низом оксидо-редукцио-
них реакција. Циљ овог истраживања је испитивање утицаја копреципитационе 
методе на ефикасност фоторазградње. Фотокатализатори на бази ZnFe су синтети-
сани користећи две копреципитационе методе: методу малог (LS) и великог (HS) 
презасићења и термички активирани на температурама од 100, 300, 500 and 700 
°C. Анализиране су њихове структурне и тесктуралне особине, као и ефикасност 
фотокаталитичке разградње метиленског плавог. LS узорци термички третирани 
на 100 и 300 °C су показали веома малу ефикасност разградње боје (< 10 %) у 
поређењу са HS узроцима третираним на истим температурама (75 и 85 %). Са 
порастом температуре термичке активације повећала се ефикасност LS 500 и LS 
700 узорка (67 и 75 %), а разлика у ефикасности LS и HS узорака се смањила. 
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Овакво понашање LS и HS узорака се може објаснити разликама у текстуралним и 
структурним особинама које потичу од различитих метода синтезе. 

(Примљено 6. новембра, ревидирано 15. новембра 2023, прихваћено 22. јануара 2024) 
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