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Abstract

Herein, La@M,O/TiO, (M=V, Cr, Mn and Fe) composite catalysts were prepared based on the sol-gel method as an effec-
tive adsorbent and photocatalyst for the degradation of malachite green from an aqueous solution under UV-Vis light. Under
experimental conditions, a maximum adsorption capacity of 57.10% for the malachite green dye was achieved with La@
Fe,0,/TiO,. Moreover, this composite showed 78.62% photodegradation efficiency for malachite green. A quadratic model
constructed using the response surface method showed that the maximum efficiency of photodegradation of malachite green

can be achieved at pH 11 and a process time of 35 min.

Keywords Malachite green - Sol-gel method - Photodegradation - UV—Vis light - Response surface methodology -

Efficiency

Introduction

Dyes are among the environmental pollutants that have the
most negative impact on surface and groundwater (Jaffari
et al. 2023). Malachite green (MG) is one of the most com-
monly used dyes in the textile, leather, printing and food
industries with high water solubility, causing teratogenic,
carcinogenic and reproductive abnormalities in animals and
humans (Sharma et al. 2023). There are various chemical,
physical and biological methods to treat water contaminated
with MG and remove it as a pollutant (Sharma et al. 2023;
Chakraborty et al. 2022; Hojjati-Najafabadi et al. 2023; Tran
et al. 2022; Verma et al. 2020; Khurshid et al. 2021). Among
these methods, photodegradation of MG has received more
attention in recent decades because this method is environ-
mentally friendly highly efficient and cost-effective, does
not cause secondary pollution and has fewer drawbacks and
limitations (Jaffari et al. 2023; Sharma et al. 2023).
Photocatalysts can be a promising choice to complete the
removal of dyes due to redox conversion and to decompose
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dyes (Rauf et al. 2011). Among the many catalytic supports
reported for this method, titanium dioxide has attracted the
most attention due to its attractive electro-optical properties,
cheapness, chemical stability and non-toxicity (Rauf et al.
2011; Balakrishnan et al. 2022).

To improve the photocatalytic properties of titanium
dioxide, researchers have focused on the use of composite
catalysts for the photodegradation of dyes in recent years.
For example, Zhang et al. prepared and used multi-walled
carbon nanotubes with titanium dioxide as a composite
catalyst for the photodegradation of malachite green. This
catalyst was loaded with different concentrations of cobalt
solution. They obtained reasonable photocatalytic efficiency
of Co@CNT/TiO, composites compared to the individual
components of this catalyst (Zhang et al. 2024).

Kallawar et al. prepared Bi@TiO,/reduced graphene
oxide (rGO) nanocomposites with different loadings of
bismuth (Bi) using a sol-gel method assisted by ultrasonic
waves for the photodegradation of malachite green under
visible light. The reported degradation for this catalyst was
93.34% under the optimum conditions used (Kallawar et al.
2023).

Another researcher, Yulizar and coworkers, modified
titanium dioxide with yttrium manganite (YMnO;) and
achieved a MG photodegradation efficiency of 95.34% under
visible light with this new catalyst (Yulizar et al. 2023).
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In 2022, a sulfur-doped titanium dioxide/porous reduced
graphene oxide catalyst was prepared by Giang et al. and used
to remove malachite green under UV and visible light. In this
work, S-TiO, was prepared by the sol-gel method with dif-
ferent calcination temperatures, and the S-TiO,/rGO catalyst
was synthesized by the in situ method using hydrothermal and
ultrasonic methods. The results show that the S-TiO,/rGO cat-
alyst exhibits 99.86% MG photodegradation efficiency, which
is higher than that of S-TiO, (78.88%) (Giang et al. 2022).

In addition, Bibi and coworkers have shown that titanium in
a nanocomposite structure of rGO-Fe;0,/TiO, exhibits better
photodegradation of MG (99%) under visible light at a process
time of 55 min (Bibi et al. 2021).

