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María Soledad Ureta-Zañartu g, Maria Luz Mora h,i,*, Elizabeth Garrido-Ramírez c,j,** 

a Programa de Doctorado en Ciencias de Recursos Naturales, Universidad de La Frontera, Avenida Francisco Salazar 01145, PO Box 54-D, Temuco, 
Chile 
b Department of Agricultural Sciences, University of Naples Federico II, Via Università 100, Portici, 80055, Italy 
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A B S T R A C T   

This study investigated the novel application of Fe–TiO2-allophane catalysts with 6.0 % w/w of 
iron oxide and two TiO2 proportions (10 % and 30 % w/w) for degrading atrazine (ATZ) using the 
heterogeneous dual-effect (HDE) process under sunlight. Comparative analyses with Fe-allophane 
and TiO2-allophane catalysts were conducted in both photocatalysis (PC) and HDE processes. 
FTIR spectra reveal the unique hydrous feldspathoids structure of allophane, showing evidence of 
new bond formation between Si–O groups of allophane clays and iron hydroxyl species, as well as 
Si–O–Ti bonds that intensified with higher TiO2 content. The catalysts exhibited an anatase 
structure. In Fe–TiO2-allophane catalysts, iron oxide was incorporated through the substitution of 
Ti4+ by Fe3+ in the anatase crystal lattice and precipitation on the surface of allophane clays, 
forming small iron oxide particles. Allophane clays reduced the agglomeration and particle size of 
TiO2, resulting in an enhanced specific surface area and pore volume for all catalysts. Iron oxide 
incorporation decreased the band gap, broadening the photoresponse to visible light. In the PC 
process, TiO2-allophane achieves 90 % ATZ degradation, attributed to radical species from the UV 
component of sunlight. In the HDE process, Fe–TiO2-allophane catalysts exhibit synergistic ef-
fects, particularly with 30 % w/w TiO2, achieving 100 % ATZ degradation and 85 % COD 
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removal, with shorter reaction time as TiO2 percentage increased. The HDE process was per-
formed under less acidic conditions, achieving complete ATZ degradation after 6 h without iron 
leaching. Consequently, Fe–TiO2-allophane catalysts are proposed as a promising alternative for 
degrading emerging pollutants under environmentally friendly conditions.   

1. Introduction 

Agricultural practices, industrial discharges, and human activities play an essential role in the release of a wide variety of emerging 
pollutants into watercourses. These pollutants include pharmaceuticals, hormones, steroids, disinfection by-products, personal care 
products, household products, and pesticides, among others [1]. Consequently, several authors have reviewed the scientific literature 
regarding the occurrence of emerging pollutants in aquatic ecosystems, providing evidence that the number of studies reporting the 
presence of emerging pollutants has increased in recent years [1–4]. The main problem with these kinds of pollutants is the lack of 
knowledge of their effects on human health and the environment, mainly in the medium or long term [5,6]. One example is atrazine 
(ATZ), which has been widely reported as an emergent pollutant in different source waters [4,7–9]. For instance, Peña Guzman et al. 
[4], reported ATZ concentrations ranging from 8 to 55 ng L− 1 in surface water and from 1.1 to 74 ng L− 1 in drinking water treatment 
plants, both in Latin America. On the other hand, Triassi et al. [7], detected ATZ concentrations ranging from 18.1 to 105.5 ng L− 1 in a 
river estuary of Southern Italy, while Climent et al. [8], reported ATZ concentrations ranging from 55 to 149 ng L− 1 in a river in the 
South of Chile. ATZ is a selective herbicide widely used in Chile for controlling broadleaf and grassy weeds in corn and forestry 
plantations. ATZ is an endocrine disruptor [10], and due to its physicochemical properties, it remains in the environment for a long 
time. ATZ is a recalcitrant organic pollutant, which implies that its degradation using conventional wastewater treatments is difficult 
[11,12]. Therefore, it is necessary to develop new wastewater treatments able to remove emerging pollutants from aquatic systems in 
an environmentally friendly way. In this sense, advanced oxidation processes (AOPs) appear to be a promising alternative. AOPs are 
based on the generation of radical species to oxidize organic matter. For that purpose, different strategies have been used, such as the 
use of ozone, Fenton-based processes, photocatalysis, and electrochemical processes, among others [5,13–16]. 

The Bansal research group [17–19] first proposed the AOP process called the "dual-effect," which combines the advantages of the 
photo Fenton and photocatalysis processes. In this process, a synergetic effect has been reported by enhancing the degradation effi-
ciency and reducing the time of photocatalytic reactions compared with both processes separately [19–21]. To perform a heteroge-
neous dual-effect process, it is necessary to use a solid catalyst with an active metal for the Fenton reaction (for example, Fe(II)/Fe(III) 
species) able to react with H2O2 to generate the hydroxyl radical through a Fenton-like reaction [13]. Additional hydroxyl radicals can 
be generated using UV or sunlight due to the photolysis of Fe(OH)2+ and regeneration of Fe(II) in a photo Fenton process [22,23]. 
Simultaneously, it is necessary to incorporate a semiconductor able to be excited by photons with an energy greater than its bandgap to 
generate electron-hole pair reactions [24,25]. For that purpose, the most widely used photocatalyst is TiO2 due to its photostability, 
high photocatalytic activity, reusability, low cost, and nontoxicity [16,26]. However, its application in wastewater treatment is limited 
because its photoresponse is only in the ultraviolet region of the electromagnetic spectrum [27–29]. Meanwhile, the solar spectrum 
typically contains about 4 % UV light; therefore, the sunlight cannot be efficiently used in the photocatalytic process [30]. To overcome 
this drawback, studies have shown that the doping of TiO2 with other narrow bandgap materials, such as iron oxide, could reduce its 
bandgap and minimize e− /h+ recombination rate [16,21,31,32]. In this way, it is possible to degrade emerging pollutants using 
photocatalysts containing both iron oxide and TiO2 through a heterogeneous dual-effect process under sunlight. In addition, the use of 
clay minerals as support for both iron oxide and TiO2 could reduce the agglomeration of TiO2 and enhance organic pollutant 
degradation by photocatalysis [29]. Clays exhibit a high surface area, large pore volume, chemical stability, and good mechanical 
properties that improve the interaction between the active sites of photocatalysts and organic pollutants [33]. 

