
1 3

J IRAN CHEM SOC (2016) 13:1785–1796
DOI 10.1007/s13738-016-0896-9

ORIGINAL PAPER

Light expanded clay aggregate (LECA) as a support for TiO2, Fe/
TiO2, and Cu/TiO2 nanocrystalline photocatalysts: a comparative 
study on the structure, morphology, and activity

Somayeh Sohrabi1 · Faranak Akhlaghian1 

Received: 23 September 2015 / Accepted: 3 June 2016 / Published online: 10 June 2016 
© Iranian Chemical Society 2016

Keywords  Doped TiO2 · Photocatalyst · Structure and 
morphology · Immobilization · LECA

Introduction

Phenol is considered as one of the most important organic 
contaminants; its major sources in aquatic environment 
are industrial wastewaters including paint, pesticides, coal 
conversion, polymeric resin, petroleum, and petrochemi-
cal industries. Phenol is reputed for its bioresistance and 
acute toxicity. Among numerous methods that have been 
recommended for the degradation of phenolic compounds, 
photocatalytic treatment is the most effective and eco-
nomical technology [1–3]. Titanium dioxide (TiO2) has 
attracted considerable attention mainly because of its high 
photocatalytic activity, environmental-friendly nature, and 
the relatively low cost [4]. Several modification methods 
have been applied to enhance the photocatalytic activity 
of TiO2. The deposition of nanosized metal particles on 
TiO2 has proven to be beneficial for improving the effi-
ciency of photocatalytic reactions involved in the degra-
dation of organics. Since these nanoparticles act as a sink 
of electrons, they inhibit the recombination of electron 
and hole pairs [5, 6]. Lorret et  al. [6] reported that the 
addition of tungsten drastically improved the photocata-
lytic activity of TiO2, where the activity was measured via 
degradation of methylene blue (MB) in aqueous solution. 
Yean Ling Pang and Ahmad Zuhairi Abdullah prepared 
Fe-doped titanium dioxide nanotubes using sol–gel fol-
lowed by hydrothermal method; the activity was evaluated 
based on the oxidation of rhodamine B under ultrasonic 
irradiation [7]. Huang et al. [8] concluded that CuO/TiO2 
is an active and stable catalyst for CO oxidation. In order 
to have sufficient separation of the catalyst from aqueous 
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solution and to reuse it, the application of nanosized cat-
alyst, which is suspended in solution, is preferred to be 
limited. In fact, the application of an appropriate support 
for catalyst immobilization is of high importance. Various 
materials have been tested as the substrate for catalysts 
such as glass, silica, pumice granules, perlite stone, and 
stainless steel [3, 4]. Haileyesus Tedla et al. applied syn-
thetic zeolite as a support for ZnO/Fe2O3/MnO2 compos-
ite. They reported high efficiency for the degradation of 
methylene blue (MB) and real sewage sample [9]. Human 
society has been using clays and clay minerals since the 
Stone Age, but recently in line with the rapid advances 
of nanotechnology, the attention toward clays is focused 
upon their uses in adsorption, catalysis, and biology [10]. 
Vaccari [11] stated in 1999 that the application of clays 
in environmental catalysis would have a promising future. 
Hassan et al. [12] evaluated the catalytic performance of 
Ni (II) and Cu (II) phthalocyanines, immobilized on ben-
tonite clay surface. Sharifnia et al. studied the photocata-
lytic degradation of ammonia using LECA granules as a 
substrate for their catalyst. The chemical composition of 
LECA by XRF analysis disclosed that SiO2 is the major 
mineral and Al2O3 and Fe2O3 are present as minor miner-
als. Meanwhile, some trace minerals were also detected in 
this natural material [13]. Zarrabi et al. have used LECA 
for defluoridation of water and reported some of the prop-
erties of lightweight expanded clay aggregate (LECA) 
such as low density, high porosity, and thermal resistance 
(up to 1000  °C). The porous structure of LECA along 
with its low density facilitates its floatability [14].