On this basis, various methods have been used to increase
the photocatalytic activity of TiO,. Among the various materi-
als used for this purpose, transition metal oxides are interest-
ing promoters for the photocatalytic degradation of dyes. A
number of works have reported the ability of transition metal
oxides to improve the surface or bulk properties of semicon-
ductor catalysts (Wu et al. 2012; Pei and Woon 2013; Lam
et al. 2014a). Lam et al. used three different transition metal
oxides such as WO;, CuO and NiO in the structure of ZnO
nanorods for the photodegradation of phenol under UV—Vis
irradiation (Lam et al. 2014b).

According to the research reports, iron oxide (Fe,0;) and
manganese dioxide (MnQO,) are suitable candidates of transi-
tion metal oxides as semiconductors (Warsi et al. 2021).

To investigate the enhancing effect of transition metal
oxides on the photocatalytic properties of TiO, and the change
in this performance in one period of the periodic table, a com-
posite catalyst of metal oxides such as vanadium, chromium,
manganese and iron with titanium dioxide was prepared. To
improve the performance, lanthanum was impregnated on
these catalysts. In this work, the photocatalytic activities of
the prepared catalysts and their structural properties were
investigated by characterization analyses such as X-ray diffrac-
tion (XRD), Fourier transform infrared spectroscopy (FTIR),
UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS), N,
adsorption—desorption analysis and scanning electron micros-
copy (SEM). In addition, the dependence of the photocata-
lytic performance in the degradation of malachite green on
the pH value was also investigated in the present work. These
parameters as independent factors were also investigated using
response surface methodology (RSM) to optimize their effects
on the photodegradation efficiency of malachite green.

Materials and methods
Catalyst preparation

The iron oxide (Fe,03) and manganese oxide (MnO,) were
synthesized according to the method described by Warsi
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et al. (Warsi et al. 2021). To synthesize Fe,O5, 1 mol of
FeCl, (mgcp=1.18 g) and 2 mol of FeCl; (mg.c;3=1.52 g)
were separately mixed with hydrochloric acid (my;=0.68
g). Then, these two solutions were stirred together. After
gradual addition of the ammonia solution (myy;=0.21 g)
with stirring for 2.5 h, a brown solid was obtained, which
reached a pH of 9.8. This solid was washed and dried over-
night at 70 °C.

To produce MnO,, potassium permanganate
(Mgpmos = 1.82 g) reacted with fumaric acid (mggps04=2.00
g) in an oxidation—reduction reaction. Sulfuric acid (2.5 M)
and deionized water were added to this solution. The pH of
the solution was kept constant at 5. This solution was dried
at 100 °C and calcined at 450 °C for 5 h. The disappear-
ance of the violet color of the solution indicates the end of
the reaction and the depletion of the available potassium
permanganate.

Cr,05 was synthesized according to the method described
by Almontasser and Parveen (Almontasser and Parveen
2020). In this method, chromium (III) nitrate nonahydrate
(Cr(NO;);.9H,0) was used as a precursor. For this pur-
pose, two separate aqueous solutions of this compound
(Mc, o3y =3-27 g) and sodium hydroxide (my,op=1.58 g)
were prepared. These two solutions were mixed together and
stirred at 40 °C for 20 min. Then, the temperature was raised
to 80 °C for 2 h while the solution was stirred and sealed in
a container. The resulting dark green gel was dried at 100
°C first on a heater, then in an oven for 3 days and finally in
a furnace at a temperature of 500 °C for 3 h.

The following method (Farahmandjou and Abaeiyan
2017) was used to synthesize the V,05 powder. An aque-
ous solution of sodium meta-vanadate (as a precursor,
My,0s = 1.34 g) was prepared with stirring at room tempera-
ture. Then, ammonium chloride (myyc;=0.59 g) was added
to this solution until it dissolved completely. After 10 min,
cetyl trimethyl ammonium bromide (CTAB, mgpap=0.40
g) was dissolved in this solution at 80 °C. During the reac-
tion, the color of the solution fluctuated from orange to light
yellow, and the pH of the solution changed between 6 and
8. The resulting solution was evaporated for 2 h, and the
subsequent solid was calcined at 500 °C for 5 h.

