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a b s t r a c t
The aim of this study is to develop a novel photocatalyst doped by a noble metal onto two 
semiconductor oxides for the applications of photocatalytic wastewater treatment. An alternative 
preparation method of UV-assisted thermal synthesis is used to synthesize this photocatalyst. The 
two photocatalysts, Fe2O3 and TiO2, were combined with different mass ratios of Fe:TiO2 followed 
by doping the synthesized Fe2O3/TiO2 with a silver ion with different mass ratios of Ag:TiO2 to 
produce the novel photocatalyst Ag/TiO2/Fe2O3. Scanning electron microscopy coupled with ener-
gy-dispersive X-ray spectroscopy is employed to evaluate the formation, the morphology, and the 
elemental analysis of the composite photocatalyst. The phase and the crystal structure of the new 
composites are investigated by X-ray diffraction. The specific surface area of all photocatalysts is ana-
lyzed based on the Brunauer–Emmett–Teller method by adsorption of nitrogen gas at 77 K. Removal 
of methyl orange is used to examine the photocatalytic degradation efficiency of the photocatalysts. 
Results indicate that the specific surface area of the Ag/TiO2/Fe2O3 photocatalyst was significantly 
increased and the photocatalytic activity of the new photocatalyst was enhanced for the degradation 
of aqueous methyl orange. The new composite has the potential to absorb light at a higher wave-
length in the visible region where the redshift occurs. By applying the Ag/TiO2/Fe2O3 photocatalyst 
with a mass ratio of 0.01 Ag:TiO2 and 0.01 Fe:TiO2, the maximum degradation of methyl orange 
reaches to 89.5% and 95.5% under UV-A radiation and natural sunlight, respectively. Diffractograms 
confirm that the substitutions occur in the crystal lattice of the main photocatalyst.
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1. Introduction

Recently, many studies have been devoted to the
destruction of organic materials in wastewater by advanced 
oxidation processes (AOPs). This is mainly because AOPs 
can entirely eradicate organics [1–5]. AOPs are based on the 
generation of hydroxyl radicals (HO•), which can oxidize 
almost all organic materials in wastewater. Furthermore, 
HO•, with an oxidation potential of 2.8 eV, is the stron-
gest oxidant after fluorine (3.06 eV) [6–12]. As one of the 
AOPs, photocatalysis is a promising method of eradicat-
ing almost all types of organics in wastewater. Among all 

photocatalysts, TiO2 is considered as an efficient photocat-
alyst for the removal of organics in wastewater. Despite all 
advantages of TiO2, there are two major limitations in its 
photocatalytic activity including its activation only in the 
ultraviolet range below 387 nm (3.2 eV) and a high rate of 
electron–hole recombination [5,13]. The photocatalytic effi-
ciency of a photocatalyst depends on how well the electron–
hole pair recombination could be prevented.

One of the main foci of the heterogeneous photocataly-
sis has been on its photoactivity on the visible region since 
majority of photocatalysts are photoactive only in the UV 
region. There are several studies on doping and deposition 
of metals (e.g., Au, Ag, Pt, Rh, Ru, Y, La, Mn, V, and Fe)  
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or nonmetals (e.g., N, S, P) onto TiO2 [14–21] to improve 
the photoactivity of photocatalysts in the visible region. In 
addition, there are studies on dye adsorption/sensitization, 
various hybrid composites or combining semiconductor 
photocatalysts with narrower band gaps, such as CdS/
TiO2/Pt, TiO2/Y-Zeolite, Ag2O/TiO2, Ag-Bi2MoO4, Zeolite/
WO3-Pt, and CdS-SnO2 with the addition of some oxidant 
species [21–25].

Several studies related to the synthesis of Fe2O3/TiO2 
as a combination of two photocatalysts have been reported 
[26–29]. The codeposition of noble metals, such as Au, Ag, 
and Pt, resistant to oxidation or corrosion, on TiO2, is used as 
an alternative method to improve the photocatalytic activity 
of TiO2 [15,16]. Recently, Mohapatra et al. [30] developed 
a technique for synthesizing one-dimensional Fe2O3/TiO2 
nanorod–nanotube arrays using a pulsed electrodeposition 
technique. This method provides a multipurpose and useful 
approach to synthesize one-dimensional heterostructure 
composites including TiO2 and other metals for photocata-
lytic applications or magnetic compounds. Each method has 
its own strengths and weaknesses. Doping metal or nonmetal 
onto TiO2 increases not only the surface area of the photocat-
alyst but also the crystallinity and molecular structure of the 
photocatalyst are changed. Some parameters such as specific 
surface area, crystalline phase, size, and pore distribution 
are crucial in improving the photocatalytic activity [16,17]. 
In this study, Ag was used as a dopant because, as a noble 
metal, it is resistant to oxidation or corrosion. Other noble 
metals (Au and Pt) are much more expensive compared 
with Ag. Ag-loaded TiO2 helps energized electrons to reach 
to silver and oxygen, rather than positive holes, resulting in 
restraining the recombination and acting as an electron sink 
[18–21]. Doped particles are more porous and have higher 
specific surface area. Doping with silver enhances photo-
catalytic efficiencies as the band gap is shifted toward the 
redshift. Ferric oxide (Fe2O3) is considered a photocatalyst 
with the advantages of low cost, nontoxic, and high chemical 
and physical stability. It has a low band gap energy of 2.2 eV, 
which can be activated under visible light. Despite its advan-
tages, Fe2O3 has drawbacks of the low electrical conductiv-
ity and the difficulty to isolate photo-induced electrons and 
holes to prevent their fast recombination. Therefore, Fe2O3 
has been considered as an alternative semiconductor to be 
combined with TiO2 to improve its photocatalytic activity for 
the degradation of organic materials.

