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Abstract 

Water contamination by acetaminophen, a compound di cult to remove via conventional 
treatments, has become a growing environmental concern due to its excessive consump-
tion in recent years. Among emerging methods for removing this pollutant, heterogene-
ous photocatalysis is a promising option that enables catalyst recovery and reuse. In this 
research, Ti-SBA-15 materials with di erent Si/Ti molar ratios were synthesized by a one-
step sol–gel method to improve Ti dispersion within the SBA-15 silica framework. A de-
tailed characterization of the materials was carried out using XRD, SEM, ICP-OES, N2 
physisorption, UV-Vis-DRS, XPS, and zeta potential techniques. The results showed that 
the characteristic hexagonal mesoporous structure of SBA-15 was largely preserved at 
high Si/Ti ratios, while ICP-OES analysis showed that the synthesis method allowed Ti 
incorporation close to the theoretical Si/Ti molar ratio for most synthesized materials. As 
the Ti content increased, the speci c surface area decreased, whereas the band gap energy 
increased. The UV-Vis-DRS spectrum showed an absorption band around 230 nm, which 
is commonly associated with ligand-to-metal charge transfer transitions in isolated Ti spe-
cies with tetrahedral coordination. Together with the XPS results, these ndings suggest 
that the Ti incorporated into the silica framework is predominantly in tetrahedral coordi-
nation. Small amounts of Ti in Ti-SBA-15 materials are su cient to promote photocata-
lytic acetaminophen degradation, without requiring signi cant anatase formation. Cata-
lyst dosage and solution pH signi cantly in uenced system performance, with higher 
degradation rates observed under acidic conditions. However, the rapid disappearance 
of acetaminophen did not directly translate into high mineralization, as aromatic interme-
diates are di cult to break down into carboxylic acids. Consequently, the maximum min-
eralization achieved was 50%, obtained with a catalyst concentration of 50 mg/L at pH 6. 
The proposed reaction scheme successfully predicted the experimental data. These results 
show that the Ti-SBA-15 system possesses a high capacity for degrading acetaminophen; 
however, complete mineralization is limited by the slow oxidation rate of aromatic inter-
mediates, making the control of subsequent degradation stages a key factor in improving 
the overall e ciency of the photocatalytic process. 
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1. Introduction 
With population growth and urbanization, the cosmetic, textile, and pharmaceutical 

industries have signi cantly increased production. In particular, the synthesis of analgesic 
and non-steroidal anti-in ammatory drugs (NSAIDs), such as ibuprofen, naproxen, and 
aspirin, has increased because they e ectively relieve pain, in ammation, and fever by 
inhibiting cyclooxygenase (COX) enzymes. Several studies have reported these pharma-
ceuticals in wastewater e uents, surface and groundwater, and even in drinking water, 
generally at concentrations on the order of ng/L or μg/L. Continuous exposure to these 
emerging contaminants, even at low concentrations, may adversely a ect human health 
and aquatic ecosystems [1,2]. Acetaminophen (APAP), also known as paracetamol 
(C8H9NO2), is one of the most widely used analgesic and antipyretic drugs worldwide 
because of its high e cacy, low cost, and safety pro le when administered at therapeutic 
doses. Therefore, it is widely recommended for di erent population groups, including 
children, older adults, and pregnant women under medical supervision [1,3]. Neverthe-
less, consumption at high doses is a concern, as it may induce the formation of toxic me-
tabolites, such as N-acetyl-p-benzoquinone imine (NAPQI), which is responsible for he-
patic and renal damage. In addition, a fraction of the unmetabolized drug is excreted and 
released into the environment through wastewater, contributing to the contamination of 
water bodies and posing ecotoxicological risks [1,3]. 

In this context, pharmaceuticals such as APAP pose a signi cant challenge for con-
ventional water treatment systems, which are not designed to remove emerging contam-
inants e ciently. Processes such as biodegradation, coagulation– occulation, and ltra-
tion have limitations in completely removing these compounds, driving the search for 
more e cient alternative technologies. Among the most widely studied processes are 
electrochemical oxidation [4], Fenton processes [5], ozonation [6], persulfate-based oxida-
tion [7] and advanced oxidation processes (AOPs) based on heterogeneous catalysis [8]. 
The la er have shown increasing potential for degrading organic contaminants in aque-
ous media because of their high activity, stability, ease of recovery, and ability to miner-
alize persistent organic contaminants [1,2,9]. 