Therefore, this work aims to use Fe–TiO2-allophane nanocomposites as photocatalysts to degrade ATZ by a heterogeneous dual- 
effect process under natural sunlight. Allophane is a clay mineral of widespread occurrence in volcanic ash soils (mostly Andisols). 
Their unitary structure consists of hollow spherules that are highly porous with a diameter in the nanoscale range (3–5 nm) [34–36]. 
These clays occur in association with poorly crystalline iron oxides, mainly ferrihydrite, which is often found as coatings of allophane 
particles [37]. Due to allophane properties, such as a large specific BET surface area, unique structure, and high porosity, synthetic 
copper and iron oxide-supported allophane with a similar structure to hydrous feldspathoid were reported as active catalysts for the 
oxidation of phenol and atrazine by the heterogeneous Fenton reaction [38] and heterogeneous electro-Fenton process [39,40]. 
Nishikiori et al. [41], proposed for the first time the combination of allophane clays with TiO2 to study the degradation of trichlo-
roethylene under UV irradiation. However, to the best of our knowledge, the simultaneous incorporation of iron oxide and titanium 
dioxide on allophane clay and their ability to remove emerging pollutants by the heterogeneous dual-effect process under sunlight has 
not been studied yet. Furthermore, it is noteworthy that despite in a previous study demonstrated 100 % degradation of ATZ using 
Fe-allophane catalyst after 24 and 8 h of reaction time through the heterogeneous Fenton and electro-Fenton processes, respectively 
[40]. The use of Fe–TiO2-allophane catalysts to degrade ATZ through the heterogeneous dual-effect process represents a promissory 
opportunity to degrade ATZ in more friendly conditions (under sunlight) and with shorter reaction times. 

Therefore, in this study, Fe–TiO2-allophane catalysts with 6.0 % w/w of iron oxide and two different proportions of TiO2 (10 % and 
30 % w/w) were synthesized for the first time using an acid hydrolysis method. The catalytic performance of these catalysts was 
subsequently compared with TiO2-allophane and Fe-allophane counterparts. These catalysts were characterized using scanning 
electron microscopy, X-ray diffraction, Fourier transform infrared spectra, diffusive reflectance spectra, and N2 adsorption-desorption 
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isotherms. The catalytic performance of the different catalysts was evaluated in both photocatalysis (PC) and heterogeneous dual- 
effect (HDE) processes for atrazine degradation under natural sunlight. The study also examined the degradation of ATZ by HDE 
under artificial UV radiation. The influence of initial pH on ATZ degradation through the HDE process under sunlight was also 
conducted. 

2. Experimental section 

2.1. Chemicals 

Atrazine (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-triazine, PESTANAL, analytical standard), iron (III) nitrate nonahydrate 
(Fe(NO3)3⋅9H2O, >98 %) and titanium tetrachloride for synthesis (TiCl4, ≥97 %) were purchased from Sigma‒Aldrich. Hydrochloride 
acid (HCl, 37 %), sulfuric acid (H2SO4, 97 %), sodium hydroxide (NaOH, ≥99 %), hydrogen peroxide for analysis (H2O2, 30 % w/w), 
ammonium acetate (CH3CO2NH4, ≥99 %), acetonitrile (gradient grade for liquid chromatography, LiChrosolv®) and water (LC-MS 
grade) were supplied by Merck. 

2.2. Synthesis of allophane and Fe-allophane 

Allophane clay with a theoretical Si/Al ratio of 3.0 and a structure similar to that of hydrous feldspathoids was synthesized by 
coprecipitation of aluminum chloride and potassium silicate, as previously reported [38]. Allophane clay was impregnated with 6.0 % 
w/w iron oxide using a wet impregnation method with Fe(NO3)3⋅9H2O as the iron source. The physical and chemical properties of 
these compounds were reported in a previous work [38]. 

2.3. Preparation of Fe–TiO2-allophane and TiO2-allophane catalysts 

Fe–TiO2-allophane catalysts were prepared by a simultaneous impregnation of iron oxide and TiO2 by hydrolysis of titanium 
tetrachloride using a method adapted for allophane [42–44]. These catalysts were prepared with a fixed iron content of 6.0 % w/w, as 
was previously reported [38], and two proportions of TiO2 (10 % and 30 % w/w). The nomenclature assigned to the synthesized 
catalysts is presented in Table 1. In brief, 2.0 g of allophane clay was mixed with 60 mL of distilled water and heated to 70 ◦C. 
Subsequently, the required amount of iron oxide was added as Fe(NO3)3⋅9H2O simultaneously with dropwise TiCl4 solution, main-
taining the pH of the suspension at pH 2.5 by the addition of 1.0 M NaOH. The system was vigorously stirred for 4 h at 70 ◦C, followed 
by an additional 12 h at room temperature. The resulting dispersion underwent centrifugation and was repeatedly washed with 
distilled water until chloride ions were undetectable in the supernatant solution. Chloride detection was carried out by adding drops of 
0.1 M AgNO3, which form a precipitate in the presence of chloride. Finally, the samples were dried at 105 ◦C for 2 h and calcined at 
450 ◦C for 4 h. The same procedure described above was used to prepare TiO2-allophane catalysts with different proportions of TiO2 
(10 % and 30 % w/w) but without the addition of iron oxide. 