Extensive attempt has been made to synthesize novel 
photocatalysts based on TiO2. Recently some novel photocat-
alysts were prepared such as Eu/TiO2/GO [31] and TiO2/C3N4 
[32]. Despite some advantages of the photocatalytic method 
and making new photocatalysts, there are still several 
limitations that have not been addressed.

In this study, a series of Ag/TiO2 and Fe2O3/TiO2 photocat-
alysts at various mass ratios of Ag:TiO2 and Fe:TiO2 were syn-
thesized using the novel UV-assisted thermal method, as an 
alternative approach to conventional individual methods, to 
improve the photocatalytic activity. Then, the new composite 
photocatalyst, Ag/TiO2/Fe2O3, with a different mass ratio of 
Ag:TiO2 and Fe:TiO2 was synthesized, and the photocata-
lytic degradation efficiency of aqueous methyl orange (MO) 
was investigated under UV-A and visible (natural) light. 
Methyl orange, an azo dye (–N=N–), was selected as the 

target pollutant for its degradation using the Ag/TiO2/Fe2O3 
photocatalyst. For the photocatalyst synthesized in our lab-
oratory, its structure (Ag/TiO2/Fe2O3), its synthetic method 
of preparation using UV-assisted thermal technique, and 
its application in wastewater treatment with high efficiency 
under sunlight were studied.

1.1. UV-assisted thermal synthesis

There are several methods of synthesis for the metal 
and nonmetal doping of TiO2. These methods include sol-
gel, hydrothermal, annealing, thermal microwave-assisted, 
electrochemical anodization, and solvothermal method 
[5,18,29]. Different doping methods are proposed to enhance 
the photoactivity of photocatalysts, especially in the range of 
visible region.

Several factors affect the rate of photochemical reactions 
such as the concentration of reactants, the temperature, and 
the light wavelength. UV-C which has a very short wave-
length (200–280 nm) can be contemplated as a source of 
energy that can overcome the activation energy. At high UV 
light intensity, collisions are more frequent, more particles 
are activated, and consequently, the speed of reactions will 
be increased [33]. It has been already confirmed that the 
high intensity of electron irradiation expressively increases 
the rate of reactions at lower temperatures for different 
oxide materials such as NaFeO2, BaTiO3, NiFe2O4, LiFe5O8, 
MnFe2O4, and ZnFe2O4 [34]. UV photons are very strong to 
alter the structure of molecules by breaking down bonds 
in photolytic reactions, exciting molecules into a higher 
level of energy (photoexcitation), or ionization of molecules 
(photo-ionization) [33].

In this study, a novel method of UV-assisted thermal 
synthesis, as an alternative to conventional methods, was 
used due to its effectiveness for the enhancement of the pho-
tocatalytic activity. This approach is presented to increase 
the productivity and the latest advances in photocatalytic 
treatment. UV-C lamps were vertically placed on the 
exterior of the reactor flask (almost 6 cm far from the flask) 
to assist the thermal treatment method while minimizing 
the additional heating requirements. Moussavi et al. [35] 
reported that UV-C glass tubes are transparent without any 
phosphorus coating and maximum light emission occurs 
at 254 nm (85%–90%) and 185 nm (10%–15%), respectively. 
In brief, the UV-C lamp irradiates light centered at 254 nm 
because fuse quarts eliminate light centered at 185 nm. To 
synthesize the novel Ag/TiO2/Fe2O3 photocatalyst, the Fe2O3/
TiO2 was synthesized followed by silver ion doping onto the 
combined photocatalysts.

2. Materials and methods

2.1. Materials

All chemicals including tetrabutoxy titanium, ethylene 
glycol, silver nitrate, ferric nitrate nonahydrate, commercial 
TiO2 (rutile, Degussa P25, and anatase), ethanol, and methyl 
orange were analytical grades, purchased from Sigma-
Aldrich (Oakville, ON) and Van Waters and Nat Rogers 
(VWR, Mississauga, ON). Nitrogen compressed gas, liq-
uid nitrogen, and oxygen compressed gas were analytical 
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grade and purchased from Linde Canada Industrial gases 
(Mississauga, ON). All chemicals were used as received.

2.2. Synthesis of Ag-doped TiO2

There are several methods to synthesize metal-doped 
TiO2. In this study, the sol-gel method was utilized because 
it is the most convenient and important method for synthe-
sis of metal-doped TiO2. The sol-gel method was performed 
at ambient pressure, and the procedure is simple and cost- 
effective with a high yield of production [36,37].