Among the catalysts reported in the literature for heterogeneous catalytic advanced 
oxidation processes are mixed oxides, such as TiO2/Fe2O3, investigated for paracetamol 
degradation [3]. ZnO/CeO2/g-C3N4 nanocomposites were also used to degrade acetamino-
phen and ca eine [9]. 

Catalysts based on liquid gallium metal (GLM), such as Cu/Ga2O3, were applied to 
acetaminophen degradation [10]. In addition, silica-based materials, including SBA-15, 
were investigated as heterogeneous catalysts for advanced oxidation processes [1,8,11–
14]. 

Various catalysts have been employed for the photodegradation of acetaminophen, 
among which titanium dioxide (TiO2) stands out. This material has demonstrated high 
degradation e ciencies under ultraviolet irradiation, achieving removal percentages 
greater than 90% in times exceeding 90 min [15]. To improve performance, several studies 
have investigated doping TiO2 with di erent elements, such as carbon [16] and metals 
including silver, gold, platinum, and iron [17,18]. 

SBA-15-type mesoporous silicates stand out as highly promising photocatalysts due 
to their textural and structural properties. This material exhibits large pore diameters that 
favor di usion of relatively large pharmaceutical molecules, as well as high speci c sur-
face areas (generally exceeding 800 m2/g) and large pore volumes, enabling e cient ad-
sorption of organic contaminants [1,8,11–14]. Its ordered mesoporous structure with hex-
agonal symmetry (P6mm) provides thermal and mechanical stability, while also facilitat-
ing the incorporation and homogeneous distribution of metallic heteroatoms (Ti, Zn, Ag, 
among others) within its structure [19,20]. This modi cation could change the electronic 
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structure of the material, such as reducing the band gap, thereby favoring radiation ab-
sorption and the generation of electron–hole pairs, which are fundamental in photocata-
lytic processes [21,22]. 

Several studies have also evaluated SBA-15 as an adsorbent for acetaminophen and 
have reported contaminant removal percentages exceeding 80% under relatively accessi-
ble operating conditions [22–24]. In particular, an optimum pH near 5 and a material dos-
age of 1 g/L have been identi ed for treating solutions containing up to 150 mg/L aceta-
minophen [22]. 

In photocatalytic processes, SBA-15 is commonly used as a support for metal oxides 
or other active compounds to impart photocatalytic properties [22–24]. For example, the 
incorporation of 10-phenylphenothiazine (PTH) into the SBA-15 structure enabled its use 
in the photodegradation of paracetamol under simulated solar irradiation. Under these 
conditions, using a catalyst loading of 250 mg/L and an initial paracetamol concentration 
of 10 mg/L, a conversion of 70% was achieved after 6 h of reaction [24]. Iron-modi ed 
SBA-15 materials have also been investigated as catalysts for the degradation of organic 
contaminants [25,26]. Hernández et al. synthesized Fe-incorporated SBA-15 and achieved 
degradation close to 84% using 20 mg/L catalyst concentration in the presence of H2O2 
under ultraviolet irradiation [27]. Other related studies have evaluated the in uence of 
parameters such as Fe content, pH, temperature, the presence of H2O2, catalyst concentra-
tion, and initial paracetamol concentration [1]. Similarly, other studies have shown that 
incorporating metals such as Fe, Ni, Cr, and Co into SBA-15 signi cantly improves cata-
lytic activity while preserving the hexagonal mesoporous structure of the support. Mate-
rials with a high speci c surface area may also enhance contaminant adsorption due to 
this textural property [22–24]. 