In this research study, TiO2, Fe/TiO2, and Cu/TiO2 pho-
tocatalysts were synthesized by sol–gel method. The struc-
ture and morphology of the catalysts were scrutinized by 
XRF, XRD, and SEM techniques. Moreover, the activity 
of the catalysts was compared in suspended and immobi-
lized modes. Light expanded clay aggregate (LECA) was 
applied as a support to immobilize TiO2, Fe/TiO2, and Cu/
TiO2 photocatalysts.

Materials and methods

Materials

To prepare Cu/TiO2 and Fe/TiO2 photocatalysts, tita-
nium isopropoxide (98  %), Cu (NO3)2·3H2O (99  %), Fe 
(NO3)3·9H2O (98  %) were used as the precursors for the 
titanium, copper, and iron, respectively. LECA is a spe-
cial type of clay, which has been pelleted and fired in a 
rotary kiln at a very high temperature (with grain size of 
4–10 mm). LECA is considered a silicate compound. It was 
provided by Azarbayjani Company, Kermanshah, Iran. It 

was crashed and washed with tap water in order to remove 
the dust. Subsequently, it was heated at 100  °C, until the 
weight became constant. Moreover, ethanol (96  %) and 
nitric acid (65 %) were used for the synthesis of the cata-
lysts and H2O2 (30 wt%) and phenol (99 %) were used in 
the phenol photodegradation experiments. The chemicals 
were purchased from Merck Company and used without 
further purifications. Distilled water was used through the 
experiments.

Methods

Synthesis of Cu/TiO2 and Fe/TiO2 photocatalysts

Step 1: Based on sol–gel method, titanium isopropoxide 
(TIP) was added to double-distilled water with the molar 
ratio of 1:100 (TIP to water). The mixture has been stir-
ring and heating up to 85 °C. Step 2: At that temperature, 
a specified amount of nitric acid was added so that the 
molar ratio of TIP to nitric acid was 1:0.07. Meanwhile, a 
solution of 2 wt% of Cu, which was prepared by dissolv-
ing Cu (NO3)2·3H2O in ethanol, was added. In case of Fe/
TiO2 photocatalyst, a solution of 2 wt% of Fe, which was 
obtained by dissolving Fe (NO3)3 9H2O in ethanol, was 
used. Step 3: The mixture was kept under reflux at 85 °C 
for 24  h. Step 4: The obtained gel was dried at 100  °C. 
Step 5: The dried gel calcination was conducted at 600 °C 
for 2  h. The experimental data on the choice of calcina-
tion temperature are given in [15]. Finally, the powder was 
crushed and sieved into 60–90 μm.

Immobilization

LECA was applied as the support for TiO2, Fe/TiO2, and 
Cu/TiO2 photocatalysts. The procedure of Cu/TiO2/LECA 
preparation is presented in Fig.  1. The first three steps of 
Cu/TiO2/LECA preparation method, which consist of the 
preparation of a homogenous mixture from the precur-
sors, the hydrolysis of Ti alkoxide, and the formation of 
sol, were the same as the synthesis method of Cu/TiO2 
photocatalyst. Afterward, LECA granules were added to 
the obtained sol. Step 4: the LECA granules, which had 
adsorbed sufficient sol, were filtered and dried at 100 °C. 
Step 5: Finally, the calcination process was carried out at 
600 °C for 2 h. Hereby, TiO2, Fe/TiO2, and Cu/TiO2 were 
immobilized and coated on LECA.

Characterization

Copper and iron content of the catalysts were meas-
ured by X-ray fluorescence (XRF) spectrometer (Spec-
tro X-Lab Pro). TiO2 and modified TiO2 powders were 
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characterized by X-ray diffraction (XRD) using X’Pert 
MPD diffractometer with Cu Kα radiation at 40 kV and 
40 mA. The XRD patterns were collected from 5° to 80° 
in 2θ at a scan rate of 0.2°/s. The morphology of the cata-
lysts was investigated by field emission scanning electron 
microscopy of FESEM of the TSCAN Company on the 
acceleration voltage of 15.0 kV. The porosity of the cata-
lysts was investigated using Micrometrics ASAP 2010. 
Before measuring nitrogen adsorption, the catalyst was 
degassed at 300 °C for 6 h.