To prepare Ag/TiO2 based on the sol-gel method, 2.00 g 
of anatase nano-TiO2 (prepared using a precursor of tetrabu-
toxy titanium and ethylene glycol) were weighed and mixed 
with 50 mL distilled water to make a suspended sol. Then, 
a stoichiometry amount of AgNO3 was dissolved in distilled 
water. The silver nitrate solution was added to a flat bot-
tom flask, equipped with a condenser, comprising TiO2 sol 
particles suspended in water. The sol-gel thermal-assisted 
method was used to obtain a higher yield of Ag-doped 
TiO2. The composition was mixed and heated at 95°C for 
at least 24 h by employing a heater-stirrer continuously. 
The obtained sol-gel was then centrifuged, washed, dried 
at 105°C, and heated in a muffle furnace at 350°C for 8 h. 
Based on the stoichiometry of the reaction, the mass ratio of 
Ag:TiO2 was 0.005. Moreover, the Ag-doped TiO2 catalysts 
were synthesized with the mass ratios of Ag:TiO2 = 0.01, 
0.05, and 0.1.

2.3. Synthesis of Fe2O3/TiO2

There are several methods for preparing Fe2O3/TiO2 
composite photocatalyst. In this study, the Fe2O3/TiO2 
photocatalyst was synthesized using the precursor of as- 
prepared nano-TiO2, Fe(NO3)3·9H2O in ethanol, and applying 
the UV-assisted thermal synthesis by setting up a glassware 
reactor at ambient pressure and 90°C. In order to prepare 
Fe2O3/TiO2 photocatalyst, specific amounts of each precur-
sor were put in a Pyrex flat bottom flask (100 mL). Then, the 
flask was placed on an electrical heater with magnetic stirrer 
plate to mix the reactants continuously. The new method of 
UV-C assisted thermal synthesis was applied to enhance the 
reaction. Three UV-C lamps (PL-S–9W/TUV-UV Germicide, 
110–120V–G23 Base) were placed vertically 6 cm away from 
the flask. A long glass condenser was used to recover the 
condensed vapor and return it to the sol-gel. The reaction 
was set at 90°C in traditional glassware for 5 h to produce 
the Fe2O3/TiO2 photocatalyst. Samples were centrifuged and 
dried at 120°C, washed and dried again at 120°C, and then 
the composite photocatalyst was calcined at 300°C for 4 h. 
Based on the stoichiometry of the reaction and by applying 
different amounts of the components, the Fe2O3/TiO2 photo-
catalyst was prepared with Fe:TiO2 mass ratios of 0.005, 0.01, 
0.05, 0.10, and 0.30. Nasirian et al. [6] reported that the best 
calcination temperature to prepare Fe2O3/TiO2 photocatalyst 
is in the range 300°C–400°C to achieve a high degradation 
of organic materials in water. At higher calcination tempera-
tures (over 400°C), anatase is converted to rutile because of 
Fe3+, which facilitates the conversion. The conversion of ana-
tase to rutile starts at 600°C [38]. In contrast, Pal et al. [39] 
reported that at the calcination temperature of 500°C, a small 

amount of rutile starts to be introduced. This fact might be 
related to the existence of Fe3+, which facilitates the transfor-
mation of anatase to a stable form of rutile. Fig. 1(a) shows 
the actual photos of synthesized Fe2O3/TiO2 photocatalysts 
with different mass ratios of Fe:TiO2 at various calcination 
temperatures.

2.4. Synthesis of Ag/TiO2/Fe2O3

Two procedures could be used to synthesize the Ag/TiO2/
Fe2O3 photocatalyst. First, the prepared Fe2O3/TiO2 photo-
catalyst can react with a silver solution to produce the Ag/
TiO2/Fe2O3 photocatalyst. In the second method, Ag/TiO2 is 
first prepared followed by its reactions with a salt of Fe3+. 
The percent yield of the production using the second method 
was lower than that of the first method. In this study, the Ag/
TiO2/Fe2O3 photocatalyst was synthesized based on the first 
method using the new preparation method of UV-assisted 
thermal synthesis. To synthesize the new composite photo-
catalyst based on the first method, 2.00 g of Fe2O3/TiO2 were 
added to a flat bottom flask, and then 0.031 g of silver nitrate 
dissolved in 40 mL of distilled water were added to the 
flask. The flask was equipped with a long glass condenser 
to recover the condensed vapor by returning it to the sol-gel 
flask. Nitrogen gas was continuously injected into the reac-
tants to remove any oxygen from the sol-gel. The mixture 

 

 

 a) 

b) 

Fig. 1. Actual photos of: (a) synthesized Fe2O3/TiO2 at different 
calcination temperatures with different mass ratios of Fe:TiO2 
(Fe:TiO2 = 0.01, 0.05, 0.1, and 0.30) and (b) synthesized Ag/TiO2/
Fe2O3 photocatalysts with different mass ratio of Ag:TiO2 and 
Fe:TiO2.
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was heated at 90°C–95°C under continuous magnetic stirring 
and UV-C irradiation for 12 h. Then, the slurry was cooled 
to ambient temperature, centrifuged, and washed with water 
and ethanol to remove nitrate ion. The solid material was then 
dried at 105°C for 4 h. The product was calcined at 300°C for 
6 h. Based on the molecular weight and the stoichiometry of 
the reaction, the Ag/TiO2/Fe2O3 photocatalyst was obtained 
(Ag:TiO2 = 0.01 w:w and Fe:TiO2 = 0.01 w:w).