To synthesize the composite catalysts from TiO, and tran-
sition metal oxides, the sol—-gel method (Abbas et al. 2016)
was used. First, each transition metal oxide (1 g) was added
to deionized water and stirred at room temperature. This
solution was added to the TiOCl, solution (1 M) and stirred
for 30 min. The final pH should be 9. The resulting solution
was aged at 80 °C for 4 h and then stirred again for 12 h. The
solid obtained was filtered, washed and dried in an oven at
80 °C overnight. Finally, the powdered products were cal-
cined at 600 °C for 2 h.

La-doped composite catalysts were synthesized using
the impregnation method. Lanthanum nitrate hexahydrate
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(La(NO;);.6H,0) as a precursor of La was dissolved in
ethanol to obtain an adjusted molar concentration (1 wt%,
Viawo3y3 = 1.27 ml). This solution was added dropwise to
the aqueous mixture of each composite catalyst with stir-
ring at room temperature for 2 h. The resulting solution was
stirred at 60 °C for 2 h. Subsequently, the powder solid was
dried in an oven at 110 °C overnight. Finally, the obtained
La-supported catalysts were calcined at 300 °C for 4 h. The
obtained catalysts, La/TiO,-V,0;, La/TiO,-Cr,0;, La/TiO,-
MnO, and La/TiO,-Fe, 05, were named as LTV, LTC, LTM
and LTF, respectively.

The characterization of composite catalysts

The specification of the structure and other properties of the
produced catalyst oxide nanoparticles were carried out by
various analyses. The following is a summary of the meth-
ods used:

X-ray diffraction (XRD) patterns were recorded with an
X-ray diffractometer (XRD Philips PW1730) using Cu K,
radiation to study the crystal phase of each catalyst. The
X-ray fluorescence (XRF) analysis on all prepared catalyst
samples to measure the exact amount of lanthanum incor-
porated by using XRF Philips PW2404.

Fourier transform infrared spectroscopy (FTIR) was used
to understand the chemical bonding. The FTIR spectra were
recorded using a Nicolet™ iS™ 10 FTIR spectrometer in the
wavenumber range of 4004000 cm™".

UV-Vis/diffuse reflectance spectroscopy (UV-Vis/
DRS) was performed using an Evolution 300 UV-Vis
spectrophotometer.

Scanning electron microscopy (SEM) images were taken
with a SEM VEGA3. N, adsorption—desorption isotherms
were generated using a BET BELSORP Mini II to character-
ize the surface areas and porosity.

Photocatalytic test

The photocatalytic activity of each composite catalyst was
evaluated using 10 ppm aqueous solution of malachite green
(MG) under an Hg lamp (500 W) as an ultraviolet (UV)
light source and sunlight as a visible (vis) light source. A
0.25 g of each photocatalyst was distributed over 30 ml of
a 10 ppm MG solution and stirred in the dark for 60 min
to achieve adsorption—desorption equilibrium. The mixture
was then irradiated with exposed to UV-Vis light and ana-
lyzed at 5-min intervals. The reaction was carried out at
three pH values (pH=3, 7 and 11) for 35 min at 25 °C. The
centrifuged samples were then analyzed using a UV-Vis
spectrophotometer (Evolution 300).

The photocatalytic activity of each catalyst was measured
by the photo-decolorization efficiency (PDE) of MG accord-
ing to the following equation:

A
PDE(%) = 1 — =X x 100 (1)
AO

where A, is the absorbance of the initial concentration of
MG, and A, is the absorbance of MG concentration at dif-
ferent times under UV—Vis light.