Photocatalytic experiments

The catalyst was added to a phenol solution (200 ppm), 
which was selected as the synthetic wastewater. Hydro-
gen peroxide (H2O2: 12.5 ml, 30 wt%) was added to the 
solution as an oxidizing agent. The amounts of catalyst 
loading, initial phenol concentration, and H2O2 dosage 
were investigated and optimized in one of our previous 
works [16]. From our optimization experiments for Cu/
TiO2 [17], it can be concluded that the optimum Cu/TiO2 
dosage is 0.5 g/l. In addition, according to another work 
of us [16], the optimum dosage for Fe/TiO2 dosage is 
0.5 g/l. Accordingly, based on the results obtained by the 
two papers, the dosages of Cu/TiO2 and Fe/TiO2 in sus-
pended photocatalytic experiments were determined to 
be 0.5 g/l.

To be able to have a rational judgment on the competi-
tive performance of the catalysts in suspended and immo-
bilized states, we decide to adjust the dosages of Cu/TiO2/
LECA and Fe/TiO2/LECA catalysts so as to obtain 0.5 g/l 
dosage for Cu/TiO2 in Cu/TiO2/LECA (likewise for Fe/
TiO2 in Fe/TiO2/LECA). It means that LECA granules 
were weighed before absorbing sol and after the calcina-
tion process. The difference between these two values 
reveals the Cu/TiO2 amount, which is immobilized on 
LECA (likewise for Fe/TiO2 in Fe/TiO2/LECA). Since in 
each experiment 200 ml of phenol solution is used, 0.1 g 
of catalyst is applied to attain 0.5 g/l dosage. To immobi-
lize 0.1 g of Fe/TiO2 on LECA 3.96 g of the substrate was 
needed, while for Cu/TiO2 the required amount of LECA 
is lower (3.58). This shows superior immobilization of Cu/
TiO2 on LECA.

A magnetic stirrer was used to provide uniform conditions 
in the reacting solution. The illumination is conducted by a 
UV lamp (with light intensity of 757.38  mW/cm2), which 
was fixed 19.5 cm over the batch photoreactor of cylindrical 
shape (Pyrex vessel capacity: 2L). The setup was in a cham-
ber, and it was shielded by aluminum foil during the reaction 
time to prevent the interference from outside light.

Analytical methods

All the experiments were carried out at ambient tempera-
ture. After 2 h of reaction, the mixture was centrifuged and 
the absorbance of the supernatant was measured at 270 nm 
using a Specord 210 UV spectrometer. The experiments 
should be repeated for the blank. All the conditions in the 
blank were the same as the sample, but the blank had no 
catalyst. The activity of photocatalysts was evaluated by 
determining the phenol degradation percentage. The con-
centration of phenol in the solution was measured using the 
Beer–Lambert law, and the degradation of phenol was cal-
culated using the following equation [16]:

Fig. 1   The synthesis procedure of Cu/TiO2/LECA photocatalyst
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where A0 and A are absorbance of blank and sample, 
respectively.

Mechanism

In the photocatalytic degradation process, an organic pol-
lutant is destroyed in the presence of an oxidizing agent 
and a semiconductor, which is irradiated by an energetic 
light source. As the result of sufficient illumination with UV 
lamp, an electron from the valence band migrates to the con-
duction band leaving behind an electron vacancy (hole) in 
the valence band. The generated hole in the valence band can 
produce hydroxyl radicals, and subsequently, OH radicals 
oxidize the organic material. The photogenerated e− and h+ 
are vigorous oxidizing and reducing agents, and their reac-
tions are, respectively, as follows:

Equation  (2) expresses the hydroxyl radicals generation 
by the oxidation step, in which positive holes react with 
absorbed water. The reduction step leads to the hydroxyl 
radical generation through direct and indirect routes; the 
direct way, which is stated in Eq.  (3), is the reaction of 
electrons with H2O2. The indirect way, which is summa-
rized in Eq.  (4), composes of two steps: First, e− is trans-
ferred to the adsorbed oxygen of the modified catalyst (Cu/
TiO2, Fe/TiO2), which produces superoxide anions and then 
O2