2.4. Catalysts characterization 

The morphologies of the catalysts were determined by scanning electron microscopy (SEM) using SU3500 HITACHI-Japan 
equipment. For SEM analysis, the samples were suspended in analytical grade methanol and sonicated for 5 min at 50 kW before 
being coated with gold palladium. Images were obtained at 18 keV and a magnification of 50000X. The crystalline phases of the 
catalysts were analyzed by powder X-ray diffraction (XRD) performed on a Bruker Endeavor diffractometer (Model D4/MAX-B, 
Billerica, MA, USA). Patterns were obtained using CuKα radiation at 40 kV and 20 mA in the 2ϴ value range of 10–80◦ with a 
0.02◦ step and counting time of 1 s. Fourier transform infrared spectra (FTIR) were recorded on an ALPHA FTIR-ATR Bruke spec-
trometer over a wavenumber range of 400–4000 cm− 1. The textural properties of the photocatalysts were determined by N2 
adsorption-desorption isotherms at 77 K using 3-FLEX Micromeritics equipment. Before the analysis, the samples were degassed for 6 h 
at 77 K using a SmartVacPrep device. The Brunauer, Emmett, and Teller (BET) method [45] was employed to calculate the specific 
surface area, while the pore size distribution was determined using the Barrett-Joyner-Halenda (BJH) method [46], with the total pore 
volume resulting from the adsorbed quantity at a p/po of 0.99. The chemical composition of the catalysts was determined by acid 
digestion according to the Bernas method [47,48]. The iron and titanium concentrations were determined by inductively coupled 

Table 1 
Nomenclature of prepared catalysts with different proportions of iron and/or titanium dioxide.  

Nomenclature Catalysts compositions 

Allophane Allophane clay 
Fe-allophane Allophane with 6.0 % w/w of iron oxide 
10%TiO2-allophane Allophane with 10 % w/w of titanium dioxide 
30%TiO2-allophane Allophane with 30 % w/w of titanium dioxide 
Fe–10%TiO2-allophane Allophane with 6.0 % w/w of iron oxide and 10 % w/w of titanium dioxide 
Fe–30%TiO2-allophane Allophane with 6.0 % w/w of iron oxide and 30 % w/w of titanium dioxide  
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plasma‒optical emission spectrometry (ICP‒OES) using a PerkinElmer, model OPTIMAN0770793. The light absorption of the cata-
lysts was determined by diffuse reflectance spectroscopy (DRS) using a UV–Vis scanning spectrophotometer (Shimadzu UV-2450, 
Japan) equipped with a diffuse reflectance accessory. A TiO2 thin film was placed in the sample holder on an integrated sphere for 
the reflectance measurements. A "total white" PerkinElmer reference material was used as the reference. The band gap energies (Eg) of 
the photocatalysts were estimated by the Kubelka-Munk (K-M) function and the Tauc plot [49,50]. It is assumed that these 
Fe–TiO2-allophane and TiO2-allophane photocatalysts are indirect semiconductors due to the presence of the anatase phase [42]. The 
band gap was obtained by plotting (αhν)1/2 vs. hν, giving rise to a straight line whose extrapolation to the x-axis provides the band gap 
value [51]. 

2.5. Atrazine degradation through photocatalysis 

ATZ oxidation through photocatalysis (PC) was performed in a lab-scale photoreactor using a batch quartz reactor (0.2 L), equipped 
with a magnetic stirrer and constant airflow. The reactions were performed in the presence of natural sunlight irradiation. All sunlight 
tests started at 11:00 a.m. local time during the summer months of December and January and were conducted at the Universidad de la 
Frontera, Temuco, Chile (latitude: 38.4448◦S, longitude 72.3650◦W). The reactor was loaded with 100 mL of ATZ solution (10 mg L− 1) 
and 1.0 g L− 1 catalyst dosage. ATZ degradation was assessed after 30 min in the dark to achieve adsorption equilibrium, followed by 
the initiation of photocatalytic reaction by exposing the reactor to sunlight. All experiments were performed under room conditions for 
360 min at an initial pH of 3.0. During the reactions, at specified time intervals, a 1.0 mL sample of ATZ solution was withdrawn from 
the reactor and immediately filtered (0.2 μm) to determine the ATZ concentration using high-performance liquid chromatography 
(HPLC). 

2.6. Atrazine degradation by heterogeneous dual-effect processes 

ATZ oxidation through the heterogeneous dual-effect (HDE) process was carried out under the previously mentioned experimental 
conditions, alongside the addition of 240 μL of H2O2 (30 % w/w). ATZ degradation by HDE processes was also studied under artificial 
UV radiation using an aluminum UV chamber with 6 UV-A tubes of 8 W each (λ of 365 nm) positioned in front of the quartz reactor. The 
experimental conditions for ATZ degradation under UV radiation were the same as those described above for HDE processes under 
natural sunlight. The effect of the initial pH was investigated by studying ATZ degradation through the HDE process under sunlight at 
initial pH values of 3.0 and 5.0, as well as under auto-regulated pH conditions (6.3). 

The chemical stability of iron oxide supported in the catalysts was studied by determining the concentration of iron in the solution 
(iron leaching) after the end of the catalytic reactions. The influence of H2O2 on ATZ degradation was determined under identical 
experimental conditions, omitting the addition of a catalyst (referred to as the blank sample). 

2.7. Analytical methods 

ATZ decay concentration was followed by HPLC MD-4015 Jasco LC-NET/ADC equipment provided with an array diode detector at 
220 nm using a reverse-phase column RP18e (5 μm), according to the method previously described [38]. Thus, 40 % acetonitrile and 

Fig. 1. FTIR spectra (a) and X-ray diffraction patterns (b) of allophane clays and allophane modified with iron and/or titanium dioxide.  

J. Castro-Rojas et al.                                                                                                                                                                                                  



Heliyon 10 (2024) e32894

5

60 % ammonium acetate (0.1 mM) were used as mobile phases at 1.0 mL min− 1 and 30 ◦C. The chemical oxygen demand (COD) at the 
beginning and end of the reactions was measured with a COD analyzer (HANNA HI83099). The iron leaching was determined by 
atomic adsorption analysis at the end of the catalytic reactions using a Thermo Scientific ICE 3000 Series. 