Experimental design and optimization by RSM

The influence of the key factors and achieving optimal points
in the photocatalytic degradation efficiency of MG using
the prepared catalysts, the experimental data were inves-
tigated using Design Expert software, version 11. The two
independent factors selected in this work were the pH of
MG solution and process time, while the photodegaradation
efficiency (PDE) of MG served as the response and depend-
ent variable. The influence of these independent parameters
on the PDE was evaluated in 13 series of experiments using
a central composite design (CCD).

Results and discussion
Characterization of the synthesized catalysts

Figure 1 shows the FTIR spectra of the composite cata-
lysts. The characteristic peaks of TiO, and rutile TiO, are
observed at 440 cm™! and 656 cm™!, respectively (Zhang
et al. 2002). The absorption peaks at about 3400 and 1640
cm~! may indicate the stretching and bending vibrations of
the hydroxyl group of water molecules due to the moisture
content of the solids. In the LTF spectrum, two bands at
418 and 598 cm™! are assigned to Fe—O vibrations (Fatima
et al. 2020).

The spectrum of the LTM catalyst shows two stretching
modes of O-Mn—O in the range from 457 to 599 cm™' range
(Warsi et al. 2021). Two peaks at 598 and 652 cm™" in the
LTC spectrum are also attributed to Cr—O stretching modes
(Farzaneh and Najafi 2011). The IR spectrum of LTV shows
the bands at 997 and 559 cm™', which correspond to the
V-0 stretching vibrations (Farahmandjou and Abaeiyan
2017). According to the available reports, other peaks at
1040, 1310, 1320 and 1440 cm™! could be related to the
carbonate species of lanthanum (La,0,CO;) (Taylor and
Schrader 1991).

Figure 2 shows the UV-Vis/DRS of these composite
catalysts. The observed absorption bands at ~280 nm (weak
and broad peak) and ~350 nm (highest absorption peak
which is characteristic of the rutile phase of TiO,) in the
UV light region correspond to a charge transfer from the
oxygen surface to titanium. As can be seen in these spectra,
another broad peak can be seen at a wavelength above 450
nm, which can be associated with the interaction of surface
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Fig. 1 The FTIR spectra of the LTV
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metal oxides with TiO, in the composite catalyst (Pan et al.
2020).

The modification of photocatalysts through doping can
significantly alter their photoabsorption characteristics,
which, in turn, affects their photocatalytic activities.

La doping introduces additional energy levels within the
bandgap of TiO,, which can extend its absorption edge into
the visible light region. This phenomenon is often referred
to as a "red shift" in the UV-Vis/DRS spectra, indicating
enhanced photoabsorption capability under visible light.
As demonstrated in the study by Huang et al. (Huang et al.
2017), the UV—Vis DRS spectra of La-doped TiO, exhibited

Wavenumber (cm!)

a red shift compared to pure TiO,, suggesting improved pho-
toabsorption in the visible light region.

Furthermore, La doping can introduce oxygen vacan-
cies and/or surface defects in the TiO, lattice, which can
enhance the photocatalyst's ability to generate and separate
electron—hole pairs. According to Wang et al. (Huang et al.
2017), these defects can reduce the recombination rate of
photo-generated electron—hole pairs, leading to higher quan-
tum efficiencies and improved photocatalytic activity under
visible light.

Figure 3 shows the SEM images of the La-loaded
TiO,-Fe,O; composite catalyst at different magnifications.
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Since other catalysts show similar images, only the morphol-
ogy of this catalyst was discussed. As can be seen in these
images, the Fe,O; content in the TiO, matrix affects the
morphology of the composites in the form of an irregular
structure. The images show spherical particles due to the
lanthanum deposited on the surface of the catalysts during
the impregnation process.