Fig. 1(b) shows the actual illustrations of the synthesized 
Ag/Fe2O3/TiO2 photocatalysts with different mass ratios of 
Ag:TiO2 and Fe:TiO2. It has been shown that at high calci-
nation temperatures of more than 500°C, the photocatalytic 
activity is significantly decreased due to the phase conversion 
as well as the reduction in the specific surface area of the 
photocatalyst [40,41]. At high calcination temperatures, the 
particle size, the thickness of the crystal, and the degree of 
crystallinity were increased. This is the main reason that 
the calcination temperature of all photocatalysts should not 
exceed the maximum temperature of 300°C.

2.5. Mechanism of photocatalysis

Under the light irradiation with proper energy, an elec-
tron in valence band of TiO2 is promoted to the conduction 
band. Thus, the negative electron (e–) and positive hole 
(h+) pair are formed [5,17,39,40]. During the procedure for 
oxidative degradation, HO• radicals are formed which 
proceed to break down organic molecules. Heterogeneous 
photocatalytic reactions include complex series of reactions. 
Agustina et al. [41,42] described some mechanisms of reactions 
in photocatalysis as follows:

hν (light) + TiO2 → h+
vb + e−

cb (Light absorption) (1)

TiO2 (h+
vb) + H2Oads → TiO2 + H+ + HO• (2)

TiO2 (h+
vb) + OH−

ads → TiO2 + HO•
ads (3)

R–H + HO• → R• + H2O → Degradation of pollutants (4)

Organic materials + (TiO2-hν) → Intermediates → CO2 + H2O 
 (5)

2.6. Analytical techniques and instrumentation

A total organic carbon (TOC) analyzer, Teledyne Tekmar 
model Apollo 9000, was used to measure concentrations of 
organics in samples. All water samples were first centrifuged 
for 30 min at 4,000 rpm (Thermo Scientific Heraeus Multifuge 
X1, Mississauga, ON). The samples were then filtered by fil-
ter papers (VMR Qualitative 410, Mississauga, ON) and were 
analyzed by the TOC analyzer.

A digital radiometer (DRC-100X, Spectroline, USA) was 
used to measure the light intensity of the lamps and irradi-
ation sources. The specific surface area of the photocatalyst 
samples was determined by the Brunauer–Emmet–Teller 
(BET) method (Quantachrome Nova-e 1200, Burlington, 
ON) using nitrogen gas, adsorbed at 77 K. For measuring 

topography, morphology, and structure of the prepared crys-
tals of photocatalysts, scanning electron microscopy (SEM) 
(JEOL, model JSM-6370 LV, Calgary, AB) with accelerating 
voltage of 30 keV was used.

Energy dispersive X-ray spectroscopy (EDS) (Oxford 
Instrument, model X-Max-N-80, Concord, MA), which 
is coupled with SEM, was employed for elemental anal-
ysis. An auto sputter coater (Denton Vacuum Desk IV, 
Moorestown, NJ) was used for coating samples with a thin 
layer of gold before analysis by SEM. X-ray diffraction (XRD) 
model PANalytical X’pert PRO was used to investigate the 
structure of crystal and conversion phase of photocatalysts. 
The scanning range of XRD was 10°–100° (2θ).

All instruments were calibrated according to their 
procedures. All prepared photocatalysts were dried in an 
oven (Binder, model ED 115-UL). A programmable furnace 
(Thermo Scientific model Lindberg Blue M) was used for 
the calcination of samples at different temperatures.

2.7. Experimental setup and procedure

The photocatalytic activities of as-prepared photocata-
lysts were tested using a batch photoreactor. The experimen-
tal setup consisted of a 3.5-L cylindrical glass container for 
the degradation of organic materials. Five UV-A lamps (9 W, 
Philips-Actinic BLPL-S, G23 Base) with a maximum peak 
of 365 nm, were vertically immersed in the photoreactor. 
The details and the schematic diagram of the experimental 
setup were already reported in the previous study [5]. The 
whole photoreactor was placed inside a water container to 
control the temperature of the photoreactor contents at 25°C 
using a cooling bath (RTE-211, NESLAB Instruments, Inc., 
Newington, NH). The photoreactor was placed on a magnetic 
stirrer so that the contents of the photoreactor were mixed 
thoroughly during reactions.