− reacts with H2O2 resulting in ·OH generation. When 
reduction and oxidation do not advance simultaneously, 
there would be an electron accumulation in the conduction 
band. Thereby, this can increase the rate of recombination of 
e− and h+. Since the recombination causes energy waste, it 
should be prevented to ensure efficient photocatalysis. The 
role of dopant in photocatalysis is in keeping the charges sep-
arate through trapping the electrons of TiO2 conduction band 
and consequently avoiding the recombination of electrons 
and holes [2, 18]. Cu2+ and Fe3+, which are absorbed on the 
TiO2 surface, can act as electron trapping centers. Thus, they 
increase the electron–hole pair separation efficiency.

Results and discussion

XRF

Chemical composition of the doped catalysts, which was 
evaluated by XRF analysis, is indicated in Table 1. Given 

(1)Degradation% = 100 × [(A0 − A)/A0]

(2)H2O + h
+
→ OH·

+ H+

(3)e− + H2O2 → OH·
+ OH−

(4)e− + O2 → O·−

2 , H2O2 + O·−

2 → OH·
+ OH−

+ O2

that the method of synthesis, all the materials used and 
their quantities, is the same for the two catalysts (Cu/TiO2 
and Fe/TiO2), only the type of dopant is different (a solu-
tion of 2  wt% of Cu was used in step 2 of Cu/TiO2 syn-
thesis, and likewise a solution of 2 wt% of Fe for Fe/TiO2 
synthesis). Under the current circumstance, chemical com-
position of the doped catalysts indicates that the ratio of 
CuO/TiO2 is 0.24 % and the ratio of F2O3/TiO2 is 0.2 %. 
Higher CuO loading in Cu/TiO2 suggests better embedment 
of the dopant in the TiO2 lattice, and accordingly, it pos-
sesses more active sites.

XRD

The X-ray powder diffraction was used to determine the 
crystalline phases present in the samples. XRD patterns of 
pure TiO2, Fe/TiO2, and Cu/TiO2 are shown in Fig. 2. In the 
XRD pattern of pure titanium dioxide, the peak at 29.5090° 
is attributed to the anatase phase (JCPDS 21-1272), and 
the peaks at 32.0095°, 42.1696°, and 64.0611° are attrib-
uted to rutile (JCPDS 21-1276). These results imply that 
both rutile and anatase phases exist in pure TiO2. In the 
XRD pattern of Cu/TiO2, in addition to the peaks, corre-
sponding to rutile and anatase phases (JCPDS 21-1272 and 
21-1276), there is a peak at 63.52°, which corresponds to 
CuO (JCPDS 48-1548). Additionally, in the pattern of Fe/
TiO2, along with the peaks belonging to rutile and anatase 
phases, two peaks at 56.51° and 65.02° are recognized, 
which correspond to Fe2O3 (JCPDS file no. 39-1346). 
Phase distribution of samples is estimated by Spurr–Myers 
correlation where the weight percent of anatase is given by:

where “X” denotes the weight fraction, “I” denotes the 
intensity of the strongest reflection, and the subscripts “A 
and R” denote the anatase and rutile phases, respectively. 
The anatase content is estimated by Eq. (5). The rutile con-
tent can then be determined by a subtraction [19].