Ti-modi ed SBA-15 materials have shown great potential as photocatalysts for de-
grading dyes and pharmaceuticals. Several studies have reported the synthesis of Ti-SBA-
15 materials with di erent Si/Ti molar ratios [28,29]. The incorporation of Ti into the SBA-
15 structure promotes the formation of surface Ti–OH groups, which can react with pho-
togenerated holes (h+) to produce hydroxyl radicals (•OH). These radicals are highly oxi-
dizing and drive the degradation of organic contaminants. Likewise, when Ti is well dis-
persed within SBA-15, it can partially suppress the recombination of photogenerated elec-
tron–hole pairs. This increases charge-carrier lifetime and improves the photocatalytic ef-

ciency [28–30]. 
The incorporation of titanium into the SBA-15 structure and its use in photocatalytic 

applications are of particular interest because the photocatalytic performance of Ti-SBA-
15 materials is enhanced by the presence of Ti–O–Si bonds [28,29,31] and because titanium 
acts as a photocatalytic center [31,32]. As the Ti content within the SBA-15 structure in-
creases, anatase TiO2 formation becomes more pronounced, accompanied by decreases in 
the speci c surface area, pore volume, and pore diameter [28,29,31,32]. 

The preparation of Ti-modi ed SBA-15 catalysts is complex due to the signi cant 
di erence between the hydrolysis kinetics of Ti and Si precursors [33], as well as the ten-
dency of metal species to dissociate during hydrothermal treatment under acidic condi-
tions [34,35]. Although synthesis methods generally incorporate titanium after synthesis, 
this often leads to anatase TiO2 formation rather than isomorphic substitution of Ti into 
the silica framework [31,32]. To improve titanium dispersion and substitution within the 
SBA-15 structure, a few studies have been reported regarding synthesis methods and con-
ditions based on a single-step co-condensation approach [34,35]. This direct synthesis 
methodology has yielded Ti-SBA-15 materials in which Ti is either isomorphically substi-
tuted or dispersed within the SBA-15 framework, thereby increasing the number of active 
sites, such as Ti–OH and Ti–OH–Si groups [36,37]. 
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A detailed understanding of paracetamol degradation kinetics is another important 
aspect for the potential design of water treatment systems. Most studies assume kinetics 
in which the photocatalytic reaction begins immediately upon irradiation; however, un-
der real-world conditions, this does not occur, because contaminant molecules must rst 
adsorb onto the active sites of the catalyst. From this perspective, several authors 
[2,3,33,34] have proposed analyzing the kinetics using the Langmuir–Hinshelwood 
model, which incorporates the adsorption equilibrium preceding the surface reaction. 
While previous studies have identi ed certain reaction intermediates and proposed sim-
pli ed degradation pathways, a quantitative kinetic model for acetaminophen degrada-
tion using heterogeneous catalysts has not yet been reported in the literature. 

In this context, the present study proposes a comprehensive approach to investigat-
ing acetaminophen photodegradation using Ti-SBA-15 materials synthesized via a one-
step sol–gel process. This method enabled the incorporation of Ti into the SBA-15 struc-
ture while allowing the relative proportions of Ti sites to be varied. Unlike studies that 
focus primarily on crystalline TiO2 phases, particularly anatase, this work considers the 
contribution of Ti species incorporated into the SBA-15 framework and their potential role 
in photocatalytic acetaminophen degradation. Furthermore, the e ects of catalyst dosage 
and solution pH on acetaminophen degradation are systematically evaluated, and a reac-
tion scheme is proposed and ed to integrate the formation and transformation of the 
main reaction intermediates identi ed during the process. 

2. Results and Discussion 
2.1. Characterization of Materials 

2.1.1. X-Ray Di raction 

Figure 1 shows the low-angle X-ray di raction pa erns of SBA-15 and Ti-modi ed 
SBA-15. The SBA-15 sample exhibits three well-de ned re ections at 2  = 0.94, 1.61, and 
1.86°, indexed to the (100), (110), and (200) planes, respectively, characteristic of a two-
dimensional hexagonal mesostructure with p6mm symmetry [35]. As Ti is incorporated 
up to a Si/Ti molar ratio of 10, the di raction peaks shift toward lower 2  values, indicat-
ing unit-cell expansion (Table 1). This behavior is consistent with isomorphic substitution 
of Si4+ by Ti4+ within the silica framework, because Ti has a larger ionic radius (0.72 Å) than 
Si (0.40 Å), increasing the interplanar spacing and the unit cell parameter (a0) [36,37]. As 
the Ti content increases, corresponding to a decrease in the Si/Ti molar ratio to 5, a di er-
ent trend is observed. The (100) re ection shifts toward higher 2  values, indicating 
mesostructure contraction (in accordance with Table 1), likely associated with framework 
densi cation induced by the high Ti loading [38]. In addition, the disappearance of the 
(110) and (200) re ections suggests a signi cant loss of long-range hexagonal order, likely 
due to structural distortion and partial disruption of the mesoporous framework at high 
Ti content [38,39]. The di erence in the low-angle X-ray di raction pa ern of Ti(5)-SBA-
15 compared with the other materials may be a ributed to the relatively high amount of 
Al species present in the synthesis gel. High Al content may a ect interactions between 
the surfactant and the silica network during mesostructure formation, resulting in a less 
ordered surfactant–silica mesostructure. This behavior is consistent with the results re-
ported by Xing et al. and Gajardo et al. [40,41]. 
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Table 1. Crystallographic and textural parameters of SBA-15 and Ti-SBA-15 materials. 