3. Results and discussion 

3.1. Catalysts characterization 

FTIR-ATR spectrum of allophane clay (Fig. 1a) shows the characteristic bands of hydrous feldspathoid allophane. These bands 
appear at 440 cm1, 712 cm− 1, and 1016 cm− 1, associated with the tetrahedral aluminosilicate framework. The peak observed at 590 
cm− 1 corresponds to octahedral aluminum, while the presence of Si–OH groups has been associated with the shoulder observed at 895 
cm− 1 [34,35,39]. Thus, as previously reported, hydrous feldspathoid allophane is composed of an outer polymerized Si tetrahedral 
sheet that forms the framework, with partial substitution of Al for Si. Meanwhile, the inner part is comprised of an incomplete Al sheet 
in an octahedral position [38]. In the presence of both iron and/or titanium oxides on the allophane structure, the peaks of the 
tetrahedral aluminosilicate framework are weakened or shifted to higher wavenumbers. For the catalyst containing iron oxide, this 
effect is attributed to the covalent bond formation between Si–O- groups of allophane clays and iron hydroxyl species in solution (Fe 
(OH)+, Fe(OH)2+, Fe(OH)3+), which occurs due to the generation of electrostatic attractions [38,48]. In TiO2-allophane and 
Fe–TiO2-allophane catalysts, the effect arises from the interaction of Ti+4 with Si–O groups. A new signal appears at 934 cm− 1, 
associated with the stretching vibration of Si–O–Ti groups, as reported in studies of zeolite, silica and, clay modified with titanium 
dioxide [52–54]. This band at 934 cm− 1 intensifies with increasing TiO2 percentage in the catalyst, whereas bands associated with 
tetrahedral aluminosilicate decrease. These findings can result from potential aluminum dissolution due to the acidic conditions 
employed in catalyst preparation, favoring the formation of Si–O–Ti bonds. Similar effects were noted by Ono and Katsumata [55], 
demonstrating that after acid treatment, allophane clay could lose its structure, evidenced by the disappearance of the bands associated 
with the tetrahedral aluminosilicate framework in the FTIR spectrum. However, in this case, complete aluminum dissolution did not 
occur as the bands at 1016 cm− 1 did not disappear completely, indicating that the method used to prepare the catalysts did not 
significantly impact the framework of the allophane. The chemical composition determined by ICP‒OES (Table 2) confirms the results 
obtained from FTIR analysis, indicating an increase in the Si/Al ratio in the catalysts modified with TiO2 compared to unmodified 
allophane clay. 

The XRD patterns (Fig. 1b) show broad lines centered at 2ϴ values of 26◦ and 40◦, characteristic of an allophane amorphous 
structure [34–36]. These bands are present in all catalysts but are narrower and better resolved, especially the signal at 26◦. These 
results suggest that, despite the amorphous structure of allophane clay remaining after modification with iron and/or titanium dioxide, 
there is a higher degree of ordering. This is evident, especially since the anatase structure exhibits signals in the same region indicated 
by the squares (▀) in Fig. 1b. In the case of the Fe-allophane and Fe–TiO2-allophane catalysts, the signals for iron oxides are not 
observed, which is evidence of very small nanoparticles of iron oxide finely dispersed on the allophane clay [36,39,40]. For the 
TiO2-allophane, anatase planes were observed (▀) at 2ϴ values of 25.3◦, 38.2◦, 48.1◦, 54–55◦, and 62,1◦, associated with the (101), 
(112), (200), (105), and (211) planes of anatase, respectively [56,57]. The XRD peak intensity of anatase planes decreases for the 
Fe–TiO2-allophane catalysts. The decrease in the diffraction peak of the 101 plane in anatase is attributed to the substitution of Ti4+ by 
Fe3+ ions in the crystal lattice of the anatase structure. This is due to the similarity in ionic radius between Fe3+ (0.645 A◦) and Ti4+

(0.604 A◦) [28,30,56,58]. Therefore, the incorporation of iron oxide into the Fe–TiO2-allophane catalysts led to a reduction in the 
crystallinity of anatase [59]. 

In the SEM micrographs (Fig. 2) all the catalysts exhibit highly porous aggregated particles, in agreement with the unitary structure 
of allophane clays reported in previous studies [36,38,60]. Fig. 2 shows that particle agglomeration and particle size decreased as 
increased the proportion of TiO2 in allophane clays. This finding agrees with the report by Nishikiori et al. [41,61], that showed that 
the presence of allophane can prevent the particle growth of TiO2. These results align with the textural properties of the different 
prepared catalysts, as determined by N2 adsorption-desorption isotherms (Table 2). The textural properties of allophane clays closely 
resemble those reported in previous studies for allophane clays with a hydrous feldspathoid structure [38]. The specific surface area of 

Table 2 
Chemical composition, textural properties and band gap values of allophane clays and prepared catalysts of allophane with iron and/or titanium 
dioxide determined by ICP-OES, N2 adsorption-desorption isotherm and diffuse reflectance spectra from Tauc plots, respectively.  

Catalysts Chemical composition (wt. %) Textural properties Band gap (Eg) (eV) 

Ti Fe Si Al Si/ 
Al 

BET surface area (m2g− 1) Pore Volume (cm3g− 1) Pore size (nm) 