The portions of anatase and rutile phases, which are 
calculated according to Eq. (5), are presented in Table 2. 
As can be seen, more than 90 % of titanium dioxide crys-
tals are in the rutile phase, while Fe/TiO2 is composed 
of 42.17  % of anatase and Cu/TiO2 is mainly made up 
of anatase structure (70.28  %). Thus, the crystallization 
of a catalyst, especially the ratio of anatase to rutile, is 

(5)XA = (1/ (1+ 1.26(IR/IA)))

Table 1   XRF analysis of Fe/TiO2 and Cu/TiO2 photocatalysts

Sample TiO2 (wt%) CuO (wt%) Fe2O3 (wt%) Loss on ignition 
(wt%)

Fe/TiO2 95.71 – 0.2 4.08

Cu/TiO2 99.47 0.24 – 0.3
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affected by dopants. Moreover, it is observed that the 
existence of dopants decreases anatase to rutile transfor-
mations. The XRD patterns enunciate that the catalysts 
are composed of both anatase and rutile phases. Juang 
et  al. indicated that high catalytic activity is associated 
with the crystalline structures containing both anatase 
and rutile. In other words, the co-existence of the two 
phases leads to a synergistic effect [20]. A higher con-
tent of rutile phase is related to a lower photocatalytic 
activity [2, 21, 22]. Another important point, which lies 
in the XRD patterns, is that as the result of copper oxide 
incorporation into the crystalline structure of TiO2, the 
intensity of anatase peak is increased and the intensity of 
rutile peaks is abated. It can be observed that the dopants 
retard anatase to rutile transformations. A higher anatase 
content indicates higher catalytic activity. Accordingly, 
Cu/TiO2 that is primarily composed of highly active 
anatase structure has the potential to be an outstanding 
photocatalyst. The experimental results confirm the exist-
ence of a relationship between anatase content and cata-
lytic activity.

The Scherrer formula is used to estimate the crystal-
lite size of the nanoparticles, where “D” is the crystallite 
size, “K” is a correction factor, which is related to shape, 

taken as 0.89, “λ” is wavelength of X-ray radiation used 
(0.15406 nm), “β” is the line width at half-maximum peak 
height, after subtraction from equipment broadening, and 
“θ” is the diffraction angle [23].

Since the samples are made up of both anatase and rutile 
phases, crystallite sizes of samples should be the average 
according to the following equation:

Crystallinity degree is defined as the crystalline por-
tion of a sample divided by the sum of both crystalline and 
amorphous portions.

where “C” is the crystallinity degree and “IC and IA” are 
diffracted X-ray radiations of crystalline and amorphous 
portions of the samples, respectively [24].

Nanoparticles crystallite size based on Eq.  (7) and the 
degree of crystallinity based on Eq. (8) are calculated and 
given in Table 2. From the results of Table 2, it is inferred 
that the crystallinity and likewise the crystallite size are 
reduced as the dopant is embedded into the TiO2 lattice. 
It is originated from the fact that the order of TiO2 lattice 
is disturbed by the dopant, in fact because of the differ-
ent ionic radius of Ti4+ and Fe3+ or Cu2+. The source for 
numerical values of ionic radii is the paper by Shannon 
[25]. According to the so-called database, most reliable 
numerical value for ionic radii of Fe3+, Cu2+, and Ti4+ is 
0.645, 0.57, and 0.605, respectively. Thereupon, the disor-
der imposed to the lattice because of dopants incorporation 

(6)D = (K�)/ (β Cosθ)

(7)Dave = DA(IA/ (IA + IR)) + DR(IR/ (IA + IR))

(8)C = (IC/(IC + IA)× 100

Fig. 2   XRD patterns of 
pure and modified titanium 
dioxide (anatase to rutile 
ratio: TiO2 (0.0626) < Fe/TiO2 
(0.7292) < Cu/TiO2 (2.3647))

Table 2   The results obtained by XRD for TiO2 and Cu/TiO2 photo-
catalysts

Samples Anatase (wt%) Rutile (wt%) A/R Dave (nm) C (%)

TiO2 5.89 94.11 0.0626 113.99 81.21

Fe/TiO2 42.17 57.83 0.7292 80.00 73.32

Cu/TiO2 70.28 29.72 2.3647 71.25 73.00



1790	 J IRAN CHEM SOC (2016) 13:1785–1796

1 3

leads to the formation of defects. Defects are considered 
as amorphous. The more defects form, the less crystalline 
phases exist, and crystallinity degrees of the samples are 
decreased. In addition, XRD results, which are presented 
in Table 2, indicate that the existence of dopants retards the 
crystallization of samples decreasing anatase to rutile trans-
formations. Thus, the crystallinity degree is reduced as the 
dopant is embedded into the TiO2 lattice.