3. Results and discussion

3.1. Light intensity

In this study, 9-W artificial UV-A lamps with the 
maximum light intensity of 365 nm with the light wave-
length in the range of 315–400 nm (3.10–3.94 eV) and natural 
sunlight were used. The sunlight could be utilized as a UV 
source, but less than 5% of its rays that struck the earth 
surface are in the wavelength range of 300–400 nm. The 
effect of the light intensity in the presence of a photocata-
lyst for the degradation of aqueous MO was investigated 
in the previous study [5]. The details of the light intensity 
of UV-A lamp used in this study at different distances from 
the light source and its comparison with that of the sun-
light on a sunny day were reported in the previous study 
[43]. Result from digital radiometer showed that the light 
intensity of UV-A lamp varies based on distance of the 
light source from the detector and the maximum intensity 
was 14,922 µW/cm2

 at zero distance, while the maximum 
intensity of sunlight was 2,140 µW/cm2 on a sunny day of 
summer 2016 at Ryerson University campus at 1:00 p.m. 
The previous study confirmed that none of the light sources 
(UV-A and sunlight) had pure spectra and they produced 
light in a wide range.
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3.2. Characterization of Ag/TiO2/Fe2O3

Fig. 2(a) shows SEM images of the composite Ag/Fe2O3/
TiO2 photocatalyst, prepared by the UV-assisted thermal 
synthesis. The Ag/TiO2/Fe2O3 particles displayed a heteroge-
neous shape and micrometer-sized. Based on the scale of the 
image, the particle size of the photocatalyst varies between 
0.5 and 2.0 µm. Fig. 2(b) shows the results of the EDS for 
the elemental analysis of the composite Ag/TiO2/Fe2O3 
photocatalyst (Ag:TiO2 = 0.01 w:w and Fe:TiO2 = 0.05 w:w). 
Results taken from EDS were in line with the expected 
concentrations of the elements in the photocatalyst.

The specific surface area of all powder samples was also 
measured based on the BET method, in which the amount of 
the adsorbed inert nitrogen gas on the photocatalyst pow-
der was measured. The amount of the adsorbed nitrogen 
gas corresponds to a monomolecular layer on the surface. 
Fig. 3 depicts the comparison of the specific surface areas 
of the prepared composite of Ag/TiO2/Fe2O3 photocatalyst 
with different mass ratios (calcined at 300°C) along with 
several other commercial photocatalysts. Results show that 
the commercial rutile has the lowest specific surface area 
(2.24 m2/g); whereas, the commercial anatase has the highest 
specific surface area (42.29 m2/g) among all bare crystalline 
forms of TiO2. This trend correlates with the photocatalytic 
degradation of MO in the presence of different forms of TiO2. 
In heterogeneous photocatalysis, the photocatalytic activity 
is related to the catalyst species and the amount of metal or 
nonmetal doped into the catalyst. According to the previous 
study [6], the highest specific surface area of 98.73 m2/g for 
the composite Fe2O3/TiO2 photocatalyst was observed at 0.01 

Fe:TiO2 w:w. It is remarkable that the specific surface areas of 
the bare Fe2O3 and anatase were 14.15 and 42.28 m2/g, respec-
tively. This means that the bare TiO2 and the bare Fe2O3 do 
not have high specific surface areas, but the combination of 
these two photocatalysts has a significantly higher specific 
surface area.

Photocatalytic processes are surface phenomena. A spe-
cific surface area is well known as a characteristic for the high 
activity of a photocatalyst [13]. Based on Langmuir isotherm 
equation, the degradation of organic materials is propor-
tional to surface-adsorbed reactants [40,44–46]. Based on this 
equation, the amount of adsorbed pollutants on the surface 
has a direct relationship to the specific surface area of the 
photocatalyst. These results confirm that the combination of 
metal oxide photocatalysts increases the specific surface area, 
and therefore, the degradation efficiency.

The highest specific surface area of Ag/TiO2/Fe2O3 
(182.17 m2/g) was observed at the mass ratios of 0.01 Ag:TiO2 
and 0.01 Fe:TiO2, while it was 178.37 m2/g at the mass ratios of 
0.005 Ag:TiO2 and 0.01 Fe:TiO2. Results confirmed that com-
bining two photocatalysts (TiO2 and Fe2O3) followed by their 
doping with a noble metal (Ag) significantly increased the 
specific surface area of photocatalysts, adsorption of pollut-
ants, and therefore, their photoactivity. Results also show that 
by increasing the concentration of iron- and silver-doped into 
TiO2, the specific surface area increases and after a specific 
ratio (Fe:TiO2 = 0.01 w:w and Ag/TiO2 = 0.01 w:w), it reduces 
again (see Fig. 3). It seems that at the high concentration of the 
dopant, the surface of the photocatalyst is entirely covered by 
the dopant and there is not enough surface area for the pho-
tocatalyst to absorb light and generate electrons and holes. 
Chen et al. [47] reported that F or Ag single-doped (F-TiO2 or 
Ag-TiO2) and codoped F/Ag-TiO2 photocatalysts (supported 
by activated carbon) had larger BET surface areas compared 
with the bare TiO2 or even TiO2/activated carbon, which was 
mainly because of the smaller crystal sizes of the doped pho-
tocatalyst. Dandan et al. [48] pointed that the average crystal 
size of Ce-, N-, or P-doped TiO2/activated carbon (TiO2/AC) 
photocatalyst were smaller compared with that of TiO2/AC. 
This synergetic effect of tridoping (Ce, N, and P) is due to 
higher specific surface area of the photocatalyst, further 
reducing the crystallite size of photocatalyst. In another study 
conducted by Tian et al. [49], N-Fe-AC/TiO2 photocatalyst 