Allophane – – 15.8 4.69 3.37 147 0.418 10.6 – 
Fe-allophane – 5.0 25.3 6.13 4.13 135 0.520 14.5 1.71 
10%TiO2-allophane 13.7 – 26.0 3.60 7.22 256 0.572 8.57 3.29 
30%TiO2-allophane 23.8 – 19.8 3.90 5.08 577 0.925 6.41 3.24 
Fe–10%TiO2- 

allophane 
9.34 5.8 19.4 5.60 3.46 240 0.585 9.27 2.22 

Fe–30%TiO2- 
allophane 

20.1 4.2 17.1 3.40 5.03 227 0.360 6.40 2.35  
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10%TiO2-allophane and Fe–TiO2-allophane catalysts increased almost double compared to the allophane clays, while the pore size 
decreased as the percentage of titanium dioxide on the catalysts increased. In the case of the 30%TiO2-allophane, the results are 
surprising, as the specific surface area increased fourfold and the pore volume doubled compared to allophane clays. Furthermore, this 
catalyst exhibited the smallest pore size. These results have also been previously described for other clays; for example, Li et al. [62], 
reported an increase in the specific surface area of kaolinite-TiO2 in comparison with kaolinite unmodified and pure TiO2. The authors 
attributed this effect to the formation of small particles through oxide-support interactions to provide more active sites for enhanced 
catalytic activity and stability on the modified clay compared to the unmodified clays. These results agree with the FTIR and chemical 
composition analyses that show that more anatase nanoparticles are formed as the percentage of TiO2 increases, forming new Ti–O–Si 
bonds attached to allophane clays. Additionally, the presence of iron oxide in the crystal lattice of TiO2 in the Fe–TiO2-allophane 
catalyst decreased the TiO2 particle size, attributed to the inhibitory effect of Fe3+ on crystallization. This resulted in an enhancement 
of the specific surface area of the catalysts [58,59]. 

Fig. 2. Scanning electron microscopy of allophane clays modified with iron and/or titanium dioxide.  
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In the case of adding only iron oxide (Fe-allophane catalyst), both specific surface area and pore volume remain almost constant in 
comparison with parental allophane, showing an increase in the particle diameter, in agreement with previous works [38]. Thus, the 
prepared catalysts of TiO2-allophane and Fe–TiO2-allophane exhibit a positive influence on the catalytic surface area and, conse-
quently, on photocatalytic activity, as will be discussed in the following. It has been widely reported that one of the main factors 
affecting photocatalytic performance is the surface area of the photocatalysts [58,59]. On the other hand, all catalysts present N2 
adsorption-desorption isotherm type IV (Fig. S1, supplementary material). At high relative pressures from 0.40 to 0.95, the isotherms 
exhibit hysteresis loops of type H3 corresponding to mesoporous adsorbent material (2–50 nm) [30]. 

Fig. 3. UV-VIS diffuse reflectance spectra of the different prepared catalysts (a), and Tauc plot obtained by the indirect band gap (b).  

Fig. 4. Degradation of 10 mg L− 1 of atrazine (a and b) and fitting of experimental data to the pseudo-first-order kinetic model (c and d) using 1.0 g 
L− 1 of allophane clays and allophane modified with iron and/or of titanium dioxide through photocatalysis (PC) and the heterogeneous dual-effect 
process (HDE) at initial pH 3.0 and natural sunlight. 
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The UV–vis diffuse reflectance spectra (DRS) of allophane clays and the different prepared catalysts are present in Fig. 3a. The 
allophane clays exhibit no signs of light absorption in both the UV and visible ranges. The absorption spectra of TiO2-allophane 
catalysts show the characteristic absorption of TiO2 band in the UV region with a band edge at 320 nm [30]. The intensity of this band 
increases with the percentage of TiO2 in the sample, consistent with the higher content of anatase structure. After being supported with 
iron oxide, the photo response range of the Fe–TiO2-allophane catalysts expanded to the visible light region. It is shown that the 
incorporation of iron oxide on TiO2-allophane catalysts does not modify the position of the valence band edge of the TiO2, as it remains 
similar to the TiO2-allophane catalyst. However, new energy levels (Fe3+/Fe4+) of the transition Fe ions into the band gap of TiO2 were 
introduced [59]. Consequently, for the Fe–TiO2-allophane, the broad absorption band ranges centered at 400 nm can be attributed to 
the excitation of 3d electron of Fe3+ to the TiO2 conduction band (charge transfer transition). On the other side, the band centered at 
500 nm can be ascribed to the d-d transition of Fe3+ or the charge transfer transition between interacting iron ions (Fe3+ + Fe3+ → 
Fe4+ + Fe2+) [63–65]. Therefore, a decrease in the energy band of Fe–TiO2-allophane catalysts is expected. To validate this 
assumption, Fig. 3b and Table 2 present the Tauc-plot patterns of the different catalysts and the calculated band gap values, 
respectively. The Fe-allophane catalyst band gap was 1.71 eV, which is similar to the value reported for ferrihydrite [66]. Concerning 
the TiO2-allophane catalysts, band gap values between 3.24 eV and 3.29 eV were obtained, which are typical of anatase structures [42, 
67]. As expected, in the presence of iron oxide, the band gap values were reduced, obtaining very similar band gap values for both 
studied catalysts (Table 2). 

3.2. Atrazine degradation by photocatalysis and heterogeneous dual-effect processes 

Fig. 4 shows the degradation of ATZ through photocatalysis (PC) and heterogeneous dual-effect (HDE) processes under natural 
sunlight. In the case of the PC process (Fig. 4a), the degradation of ATZ in the presence of sunlight alone (blank sample) was minimal, 
approximately 3 %. This result was expected since the half-life for ATZ direct photolysis under natural sunlight ranges from 42.5 to 96 
days, duration exceeding the reaction time (360 min) employed in this study [68,69]. Similarly, no ATZ degradation occurred in the PC 
process when unmodified allophane was used as the catalyst because allophane cannot exhibit photocatalytic activity under UV or 
visible light as was determined by UV–Vis-DR analysis. As depicted in Fig. 4a, degradation of ATZ occurs only in the first 30 min under 
dark conditions, attributed to the adsorption of ATZ on the allophane surface. Subsequently, under sunlight, the system stabilized and 
remained constant, achieving a 13 % removal of ATZ at the end of the 360 min of operation. 