SEM

Figures 3, 4b, and 5 illustrate the scanning electron micro-
graphs (SEM) of Fe/TiO2, Cu/TiO2, and Cu/TiO2/LECA 
photocatalysts, respectively. It is quite evident that the sur-
face morphology of iron-modified TiO2 is different from 
that of copper-modified TiO2. Since the synthesis methods 

are identical, it can be concluded that dopants are respon-
sible for the morphological changes. The scales of the 
images of Fe/TiO2 in Fig. 3 range from 200 nm to 2 µm. 
Figure  3a displays that the Fe2O3 nanoparticles are dis-
tributed evenly on the TiO2 smooth surface. Bright spots, 
which are representative of iron oxide particles, are marked 
by white rings. Figure  3b, c, and d images exemplify the 
porosity of the catalyst. The images of Fig.  4, ranging 
from 100  nm to 1  µm, correspond to Cu/TiO2. The bril-
liant spots are representative of copper oxides, which are 
homogenously incorporated into the TiO2 lattice. It is of 
high importance that the morphology of CuO nanoparti-
cles in Cu/TiO2 photocatalyst is different from Cu/TiO2/
LECA photocatalyst. Therefore, SEM images of Cu/TiO2/
LECA were studied over a wider range (500 nm–50 µm). 
It is indicated from the images of Fig. 5a–d that Cu/TiO2 

Fig. 3   The SEM images of the Fe/TiO2
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covers the LECA surface with a uniform flaky layer. Active 
sites of the catalyst are depicted as brilliant spots, which 
are representative of CuO particles marked by white rings. 
Moreover, the microporous structure of LECA granules 
is depicted in the images of Fig.  5e–h. The high porosity 
of LECA suggests that it can be applied as an appropriate 
support. The copper-modified titanium dioxide photocata-
lyst, which was coated on LECA, simultaneously benefits 
from the high activity of Cu/TiO2 and the high porosity of 
LECA.

The SEM images are different regarding dopant cover-
ing and loading in TiO2 structure. CuO is found more abun-
dantly in SEM images compared to Fe2O3; the existence of 
bright spots is more frequent in Cu/TiO2, but in one aspect 
they all are alike each other and this is the fact that the 
nanocatalysts (Cu/TiO2 and Fe/TiO2) are porous materials. 

Specifically, the microporosity of LECA and mesoporosity 
of Cu/TiO2 and Fe/TiO2 are evident in the SEM images. In 
the SEM images of Cu/TiO2/LECA, pores in the microm-
eters scale are obviously detectable, and the SEM images 
of Cu/TiO2 and Fe/TiO2 pores in nanodimensions are well 
depicted.

N2 adsorption/desorption isotherm

Nitrogen adsorption/desorption isotherm for Fe/TiO2 cata-
lyst is shown in Fig. 6. The isotherm shape confirms that 
Fe/TiO2 catalyst is mesoporous. According to IUPAC clas-
sification, Fe/TiO2 corresponds to type IV, which represents 
mesoporous solids, and regarding hysteresis, it belongs to 
type H2. Catalysts with H2-type hysteresis have inkbottle 
pores [26]. As it is noted in “Synthesis of Cu/TiO2 and Fe/

Fig. 4   The SEM images of the Cu/TiO2
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Fig. 5   The SEM images of the Cu/TiO2/LECA
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TiO2 photocatalysts” section, the titanium precursor and the 
synthesis method for Cu/TiO2 and Fe/TiO2 photocatalysts 
are the same and the whole quantities and ratios of mate-
rials kept constant. In summary, all the conditions, which 
affect porosity, are the same. It can be concluded that Fe/
TiO2 and Cu/TiO2 nanocatalysts are porous materials. The 
results are in agreement with [27].