 

 

a) 

b) 

Fig. 2. (a) SEM image of Ag/TiO2/Fe2O3 (Ag:TiO2 = 0.01 w:w 
and Fe:TiO2 = 0.05 w:w) from the whole sample and (b) ele-
mental analysis of the whole sample of Ag/TiO2/Fe2O3 
(Ag:TiO2 = 0.01 w:w and Fe:TiO2 = 0.05 w:w).
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Fig. 3. Comparison of the specific surface area of different 
photocatalysts. All mass ratios are based on TiO2.
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was synthesized using microwave-assisted sol-gel method. 
They reported that the spherical shape of codoped N-Fe-AC/
TiO2 photocatalyst has a specific surface area of 550 m2/g that 
is much higher than that of the bare TiO2 and AC/TiO2.

3.3. Crystallinity of Ag/TiO2/Fe2O3 photocatalyst

Although there are numerous reports in the open lit-
erature for the preparation of various photocatalysts with 
different photo-efficiencies to treat organics in wastewater, 
the configuration and the structure of doped (with metals or 
nonmetals) and combined photocatalysts are still not clear, 
and therefore, this needs to be investigated. It is evident that 
photocatalytic properties are intensively related to several 
parameters such as the specific surface area, the structure, the 
size, and the morphology of the crystal. There are two main 
perspectives, terrestrial and substitution, for doping metals 
or combining another photocatalyst onto bare TiO2. The ter-
restrial is related to the metal/nonmetal covering the surface 
of the photocatalyst [41,50]; whereas, in the substitution, 
the metal/nonmetal ions penetrate into the crystal lattice 
of TiO2 [37,51,52]. Fig. 4(a) shows a diffractogram (XRD) of 
the Ag/TiO2/Fe2O3 photocatalyst (Ag:TiO2 = 0.01 w:w and 
Fe:TiO2 = 0.01 w:w) which is calcined at 300°C. Results show 
that the photocatalyst is in the anatase phase with small crys-
tal size, where there is no rutile peak present. Fig. 4(b) shows 
three diffractograms of Ag/TiO2/Fe2O3 with a different mass 
ratio of Ag+ and Fe3+, whereas Fig. 4(c) shows diffractograms 
of the pure commercial anatase. The location of the peaks in 
the three diffractograms of photocatalysts was in line with 
that of the pure anatase. According to the Joint Committee 
on Powder Diffraction Standards (JCPDS-21-1272) databank, 
anatase has a main peak at 2θ = 25.4 matching the 101 planes 
and two other peaks located at 37.8 and 48.0 corresponding 
to planes 004 and 200, respectively [21,38].

Results revealed that all three diffractograms are similar 
without any alteration in the location of peaks other than 
their relative heights, which are related to different concen-
trations of Ag+ and Fe3+. From these diffractograms, one can 
conclude that due to the same size of the silver and especially 
iron ions with titanium, these two ions most likely become 
parts of the crystal lattice of TiO2. Substitution of iron or 
silver into the crystal lattice caused a crystal defect with an 
increase in the specific surface area of the photocatalyst. 
Chen et al. [47] and Wellia et al. [51] reported that the metal 
doped might be placed in the lattice crystal of TiO2, where it 
causes some changes in the electronic properties of the pho-
tocatalyst. It can be concluded that most of the silver and 
especially iron ions in the process of doping are substituted 
with titanium in the crystal lattice of TiO2 with a low amount 
of Fe2O3 located on the surface of TiO2. However, the XRD 
diffractograms show a very low amount of bare Fe2O3 parti-
cles in the mixed oxide system of the Ag/TiO2/Fe2O3 photo-
catalyst. The XRD patterns show no Ag or Fe species-cause 
to make a diffraction peaks, it is suggested that Ag or Fe par-
ticles are well dispersed onto the TiO2 crystal lattice or are 
present in very low amount as iron or silver oxide. Results 
from other studies [47,51] also confirm the same conclusion.

In our previous study [6], it was found that the best 
calcination temperature was 300°C for Ag/TiO2 or combined 
photocatalysts (Fe2O3/TiO2). It was also found that the sample 

calcined at 300°C contained only the anatase form. It has been 
shown in the open literature that by increasing the calcination 
temperature, the intensity of anatase peak decreases while 
the intensity of the rutile peak is amplified [38,39]. At 900°C, 
there is only the rutile phase with the maximum crystallinity. 
Results also show that a specific calcination temperature is 
required to make a purer photocatalyst crystal, whereas, at 
high calcination temperatures (more than 600°C), the activity 
of photocatalysts is reduced. It is evident that at high calcina-
tion temperatures, the magnetic properties of iron oxides are 
strongly reduced [21]. Doping TiO2 with noble metals such 
as Ag, Au, and Pt increases the photocatalytic activity of the 
TiO2 photocatalyst.