In a similar manner, Fe–TiO2-allophane catalysts with 10 % and 30 % w/w TiO2 exhibited low ATZ degradation values of 6 % and 
10 %, respectively. It is evident that, regardless of the TiO2 content, the presence of iron oxides on Fe–TiO2-allophane catalysts inhibits 
the photocatalysis process under sunlight, resulting in similar ATZ degradation as observed with unmodified allophane clays. These 
results are unexpected, as the substitution of Ti4+ by Fe3+ ions in the crystal lattice of the anatase structure decreased the bandgap and 
improved the surface area of these catalysts. Consequently, it was expected that the presence of Fe3+ in the TiO2 crystal lattice of the 
Fe–TiO2-allophane catalysts would decrease the electron/hole recombination rate during the PC process under sunlight. However, it is 
possible that, due to the amount of iron loaded on the catalysts (6.0 % w/w), the iron was not fully incorporated into the crystal lattice, 
and the excess precipitated on the surface of allophane clays, forming small particles of iron oxide [40]. This could act as a recom-
bination center for electrons and holes at the interface, preventing the charge carriers from reaching the surface and reacting with the 
adsorbed water and oxygen molecules [58,59]. 

In the case of Fe-allophane catalyst, 34 % of ATZ degradation was achieved in the PC process after 360 min of reaction time, due to 
the photocatalytic properties of iron oxide present in the allophane structure. As highlighted earlier, the Fe-allophane catalyst displays 
a poorly ordered iron oxide phase, similar to the ferrihydrite-like materials [13,38], reported as a semiconductor material able to oxide 
pollutants under sunlight [66]. This result agrees with the previously discussed band-gap value (1.71 eV) and the ability of 
Fe-allophane to adsorb the light across a broad wavelength range. 

In contrast, the highest ATZ degradation in the PC process under sunlight was attained using TiO2-allophane catalysts with 10 % 
and 30 % w/w of TiO2, achieving nearly 90 % ATZ degradation. These results agree with the higher specific surface area exhibited by 
these catalysts compared to the parental allophane clays. This is attributed to the earlier discussed formation of small particles of 
anatase on the allophane surface, which provides more active sites for the photocatalytic degradation of ATZ. This phenomenon is 
favored by the reduction of particle agglomeration facilitated by the presence of allophane clays. The enhancement in ATZ degradation 
observed with TiO2-allophane catalysts can be associated with the generation of radical species through the PC process, facilitated by 
the UV component of sunlight. This process initiates with the illumination of the TiO2-allophane catalysts by light energy greater than 
their bandgap energy, leading to the production of electron-hole pairs (Eq. (1)). These charged carriers can either recombine or react 
with chemical species such as water or oxygen molecules to produce hydroxyl radicals and superoxide radical anions, respectively 
(Eqs. (2) and (3)). Moreover, hydroperoxyl radicals are formed through electron transfer from TiO2 present in the catalyst structure to 
molecular oxygen, followed by consecutive protonation (Eq. (4)) [32,42,57]. 

TiO2 + hv → e− + h+ (1)  

h+ +H2O → H+ + • OH (2)  

e− +O2 → O−
2 • (3)  

e− +O2 +H+ →HO•
2 (4) 
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In the heterogeneous dual-effect (HDE) process (Fig. 4b), all catalysts exhibited enhanced ATZ degradation compared to the photo-
catalytic (PC) process (Fig. 4a), achieving over 95 % ATZ degradation for all catalysts, including the blank (conducted in the presence 
of H2O2 and sunlight). To validate these results in terms of kinetic parameters, the experimental data were fitted to a pseudo-first-order 
kinetics model according to Equations (5) and (6). 

dC
dt

= − kC (5)  

ln
Ct

C0
= − kt (6)  

Where Ct and C0 represent the ATZ concentration at a given time t and the initial time (t = 0), respectively. The pseudo-first-order 
kinetic (k, min− 1) can be determined by plotting the linear dependence of the slope of Ln [Ct/Co] against reaction time (t). Accord-
ing to the model, the pseudo-first-order reaction rates were determined (Fig. 4b and c) and tabulated in Table 3, along with the 
degradation of ATZ and the chemical oxygen demand (COD) efficiencies for the different processes (PC and HDE). 

As observed in Fig. 4b and Table 3, the presence of H2O2 in the HDE process improves the ATZ degradation from 3 % to 96 % for the 
blank and from 13 % to 95 % for the unmodified allophane clays after 360 min of reaction time, respectively, in comparison with the 
PC process. Whereas the pseudo-first-order rate constant increased nearly 23 times when allophane was used as the catalyst. 

For the Fe-allophane catalyst, catalytic efficiency increased from 34 % in the PC to 98 % in the HDE process. In this process, the iron 
oxide present on the Fe-allophane catalysts reacts with H2O2 to generate hydroxyl radicals according to Equations 7 and 8 through a 
heterogeneous Fenton process [38,40]. Furthermore, the presence of sunlight accelerates Fe2+ regeneration and produces additional 
hydroxyl radicals (Equations (9) and (10)) through a photo-Fenton process [70]. This result is further confirmed by the 
pseudo-first-order rate constant, which increased 7.5 times compared to the PC process. 

Fe2+ +H2O2 → Fe3+ +OH− + • OH (7)  

Fe3+ +H2O2 → Fe2+ +HO•
2 + H+ (8)  

Fe(OH)
2+

+ hv → Fe2+ + • OH (9)  

Fe(OOCR)2+
+ hv → Fe2+ +CO2 + R• (10) 

Table 3 
ATZ degradation, chemical oxygen demand (COD) decay and kinetics parameters using the different catalysts with photocatalysis (PC) and het-
erogeneous dual-effect (HDE) processes at initial pH of 3.0 and under natural sunlight.  