LECA (the applied substrate in this work) is a com-
mercial product, which is manufactured worldwide, and 
accordingly, its properties such as low density, high poros-
ity, and high surface area are well known. Furthermore, 
there are numerous articles [28–34], which support its 
porosity and high surface area.

Activity tests of suspended catalysts

Recently, many researchers have focused on enhanc-
ing the photocatalytic activity of TiO2. As an illustration, 

doping TiO2 with nonmetals like nitrogen and carbon was 
reported. Moreover, metallic nanoparticles have been used 
to improve the catalytic activity of TiO2 [6, 35]. A cou-
ple of studies reported high photocatalytic activity of Cu-
doped TiO2 [36–39]. Tryba [40] observed that photoactivity 
of Fe–C–TiO2 was higher than TiO2. In this work, phenol 
photocatalytic degradation was experimentally investigated 
to evaluate the activity of TiO2, Fe/TiO2, and Cu/TiO2 pho-
tocatalysts. The catalysts were applied in the powder form, 
and the powders have been suspended in the phenol solu-
tion with the aid of magnetic stirrer. The catalyst loading 
was the same for each experiment (0.5 g/l). The results are 
given in Fig. 7. Phenol degradation efficiency was 19.98 % 
for TiO2, 27.87 % for Fe/TiO2, 43.21 % for Cu/TiO2. The 
results assert that introduction of iron and copper in the tita-
nium dioxide lattice results in enhancing its photocatalytic 

Fig. 5   continued

Fig. 6   Nitrogen adsorption/desorption isotherm for Fe/TiO2 catalyst

Fig. 7   The effect of doping on the photocatalytic activity of TiO2 
(the catalysts are suspended in solution)



1794	 J IRAN CHEM SOC (2016) 13:1785–1796

1 3

activity. It is notable that copper has a more pronounced 
effect compared to iron. Cu-loaded TiO2 exhibits a two-
fold higher photocatalytic activity compared with TiO2 
under the same conditions, which can be attributed to the 
chemical synergy, which is originated from the interaction 
between CuO and TiO2. This brings about suitable incorpo-
ration of copper oxide particles in the TiO2 lattice.

The XRD, XRF, SEM are consistent with the experi-
mental results asserting higher photocatalytic activity of 
Cu/TiO2. First, XRD results validate the higher catalytic 
activity of Cu/TiO2. Higher anatase content of Cu/TiO2 
enunciates that it has higher catalytic activity in compari-
son with Fe/TiO2. In addition, it is evident in the XRD 
pattern that anatase peak has intensified more noticeably 
once TiO2 is doped with Cu. Second, XRF analysis also 
confirms higher catalytic activity of Cu/TiO2. Chemi-
cal composition of the doped catalysts indicates that the 
ratio of CuO/TiO2 is 0.24 % and the ratio of F2O3/TiO2 
is 0.2  %. The higher CuO loading in Cu/TiO2 suggests 
better incorporation of the dopant in the TiO2 lattice, and 
accordingly, Cu/TiO2 has more active sites, and thus, it 
validates the higher catalytic activity  of Cu/TiO2. As 
the final clue in this section, in the SEM images CuO is 
found more abundantly compared to Fe2O3; the existence 
of bright spots representing active sites are more frequent 
in Cu/TiO2.

This finding is consistent with the work of Suen and 
Adesina [41], who reported excellent activity of CuO–
TiO2 catalyst in the degradation of 4-hydroxy nitroben-
zene. They attributed the enhanced performance of the 
catalyst to the co-operative interaction of CuO surface 
and TiO2 lattice. They enunciated that this synergetic 
effect leads to create more active sites. Sato and Taya 
[37] studied the sterilization of microbial cells, and they 
concluded that copper component in solid phase (Cu/
TiO2 film) is responsible for the promotion of •OH gen-
eration. On the other hand, Shan et al. [42] notified that 
among the three crystalline forms of TiO2, anatase tends 
to be the most stable form at low temperatures (<700 °C). 
The XRD results confirm that Cu/TiO2 owing to its 
higher anatase content can be a more effective catalyst 
than TiO2 and Fe/TiO2.