Our XRF results indicate that the lanthanum content in
the catalysts closely matches the intended doping levels,
thereby confirming the successful incorporation of lantha-
num into the composite structure. The structural properties,
including the surface area, total pore volume and average
pore diameter of the prepared photocatalysts, are summa-
rized in Table 1. The BET and BJH isotherms are also shown
for the LTF catalyst in Fig. 4.

The isotherms of all the prepared catalysts fit well to
the type IV isotherm curve and the hysteresis loops are of
type H3 according to the IUPAC classification. This result
shows that all catalysts have a mesoporous structure with

Fig.3 The SEM images of the
composite catalysts

SEM HV: 10.0 kV WD: 5.16 mm

View field: 3.18 ym Det: SE 500 nm
SEM MAG: 60.0 kx Date(m/dly): 01/01/10

SEM HV: 10.0 KV WD: 5.16 mm
View field: 12.7 ym Det: SE
SEM MAG: 15.0 kx  Date(m/dly): 01/01/10

|

an average pore diameter between 31 and 44 nm (Bootluck
et al. 2022). The catalysts LTF, LTM, LTV and LTC each
exhibit the good surface area among the catalysts evaluated.

The crystal structure of the prepared composite catalysts
was investigated by XRD analysis. Figure 5 shows the XRD
patterns of the composite catalysts LTV, LTC, LTM and
LTF. The XRD pattern of the LTF composite shows that
the peaks at 25.39° (101), 37.89° (112) and 48.19° (200)
indicate the presence of the anatase phase, while the peaks

Table 1 Textural and surface properties of the prepared catalysts

Catalysts Surface area Total pore volume  Average pore
(m? g’l) (cm® g D) diameter (nm)

LTV 81.676 0.016 33.471

LTC 79.337 0.015 31.648

LT™M 93.805 0.018 37.655

LTF 110.130 0.021 43.931

SEM HV: 10.0 kV WD: 5.16 mm
View field: 6.36 ym Det: SE 1pm
SEM MAG: 30.0 kx Date(m/dly): 01/01/10

VEGA3 TESCAN SEM HV: 10.0 kV WD: 5.16 mm VEGA3 TESCAN|

View field: 25.4 ym Det: SE 5pm
SEM MAG: 7.50 kx  Date(m/dly): 01/01/10
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at 27.54° (110), 35.49° (101) and 53.99° (211) indicate the
presence of the rutile phase (Abbas et al. 2016).

The average crystallite size of anatase phase (101) can be
measured with the Scherrer equation:

KA
h pcosé @)

where D is the average crystallite size, K is a constant (0.89
here), A is the X-ray wavelength (0.15418 nm), f is the band
broadening in radians (full width at half maximum) and € is
the peak position versus Bragg angle. The particle sizes are
calculated to be between 17.02 and 21.27 nm.

There are very weak 20 peaks in these patterns that can be
associated with the transition metal oxides in the structure

of the composites. The 20 peaks at 29.9°, 34.29°, 42.69°,
56.99° and 62.19° are relevant to the (220), (311), (400),
(511) and (440) crystal planes of Fe,O; in the LTF catalyst
(Abbas et al. 2016).

The diffraction pattern of the LTM catalyst shows the dif-
fraction angles of manganese oxide at 26.04° (220), 28.59°
(310), 36.54° (400), 37.54° (211), 42.04° (301), 46.94°
(321), 49.79° (411), 52.14° (440), 55.64° (600), 56.49°
(501), 60.09° (521), 65.29° (002), 69.54° (541), 72.89°
(312), 77.09° (402) and 78.69° (332) (Warsi et al. 2021).

The LTC pattern shows the weak characteristic peaks at
20=24.54°,33.64°, 36.29°, 39.74°, 41.54°, 44.29°, 50.29°,
54.89°, 58.19°, 63.59°, 72.94° and 77.04°, which reveal
the Cr,0; in the LTC composite catalyst (Almontasser and
Parveen 2020).