Catalyst ATZ degradation 
% 

COD decay 
% 

Kinetics parameters 

PC HDE 

PC HDE PC HDE k1 

min− 1 
R2 k1 

min− 1 
R2 

Blank 3 96 n.v.a n.v.a n.a.b n.a.b 0.00920 0.994 
Allophane 13 95 n.v.a n.v.a 0.000361 0.901 0.00827 0.997 
Fe-allophane 34 98 n.v.a 22 0.001380 0.807 0.01041 0.882 
10%TiO2-allophane 92 99 25 53 0.007570 0.993 0.01033 0.996 
30%TiO2-allophane 91 99 33 64 0.007260 0.994 0.01153 0.995 
Fe–10%TiO2-allophane 6 100 n.v.a 53 n.a.b n.a.b 0.01899 0.994 
Fe–30%TiO2-allophane 10 100 n.v.a 85 0.000316 0.902 0.02866 0.994  

a n.v: no variation. 
b n.a: no adjusted. 

Table 4 
Effect of initial pH in ATZ degradation, chemical oxygen demand (COD), iron leaching, and kinetics parameter using Fe–30%TiO2-allophane catalyst 
with heterogeneous dual-effect process under natural sunlight.   

Initial pH 
ATZ degradation 
% 

COD 
Decay 
% 

Iron content mgL-a Kinetics parameters 

k1 

min-a 
Rb 

3.0 100 85 0.001 0.02866 0.994 
5.0 99 35 n.d.b 0.01347 0.993 
Auto-regulated (6.3) 61 n.va n.d.b 0.00323 0.921  

a n.v: no variation. 
b n.d: no detected (low detection limit). 
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In the case of TiO2-allophane catalysts, the improvement in ATZ degradation by the HDE process was smaller (approximately 8 %), 
whereas the pseudo-first-order rate constants were slightly higher (nearly 1.4 times higher than the PC process) due to the addition of 
H2O2 into the HDE process. 

As expected, Fe–TiO2-allophane catalysts exhibited the highest ATZ oxidation under sunlight in the HDE process. With values of 
100 % ATZ oxidation for both Fe–TiO2-allophane catalysts, the results are largely higher than the value of nearly 10 % ATZ degra-
dation obtained by PC. Additionally, the pseudo-first order-rate constant was significantly higher than the value determined by the PC 
process (see Table 4). 

It is important to note that, despite all catalysts showing high ATZ degradation efficiencies in the HDE process (Fig. 4b), the time 
required to achieve almost complete ATZ degradation varied depending on the catalyst used. In the case of Fe–TiO2.allophane cat-
alysts, the reaction time necessary to achieve 100 % ATZ oxidation decreased as the percentage of TiO2 on the Fe–TiO2-allophane 
catalysts increased, being the pseudo-first-order rate constant of Fe–30%TiO2-allophane catalyst 1.5 times higher than the value for Fe- 
10%TiO2-allophane catalyst. Thus, with the Fe–30%TiO2-allophane catalyst, it was possible to achieve 100 % ATZ oxidation in 180 
min of reaction time, whereas in the case of Fe–10%TiO2-allophane, 100 % ATZ oxidation was obtained after 4 h reaction time. 
Similarly, in the case of TiO2-allophane catalysts, the pseudo-first-order reaction rates were lower than those of the Fe–TiO2-allophane 
catalysts. Therefore, to achieve a similar percentage in ATZ degradation (99 %), reaction times of approximately 360 min were 
necessary. These results indicate that in the HDE process performed under natural sunlight, ATZ is degraded in shorter times using 
Fe–TiO2-allophane compared to TiO2-allophane or Fe-allophane catalysts. These results agree with the reported synergetic effect in the 
heterogeneous dual-effect process due to the simultaneous presence of iron oxide and titanium dioxide on the catalyst [19,20,57,71]. 
Similar findings were also reported by Yang et al. [72], who achieved a 95 % ATZ degradation rate after 30 min of reaction time using a 
Fe–TiO2 catalyst under visible light. Furthermore, these results represent a significant improvement compared to a previous study on 
ATZ degradation using Fe-allophane catalyst, where similar degradation rates were achieved but required reaction time of 24 and 8 h 
in the heterogeneous Fenton and electro-Fenton processes, respectively [40]. 

The observed synergetic effect of the Fe–TiO2-allophane catalyst in ATZ degradation under sunlight and H2O2 can be attributed to a 
reduction in the electron/hole recombination rate, resulting in an enhanced catalytic efficiency when compared to the condition where 
the processes are separated (using Fe-allophane or TiO2-allophane catalysts). This is because Fe3+, incorporated into the TiO2 crystal 
lattice of the Fe–TiO2-allophane catalysts, captures the electrons generated on the TiO2 surface and participates in the regeneration of 
Fe2+ ions according to Equation (11) [19,20,25,73]. Simultaneously, the iron oxide present on the catalysts of Fe–TiO2-allophane 
generates hydroxyl radicals through the reaction with H2O2, as described above by a Fenton-based process (Eqs. (7) and (8)), plus a 
photo Fenton process (Eqs. (9) and (10)) mediated by sunlight [16,32]. 

Fe3+ + e− → Fe2+(electron trap) (11) 

It is also important to remark that the reduction of the band gap of the Fe–TiO2-allophane catalyst allows for extending the ab-
sorption light range into the visible light spectrum, as determined by UV–Vis-DRS analysis. In this way, in this work was possible to 
degrade ATZ under more environmentally friendly conditions, using sunlight as the light source [74]. This assumption was confirmed 
by studying the ATZ degradation through the HDE process under artificial UV light (performed at 365 nm). The results show that the 
ATZ degradation efficiencies range from 20 % to 65 % after 360 min of reaction time, depending on the catalyst used to perform the 
reaction (see Fig. S2 and Table S1 of supplementary material). Under sunlight, there is a contribution of both UV radiation (including 
UV-A and UV-B) and visible light, enhancing atrazine removal compared to artificial UV radiation. In the case of the catalyst of 
Fe-allophane, its band gap (1.71 eV) allows absorbed energy in visible light; therefore, it is expected that the photo-Fenton process is 
more efficient under solar light than artificial UV light [75]. 