Images taken using SEM and result from EDS elemen-
tal analysis showed that Ag+ and Fe3+ particles are uniformly 
dispersed in the mixed oxide samples of Ag/TiO2/Fe2O3. In 
other words, the ratio of atomic percentage of Ag, Ti, and 
Fe found by EDS are similar to the expected concentrations. 
At high mass ratios of Fe2O3:TiO2, due to the limitation of 
solubility of Fe3+ ions, the composite photocatalysts contain 
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Fig. 4. (a) Diffractogram of the as-prepared Ag/Fe2O3/TiO2 
photocatalyst (Ag:TiO2 = 0.005 w:w and Fe/TiO2 = 0.01 w:w); 
(b) comparison of three diffractograms (XRD) of Ag/Fe2O3/TiO2 
with different mass ratios of Ag and Fe; and (c) diffractogram of 
pure commercial anatase.



377M. Nasirian, M. Mehrvar / Desalination and Water Treatment 137 (2019) 371–380

an excess Fe2O3, which has not been diffused into the TiO2 
lattice. In other words, the excess of Fe2O3 in the composite 
photocatalyst is dispersed on the surface of TiO2.

3.4. Photocatalytic degradation of methyl orange

In order to determine the adsorption performance of 
photocatalyst, dark experiments were carried out for all pho-
tocatalysts. In this process, the aqueous slurry was stirred in 
the dark for 180 min to determine the adsorption of methyl 
orange onto the surface of each photocatalyst and to reach 
equilibrium between adsorption and desorption of MO. 
Results showed that equilibrium between adsorption and 
desorption was obtained after 50 min. In order to examine 
the photocatalytic activity of all photocatalysts for degrada-
tion of MO, under any kind of irradiation (UV-A or sunlight), 
dark experiments were conducted prior to each run. In the 
next step, to investigate the photolysis for the degradation of 
MO in separate experiments, water samples containing MO 
were exposed to the UV-A irradiation alone and their deg-
radations were monitored. It was observed that by apply-
ing photolytic process (only UV-A), a negligible amount of 
organic materials was degraded after 3 h UV-A irradiation.

The degradation of MO in the presence of several types 
of commercial bare TiO2 photocatalysts including rutile, 
Degussa P25, anatase, and nanosynthesized TiO2 under 
UV-A irradiation is shown in Fig. 5(a). It is evident that the 
range of the MO degradation using bare TiO2/UV is not high. 
The best results were obtained in the presence of anatase 
with the degradation rate of 37.9% after 3 h irradiation. After 
anatase, nanosynthesized TiO2 and P25 with almost the same 
efficiency had the highest, and rutile TiO2 had the minimum 
degradation efficiency.

Fig. 5(b) shows the degradation efficiency of MO in the 
presence of commercial bare Fe2O3, bare anatase (TiO2), and 
composite Fe2O3/TiO2 with different mass ratios of dopant 
(Fe:TiO2 = 0.005, 0.01, 0.05, 0.10, and 0.30 w:w). It is evident 
that the degradation range of MO using bare TiO2/UV and 
bare Fe2O3/UV for dyes is not high (38.1% and 24.9%, respec-
tively). Fig. 5(b) also shows that the maximum degradation 
efficiencies of MO in the presence of composite Fe2O3/TiO2 
(Fe:TiO2 = 0.01 w:w) reached at 61.5%. This is an improve-
ment of 23.6% compared with the efficiency of bare TiO2 
with 37.9%.

Fig. 5(c) depicts the comparison between the photocat-
alytic degradation efficiency of MO in the presence of bare 
anatase (TiO2), Ag/TiO2 (synthesized in Sections 2 and 3) with 
an optimum mass ratio of 0.005 Ag:TiO2 and the composite 
Fe2O3/TiO2 photocatalyst (with mass ratio of 0.01 Fe:TiO2) 
under irradiation of UV-A light. Results showed that the 
degradation of MO reached up to 37.9%, 52.2%, and 61.5%, 
respectively, which was an improvement in the degradation 
efficiency of MO. Results from this part of the study con-
firmed that the doping a noble metal onto TiO2 (Ag/TiO2) 
and combining two photocatalysts (Fe2O3/TiO2) improved 
the degradation efficiency of the bare TiO2 photocatalyst.

3.5. Degradation of organics using UV/Ag/TiO2/Fe2O3

Fig. 6(a) shows the photocatalytic degradation of MO using 
the synthesized Ag/Fe2O3/TiO2 photocatalyst under UV-A at 

different mass ratios of Ag and Fe to TiO2 (Ag:TiO2 = 0.01 and 
Fe:TiO2 = 0.05 w:w; Ag:TiO2 = 0.01 and Fe:TiO2 = 0.01 w:w; 
and Ag:TiO2 = 0.005 and Fe:TiO2 = 0.01 w:w). The photocat-
alytic activity of Ag/TiO2/Fe2O3 composite photocatalyst is 
strongly dependent on the mass ratio of Fe and Ag to TiO2. 
Results show that the composite photocatalyst of Ag/TiO2/
Fe2O3 with the mass ratio of 0.005 Ag:TiO2 and 0.01 Fe:TiO2 
had the highest photocatalytic activity for the degradation of 
MO (79.5%) in aqueous solutions.