Material d100 a  
(nm) 

a0 b  
(nm) 

SBET c 

(m2/g) 
VP d 

(cm3/g) 
DP e  
(nm) 

W f  
(nm) 

SBA-15 9.39 10.84 830 0.8 5.3 5.5 
Ti(60)-SBA-15 10.15 11.72 768 0.8 4.8 6.9 
Ti(40)-SBA-15 10.15 11.72 755 0.9 4.9 6.8 
Ti(10)-SBA-15 10.38 11.99 591 0.6 4.1 7.8 
Ti(5)-SBA-15 7.68 8.86 355 0.5 4.9 3.9 

a interplanar distance calculated from the (100) plane of the X-ray di raction pa erns; b unit cell 
parameter a0 calculated through the formula, a0 = 2d100/ 3; c speci c surface area determined by BET 
method; d pore volume; e pore diameter determined by BJH method; f wall thickness determined 
through the equation, W = a0  DBJH. 

Figure 2 shows the wide-angle X-ray di raction pa erns of the synthesized materials. 
The SBA-15 sample exhibits a broad band centered at 2   23°, characteristic of the amor-
phous silica framework. After the incorporation of Ti at Si/Ti molar ratios of 60 and 40, 
the broad signal characteristic of the amorphous structure persists, indicating that Ti in-
corporation at high Si/Ti molar ratios does not disrupt the amorphous silica framework. 
The Ti(5)-SBA-15 and Ti(10)-SBA-15 materials exhibit a broad shoulder at 23°, character-
istic of SBA-15 materials. They also show di raction peaks at 2  = 25.3°, 37.9°, 48.0°, 54.3°, 
and 62.6°, which are assigned to TiO2 in the anatase phase (PDF 21-1272) [35,36,42]. In 
contrast, the Ti(5)-SBA-15 sample shows only these anatase-related re ections, indicating 
that crystalline TiO2 predominates over the mesostructured silica framework at high Ti 
loading. These results suggest a limit to Ti incorporation into the SBA-15 framework un-
der the synthesis conditions employed. The absence of anatase re ections in samples with 
higher Si/Ti ratios does not necessarily rule out the presence of TiO2; rather, it indicates 
that Ti species are highly dispersed or present in domains below the XRD detection limit 
[43]. 

 

Figure 1. Low-angle X-ray di raction pa erns for SBA-15 and Ti-SBA-15 materials. 
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Figure 2. Wide-angle X-ray di raction pa erns for SBA-15 and Ti-SBA-15 materials. 
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network densi cation, and partial pore blocking by Ti species, as discussed in Section 
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incorporation, surface area decreases, becoming more pronounced at higher Ti loadings 
(Si/Ti = 5). This reduction is a ributed to pore blocking by extra-framework TiO2 species 
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framework. 
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Figure 3. N2 adsorption–desorption isotherms of SBA-15 and Ti-SBA-15 materials. 