The good performance of the HDE process under sunlight using the catalysts of Fe–TiO2-allophane was also confirmed by deter-
mining the chemical oxygen demand (COD), which represents the amount of oxygen (mg) necessary for all the organic compounds 
present in 1 L of solution to be mineralized [19,42]. As shown in Table 3, the HDE process achieves higher mineralization efficiencies 
than the PC process. This shows that the mineralization efficiency improves with the percentage of TiO2 on the Fe–TiO2-allophane 
catalysts. Thus, the highest mineralization efficiency (85 %) was obtained with the catalyst with a higher percentage of TiO2. This COD 
decay value is an important result because it is higher than the range between 10 and 30 % reported by other authors for ATZ 
mineralization using PC processes [76–78]. As has been widely reported, ATZ mineralization is difficult because ATZ is transformed 
into intermediate products, with cyanuric acid being the ultimate degradation product, which is a highly stable and persistent 
compound [11,69]. Therefore, these results suggest that the Fe–30%TiO2-allophane catalyst could mineralize cyanuric acid by the 
HDE process under sunlight. 

3.3. Effect of pH on atrazine oxidation by HDE process 

The pH of the reaction can play an important role in the effectiveness of a given catalyst under a Fenton-like reaction [13] or 
photocatalytic processes [79]. In addition, for a friendlier wastewater treatment technology, it is preferable to degrade the organic 
pollutants at auto-regulated pH or under the less possible acidic conditions to avoid the excessive use of acid for maintaining the pH of 
the reaction. In addition, the leaching of iron from the catalyst could occur under acidic conditions [13,39]. For these reasons, was also 
studied ATZ degradation by the HDE process at auto-regulated pH (initial pH 6.3), slightly acidic conditions (initial pH 5.0), and acidic 
conditions (pH 3.0) using the best catalyst determined above. As shown in Fig. 5, ATZ degradation increased as the initial pH 
decreased, with a pseudo-first-order reaction rate 2 times higher for the reaction performed at an initial pH of 3.0 than the initial pH of 
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5.0 and almost 9 times higher than autoregulated pH (Table 4). While the optimum pH reported for the Fenton process is typically 
around pH 3.0 [80,81], it is noteworthy that under less acidic conditions (initial pH 5.0), complete removal of ATZ was achievable. 
However, this accomplishment necessitated an extended reaction time of 6 h and resulted in a COD decay of 35 %, in contrast to the 85 
% ATZ degradation observed at pH 3.0. Similar results have been reported using Fe–TiO2 clay catalysts for degrading organic pol-
lutants, showing catalytic activity at pH values between 4.0 and 5.0 [42,82]. In addition, at an initial pH of 5.0 and auto-regulated pH, 
no leaching of iron was observed (Table 4), whereas, at an initial pH of 3.0, the leaching of iron was minimal (0.001 mg L− 1). The 
results show the high stability of the Fe–TiO2-allophane catalysts and confirm that with these catalysts, the dual-effect process occurs 
in a heterogeneous phase. This is the opposite of the dual effect process proposed in the literature, where the process is favored by the 
soluble iron species from catalyst leaching [17,18,20,71]. 

4. Conclusions 

In this study, we propose for the first time, the utilization of Fe–TiO2-allophane catalysts with 6.0 % w/w of iron oxide and two 
different proportions of TiO2 (10 % and 30 % w/w) for atrazine (ATZ) degradation through the heterogeneous dual-effect (HDE) 
process under sunlight. Comparative analyses with Fe-allophane and TiO2-allophane catalysts were conducted in both photocatalysis 
(PC) and HDE processes. FTIR spectra of the prepared catalysts reveal the characteristic hydrous feldspathoid structure of allophane, 
confirming the formation of new bonds between Si–O groups of allophane clays and iron hydroxyl species, as well as new Si–O–Ti 
bonds that increased with higher TiO2 content. The TiO2 in all catalysts exhibited an anatase structure, increasing with the higher 
proportions of TiO2 on allophane clays. Iron oxide in the Fe–TiO2-allophane catalyst was incorporated through the substitution of Ti4+

by Fe3+ ions in the crystal lattice of the anatase structure and by precipitation on the surface of allophane clays, forming small particles 
of iron oxide. Both the presence of allophane clays and iron oxide in the crystal lattice of TiO2 decreased the agglomeration and particle 
size of TiO2, resulting in an enhanced specific surface area and pore volume for all catalysts. Additionally, the incorporation of iron 
oxide reduced the band gap of the Fe–TiO2-allophane catalysts, expanding their photoresponse to visible light. In the PC process, the 
highest ATZ degradation was achieved with the TiO2-allophane catalysts, achieving nearly 90 % ATZ degradation, attributed to the 
generation of radical species through the PC process facilitated by the UV component of sunlight. Different proportions of TiO2 on 
TiO2-allophane catalysts did not significantly influence ATZ degradation through the PC process, obtaining similar degradation ef-
ficiencies and pseudo-first-order reaction rates for both catalysts. In contrast, in the HDE process, Fe–TiO2 allophane catalysts 
demonstrated synergetic effects in ATZ degradation under sunlight compared to the separated processes (using Fe-allophane or TiO2- 
allophane catalysts). Additionally, under sunlight, a higher proportion of TiO2 on Fe–TiO2-allophane catalysts resulted in a faster time 
to achieve 100 % ATZ degradation. Thus, Fe–30%TiO2-allophane catalysts exhibited superior ATZ degradation and COD removal. The 
HDE process was also performed under less acidic conditions (initial pH 5.0), achieving complete ATZ degradation after 6 h without 
iron leaching. Consequently, in this work, Fe–TiO2-allophane catalysts are presented as a promising alternative to contribute to the 
reduction of emerging pollutants from wastewater under environmentally friendly conditions using the heterogeneous dual-effect 
process. 
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Fig. 5. Influence of initial pH on 10 mg L− 1 atrazine degradation through the heterogeneous dual-effect process using 1.0 mg L− 1 Fe–30%TiO2- 
allophane catalyst under sunlight (a) including the corresponding plot according to the pseudo-first-order kinetic model (b). 
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