Fig.5 The XRD patterns of the
synthesized catalysts
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The weak characteristic peaks of V,05 in LTV catalyst
were observed at 20 =15.09° (200), 20.04° (010), 26.04°
(101), 31.04° (310), 34.04° (301), 42.09° (020), 47.99°
(600), 51.49° (002) and 62.54° (701) (Farahmandjou and
Abaeiyan 2017).

The characteristic diffraction peaks of the lanthanum
species in the X-ray diffractions of the prepared catalysts
were not observed. This could be due to the fact that the
lanthanum species were highly dispersed on the surface of
the composite catalysts.

Performance of composite catalysts for the MG
degradation

First, the adsorption experiments were evaluated by adding
0.25 g of each composite catalyst to 30 ml of MG solution
at a concentration of 10 ppm. The catalyst-containing MG
solutions were stirred in the dark for 60 min. MG adsorp-
tion by the composites containing different metal oxides is
shown in Fig. 6.

As can be seen in this figure, the LTF composite catalyst
shows greater adsorption ability than the other catalysts.
This observation is in complete agreement with the results
for the surface area of the catalysts (Table 1). The adsorp-
tion results clearly show that increasing the pH of the solu-
tion increases the ability of this catalyst to adsorb malachite
green. According to the physical nature of surface adsorp-
tion, the reasons for this observation can be attributed to the
surface properties of the LTF catalyst compared to other
prepared catalysts (Table 1 and Fig. 4), the negative charge
on the surface of the catalyst, the presence of hydroxyl spe-
cies on the surface and the formation of hydrogen bonds
(Hojjati-Najafabadi et al. 2023).

60

BLTV mLTC ®mLTM @GLTF

S~
W

MG adsorption (%)
]

—
W

3 7 11
pH of MG solution

Fig.6 MG dye adsorption by different composite catalysts as a func-
tion of pH of the dye solution

The surface charge and electrostatic interactions have
an influence on the adsorption of MG. One of the factors
influencing the surface charge is the pH of the solution. For
this reason, the effect of a pH change on the performance
of catalysts in the range of 3—11 was investigated. As men-
tioned above, by an increase in pH, the adsorption of MG
also increased with the increase in pH, from 39% at pH 3
to 57% at pH 11 for the LTF catalyst. The reason for this
observation can be explained by the cationic nature of MG
and its tendency to interact with positively charged surfaces,
which is possible in an alkaline solution (Hojjati-Najafabadi
et al. 2023). The surface charge of a catalyst plays a cru-
cial role in determining its adsorption capacity for various
substances, including dyes. At high pH levels, the surface
of many catalysts, particularly those composed of metal
oxides, can acquire a net positive charge. This phenomenon
is related to the concept of the isoelectric point (IEP) and
the point of zero charge (PZC) of the material. The IEP is
the pH at which the material carries no net electrical charge,
meaning the positive and negative charges on the surface
balance out. Below the IEP, the material tends to have a net
positive charge, while above it, the material tends to have a
net negative charge. The PZC, on the other hand, is the pH
at which the surface of the material has no net charge due
to the absence of specifically adsorbed positive or negative
charges. This means that at the PZC, the surface is neither
attracting nor repelling ions from the solution.

In the context of our study, the catalyst surface becomes
positively charged at high pH levels because the pH exceeds
the IEP of the catalyst material. This positive charge allows
for effective interaction and adsorption of the cationic MG
dye, which also carries a positive charge under these con-
ditions. This interaction is facilitated by the electrostatic
attraction between the positively charged catalyst surface
and the cationic dye molecules (Parsafard et al. 2024). The
adsorption of MG via LTV and LTC does not seem to be
favorable at pH 11. Here, electrostatic interactions are prob-
ably not effective, but the hydrophobic—hydrophilic interac-
tions or hydrogen bonding in an acidic solution are effective
(Tran et al. 2022).