Activity tests of immobilized catalysts

The application of catalysts in powder form has some 
drawbacks such as the loss of catalyst and the need for 
separation technologies to regenerate the catalyst, which 
are both time- and money-consuming. Moreover, the cata-
lyst loading should be limited; the turbidity of the solu-
tion, which is a result of catalyst overuse, leads to scat-
ter the UV light, and thus less sites of catalyst can be 
activated. Less available surface area, poor reusability, 

and low adsorption ability are some other disadvantages 
of suspended photocatalysis. To overcome these prob-
lems, the immobilization of the catalyst on an appropri-
ate support is recommended [43–45]. The activity of the 
catalysts in suspended and immobilized states was experi-
mentally compared. The results are presented in Fig.  8. 
It is observed that the photocatalysts, which are immobi-
lized on LECA, have better performance in phenol deg-
radation in comparison with powder photocatalysts. As 
an instance, phenol degradation efficiency for Cu/TiO2 
in its powder form is 43.21  %, while the efficiency of 
61  % is attained for the LECA-supported Cu/TiO2. The 
higher efficiency can be attributed to the enhanced acces-
sible reaction surface provided by the porous structure of 
LECA. Shan et  al. considered the high surface area of a 
support as a key property for enhancing the activity of a 
catalyst [41]. Furthermore, floatability of LECA, which 
is originated from its high porosity, enables the TiO2/
LECA, Fe/TiO2/LECA, and Cu/TiO2/LECA photocata-
lysts to be exposed to the UV light for a longer time. This 
causes the activation of more catalytic sites. On the other 
hand, porous structure can trap light facilitating the pho-
tocatalyst activation. It is noted in “Photocatalytic experi-
ments” section that to coat the same amount of catalysts 
on LECA, for Cu/TiO2 less LECA was used. The fact that 
with lower substrate amount, better performance in phe-
nol degradation is observed supports the higher photocat-
alytic activity of Cu/TiO2/LECA.

Conclusion

Nanocrystalline powders were successfully synthesized 
by sol–gel method. The XRD results enunciate that the 
catalysts are composed of both anatase and rutile phases 
and anatase is the significant phase of Cu/TiO2. It has 
been shown that the presence of cation dopants such as 

Fig. 8   The effect of LECA as novel substrate on the activity of TiO2, 
Fe/TiO2, and Cu/TiO2 photocatalysts (the catalysts are immobilized)
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Fe3+ and Cu2+ in TiO2 lattice is followed by these struc-
tural consequences:

1.	 Decelerating anatase to rutile transformations (anatase 
peaks have intensified, while rutile peaks have 
abated in the XRD patterns of the doped catalysts.)

2.	 Decreasing the crystallite size of the nanoparticles
3.	 Reducing the nanoparticles crystallinity degree
4.	 The existence of copper oxide (CuO) in Cu/TiO2 and 

Fe2O3 in Fe/TiO2 is confirmed by their corresponding 
peaks in the XRD patterns. The XRF results reveal 
that the ratio of CuO/TiO2 is 0.24 % and F2O3/TiO2 
is 0.2 %. The SEM images of Fe/TiO2 and Cu/TiO2 
catalysts declare that the morphological changes 
arise from difference of the dopants. Moreover, the 
microporosity of Cu/TiO2/LECA photocatalyst and 
mesoporosity of Cu/TiO2 and Fe/TiO2 are evident 
in the corresponding SEM images. The experimen-
tal results assert that doping TiO2 with copper will 
have an outstanding impact on enhancing its pho-
tocatalytic activity. The high activity of Cu/TiO2 is 
considered to arise from high content of anatase and 
better incorporation of the dopant in the TiO2 lat-
tice. To overcome the problems regarding suspended 
photocatalytic reactions, the photocatalysts were 
immobilized on LECA. The high porosity and low 
density of LECA empower it to be an ideal substrate 
for photocatalytic processes. It was observed that the 
photocatalysts which were coated on LECA showed 
superior catalytic activity compared to the suspended 
photocatalysts.
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