Results also show that the degradation efficiency of the 
Ag/TiO2/Fe2O3 at the optimum mass ratio was higher than 
that of Fe2O3/TiO2 at its optimum amount mass ratio and 
that of bare TiO2. The high amount of silver or iron load-
ings onto the TiO2, beyond the optimum level, decreases the 
available surface area for the adsorption of organic materials 
and blocks the light absorption, consequently a decrease in 
the photocatalytic activity. Based on the photo-generation of 
electron/hole pair in photocatalysts, the electron is reducer 
and the hole is an oxidizer. Although holes are oxidizers 
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Fig. 5. Comparison in degradation efficiencies of MO in presence 
of: (a) several types of TiO2 photocatalysts; (b) commercial Fe2O3, 
bare anatase (TiO2) and composite Fe2O3-TiO2 with different 
mass ratios of Fe:TiO2; and (c) anatase TiO2, Ag-doped TiO2 
(Ag/TiO2 = 0.05 w:w) and Fe2O3/TiO2 (Fe:TiO2 = 0.01 w:w). The 
concentration of all photocatalysts was 500 mg/L. The initial 
concentration of MO was 30 mg/L. Experiments were conducted 
under irradiation of 5 UV-A in batch mode.
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and produce hydroxyl radicals, oxygen molecules in water 
samples scavenge electrons generated from the photo- 
activation of catalysts; thus, several kinds of superoxides are 
produced. Subsequently, superoxides in a series of reactions 
react with water and produce hydroxyl radicals.

According to Yang et al. [53] and based on results 
obtained from thermal desorption spectroscopy, in com-
bined photocatalysts, O2

−, O−, and O3
− can be adsorbed on 

the surface of photocatalysts and then desorb at high tem-
perature (114°C). The rate of adsorption of oxygen on the 
surface of combined photocatalysts is higher than that of 
bare photocatalysts. High adsorption of superoxide causes 
a higher degradation of organics. Kim et al. [21] reported 
that in the XPS analysis of combined Fe2O3/TiO2 photocata-
lyst (calcined at 700°C), a separate peak related to the oxygen 
vacancies was obtained. Oxygen defects cause an increase in 
the photocatalytic activity of Fe2O3/TiO2. They suggested a 
mechanism based on trapping of water molecules by oxygen 
vacancies and then by the dissociation of the adsorbed water 
into O2

−, H2O2, and HO•. Consequently, the enhancement of 
the photocatalytic activity of the Ag/TiO2/Fe2O3 photocatalyst 
is mainly attributed to the titanium and oxygen defects in the 
crystal and to the modification of the electronic structure of 
TiO2, which can reduce the recombination rate of electron/
hole pairs and reduce the band gap energy.

Fig. 6(b) shows the degradation efficiency of the Ag/TiO2/
Fe2O3 photocatalyst with different mass ratios under natural 
sunlight. The highest amount of the MO degradation was 
reached to 95.6%. In other words, the photocatalyst absorbed 
visible light to generate electron/hole pairs to degrade 
organic materials, which means a redshift occurred. Another 
advantage of applying the Ag/TiO2/Fe2O3 photocatalyst is its 
easy separation from the slurry due to its electromagnetic 

characteristic of Ag/TiO2/Fe2O3. This separation is easily 
performed by applying a proper electromagnetic field or, 
at least, applying a ferromagnetic material and passing sus-
pension through the field. Sequential runs were carried out 
four times to determine the stability and reusability of the 
novel photocatalyst. Results showed that the degradation 
efficiency of MO was almost the same; in other words, there 
was no failure in the reuse of the photocatalyst.

4. Conclusions

Doping transition metals onto TiO2 and the combination 
of two semiconductor oxides are two appropriate alterna-
tives to improve photocatalytic activity of the bare TiO2 in 
order to degrade organics. This could change the electronic 
structure and the band gap energy of the main photocatalyst. 
To get past current restrictions on the fast rate of electron–
hole recombination, the Ag/TiO2/Fe2O3 photocatalyst was 
synthesized to improve the photocatalytic activity of TiO2. 
The new composite of Ag/TiO2/Fe2O3 was synthesized by 
the novel UV-assisted thermal method as an alternative to 
enhance the generation and the lifetime of electron/hole 
pairs as well as to improve its photocatalytic activity for the 
degradation of an azo dye. Results showed that combining 
two photocatalysts (TiO2 and Fe2O3) and then doping silver 
ion onto combined photocatalysts caused the substitution 
impurity and point defect in the crystal.

The diffractogram of Ag/TiO2/Fe2O3 with different con-
centration of dopant (Ag and Fe) calcined at 300°C showed 
that all photocatalysts were in anatase form. Results also 
showed that the degradation of methyl orange using 
Ag/TiO2/Fe2O3 (Ag:TiO2 = 0.005 w:w and Fe:TiO2 = 0.01 w:w) 
was reached to 89.5% under UV-A irradiation and 95.6% 
under natural sunlight. In other words, the degradation effi-
ciency of MO was significantly increased, especially under 
natural sunlight. Results showed that the combination of 
crystal defect, higher specific surface area, higher adsorp-
tion of organics, lower band gap energy, and consequently 
the effect of redshift caused to improve the photocatalytic 
activity.
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