After evaluating the adsorption—desorption equilibrium
in a dark environment, the photo-decolorization efficiency
(PDE) of MG on the synthesized catalysts was studied under
UV and visible light for 35 min. The results obtained under
UV and visible light are shown in Figs. 7 and 8, respectively.
As can be seen from these figures, the range of changes in
PDE under UV and visible light at different pH values is as
follows:

Under UV light:

pH =3 : 1.02 < PDE(%) < 56.99
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pH =7 : 0.91 < PDE(%) < 33.76 values. As can be seen, the PDE of the MG dye increased
sharply with time up to 35 min.
The observed sequences of photocatalytic performance
pH = 11:6.18 < PDE(%) < 57.07 under the influence of visible and ultraviolet light and also
Under Vis light: at different pH values are as follows:

Under UV light: LTM >LTC>LTF>LTV.
Under visible light: LTF>LTV >LTC >LTM.
pH of solution under UV-Vis light: 11>3>7.

pH =3 : 1.26 < PDE(%) < 62.27

pH=7:0.66 < PDE(%) < 54.09 Several reasons can be cited for these observations:
pH = 11 : 0.7 < PDE(%) < 78.62 — In general, it can be said that the photocatalytic activ-
ity of LTF catalyst is higher than others under different
According to the obtained results, the LTM catalyst has used conditions. The high photocatalytic activity of this
on average the highest dye degradation efficiency under UV catalyst could be related to the small particle size and
irradiation at different pH values (Fig. 7), while a much larger surface area (Table 1). In the explanation of this
higher efficiency with visible light (Fig. 8) was obtained observation, it should be said that photoabsorption refers
for the LTF catalyst under similar conditions. The best per- to the ability of a material to absorb photons and promote
formance of these catalysts is also obtained at alkaline pH electrons from the valence band to the conduction band,
60
(a) (b)
u LTM pH=3 30 | pH=7
T mLTM
40 . LTF
S 20 | oLTV
o m
A a
A, =%
20 10
0 0
5 10 15 20 25 30 35 s 15200 025 300 35
t (min) t (min)
(c)
i pH=11
0 [ mLT™
mLTC
LTF
& LTV
8]
Dos |
0

5 10 15

20, 25 30 35
t (min)
Fig.7 PDE of MG dye by different composite catalysts as a function of process time at a pH=3, b pH="7 and ¢ pH=11 under UV light
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Fig.8 PDE of MG dye by different composite catalysts compared to process time at a pH=3, b pH=7 and ¢ pH=11 under visible light

creating electron—hole pairs. These pairs are responsible
for initiating redox reactions in photocatalysis. The effi-
ciency of this process is influenced by several factors,
including the particle size of the photocatalyst. Smaller
particle sizes generally offer a larger surface area and
more active sites for photoabsorption, potentially enhanc-
ing the photocatalytic activity. However, smaller parti-
cles can also lead to increased recombination rates of the
photo-generated electron—hole pairs, which can dimin-
ish the overall photocatalytic efficiency. This trade-off
between increased surface area and potential for higher
recombination rates is a complex aspect of photocatalyst
design. Moreover, the morphology and surface chemis-
try of the photocatalyst play significant roles in its pho-
tocatalytic performance. Surface defects and functional
groups can act as traps for charge carriers, affecting their
mobility and availability for redox reactions. The pres-
ence of these defects and groups can influence the pho-
tocatalyst's ability to absorb light efficiently and facili-
tate charge separation, thus impacting its photocatalytic

activity. In our case, the high photocatalytic activity of
the catalyst could indeed be attributed to a combination
of factors, including its small particle size, larger surface
area and possibly efficient photoabsorption capabilities.
According to a published report by Asiltiirk and cowork-
ers (Asiltiirk et al. 2009), TiO, undergoes intrinsic exci-
tation under UV light irradiation. This is the case when
the presence of iron ions in the catalytic structure causes
the electronic transition from the doping energy level to
the conduction band of TiO, under visible light. It can be
concluded that the increase in PDE for the LTF catalyst
is due to the shift of photocatalytic activity to the visible
region in addition to the UV region due to the presence
of TiO,.

Model fitting and statistical analysis

The experimental matrix proposed by CCD for the photo-
degradation of MG is shown in Table S1. The empirical
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Table2 ANOVA results for the quadratic model

Source Sum of df Mean square F-value p-value
squares

Model (sig-  8907.70 5 1781.54 2700.82 <107

nificant)

A-pH 1214.53 1 121453 184123 <107

B-t 4240.17 1 4240.17 6428.11 <107

AB 81.74 1 8174 123.92 <107

A2 2273.93 1 227393 344728 <107

B2 1200.22 1 1200.22 1819.53 <107

Residual 4.62 7 0.66

Lack-of-fit 4.62 3 154

Pure error 0.00 4 0.00

Cor. total 8912.32 12

R? 0.9995 Std. Dev 0.81

Adjusted R? 0.9991 Mean 26.77

Predicted R? 0.9962 CV. % 3.03

Adeq. preci- 142.83

sion

relationships between the independent variables and the
response are a second-order polynomial equation:

MOPDE = +44.74 — 14.22pH — 1.40¢

2 > 3)
+ 0.08pH = 7 + 1.13pH* + 0.06¢

The adequacy of this empirical second-order polyno-
mial model (Table 2) was tested by analysis of variance
(ANOVA). The F-value for the model is 2700.82, which
means that this model is highly significant. There is only
a 0.01% chance that such a large F-value could occur due
to noise. The p-value for this model is < 107*, which also
means that the model is significant (Parsafard 2023).

The “lack-of-fit” of 4.62 shows that this parameter is not
significant in relation to the pure error and confirms the good
predictability of the model (Parsafard 2023).

The predicted R? of 0.9962 agrees well with the adjusted
R? of 0.9991, confirming the good predictability of the
model (Fig. S1).

The Adeq. precision of 142.831 indicates a reasonable
signal, so this model can be used to navigate the design
space. The independent variables, including pH (A) and
process time (B), are highly significant parameters with
p< 10~*. In addition, the second-order effects of these
parameters and their dual interaction are significant at
p <107* (Parsafard 2023).

The negative coefficients of the quadratic terms in the
polynomial expression (Eq. 3) indicate their negative influ-
ence on the photocatalytic degradation of MG. To better
understand of the interactions between these variables,
3D surface plots were presented in Fig. S2. The results of
the interactions between these two independent variables

@ Springer

and the response show that the efficiency of photocatalytic
degradation of MG increases with increasing process time
and pH value. This can be attributed to the surface charge
properties of the photocatalyst. The desirability function was
used to determine the optimal conditions for MG degrada-
tion. Since the main objective for this study is to achieve
higher photodegradation efficiency, the optimum conditions
for maximum MG photodegradation efficiency (78.62%)
were found at a pH value of 11 and a process time of 35 min
(Fig. S3) (Parsafard 2023).

Conclusion

In this study, the successful preparation of La@M,O,-TiO,
composite catalysts was investigated using the sol-gel
method. Among the prepared catalysts, the Fe,05/TiO, com-
posite showed the most effective adsorption and photodeg-
radation efficiency for malachite green. The high adsorption
of this composite is mainly due to its large surface area and
textural properties. The experimental design methodology
was used to optimize the parameters for the photocatalytic
degradation of malachite green using La@M, O,-TiO, com-
posite catalysts. The relationship between the photodegra-
dation efficiency of malachite green and two independent
variables: pH and process time were predicted by a quadratic
model. Under the optimized conditions of pH 11 and process
time of 35 min, the degradation efficiency of MG reached
78.62% over La@ Fe,0,/Ti0O,. The regression analysis with
an R? value of 0.9995 showed a good agreement between the
experimental results and the predicted values.
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