2.1.3. Morphology and Elemental Analysis of Synthesized Materials 

Figure 4 shows the morphology of SBA-15 and Ti-SBA-15 materials. The SBA-15 sam-
ple (Figure 4a) exhibits uniform rod-like particles (152.1 ± 30.6), characteristic of SBA-15 
materials. After incorporation Ti (Figure 4b–e), a reduction in particle length accompanied 
by morphological changes is observed compared to the SBA-15 material (Figure 4a). The 
particle length of SBA-15 was 152.11 ± 30.59 μm, whereas the Ti-containing materials ex-
hibited progressively smaller particle lengths of 141.85 ± 45.39, 128.40 ± 27.41, 115.20 ± 
29.27, and 102.19 ± 27.82 μm for Ti(60)-SBA-15, Ti(40)-SBA-15, Ti(10)-SBA-15, and Ti(5)-
SBA-15, respectively. Thus, the particle length decreased by approximately 6.8, 15.6, 24.3, 
and 32.8% relative to SBA-15 as the Ti content increased. In materials with higher Si/Ti 
ratios, Ti(60)-SBA-15 and Ti(40)-SBA-15, the particles retain morphologies relatively sim-
ilar to those of SBA-15, together with moderate reductions in length. In contrast, Ti(10)-
SBA-15 and Ti(5)-SBA-15 exhibit more pronounced reductions in particle length and 
greater morphological di erences than the elongated morphology of SBA-15. These dif-
ferences are particularly evident for Ti(5)-SBA-15 (Figure 4e), which exhibits the largest 
reduction in particle length among the Ti-containing materials. The progressive morpho-
logical changes associated with increasing Ti content may be related to the coexistence of 
the mesostructured silica phase and TiO2 species, particularly at lower Si/Ti ratios, as cor-
roborated by the wide-angle X-ray di raction results discussed in Section 2.1.2. Overall, 
the SEM results indicate that increasing Ti content is accompanied by a progressive re-
duction in particle length and modi cation of particle morphology, with the most pro-
nounced changes observed at the highest Ti loading [44]. 

Table 2 shows the theoretical and experimental Si/Ti molar ratios of the synthesized 
materials obtained by ICP–OES analysis. Except for the Ti(60)-SBA-15 sample, the exper-
imental Si/Ti ratios for the remaining materials were relatively close to their theorical val-
ues. The experimental Si/Ti molar ratio for Ti(60)-SBA-15 indicates a lower Ti content than 
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expected based on the theoretical composition. The acidic hydrothermal conditions (pH = 
2.5) used during material synthesis may have favored the dissociation of Ti–O–Si bonds, 
resulting in lower Ti incorporation into the calcined material. Similar deviations between 
theoretical and experimental Si/Ti ratios have been reported for Ti-SBA-15-50 materials 
(Si/Ti molar ratio = 50) prepared via a one-step sol–gel hydrothermal method, where such 
deviations were a ributed to the dissociation of Ti–O–Si bonds [45]. 

  

  

 

Figure 4. SEM images of (a) SBA-15, (b) Ti(60)-SBA-15, (c) Ti(40)-SBA-15, (d) Ti(10)-SBA-15 and (e) 
Ti(5)-SBA-15 materials. 
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Table 2. Elemental analysis of SBA-15 and Ti-SBA-15 materials determined by ICP-OES. 

Material 
Theorical Molar Ratio Experimental Molar Ratio 

Si/Ti Si/Ti 
SBA-15   

Ti(60)-SBA-15 60 112 
Ti(40)-SBA-15 40 30 
Ti(10)-SBA-15 10 12 
Ti(5)-SBA-15 5 5 

2.1.4. UV–Vis–DRS 

Figure 5 presents the UV–Vis spectra of SBA-15 and Ti-SBA-15 materials. The SBA-
15 sample shows no signi cant absorption in the UV–Vis region, con rming the absence 
of Ti species within the silica framework. The deconvoluted UV–Vis spectrum of the 
Ti(60)-SBA-15 material exhibits a single absorption band centered at 230 ± 6 nm; this fea-
ture is a ributed to tetrahedrally coordinated Ti species [46], speci cally arising from the 
ligand-to-metal charge-transfer (LMCT) transition of isolated TiO4 sites [47]. This suggests 
that, at low Ti loadings, titanium is predominantly incorporated into the silica framework. 
These results are consistent with X-ray di raction and N2 physisorption analyses. 

As the Ti content in the synthesis gel increases, the Ti(40)-SBA-15, Ti(10)-SBA-15, and 
Ti(5)-SBA-15 materials (Figure 5c–e) exhibit, in addition to the band associated with tetra-
hedral Ti, a second absorption band at 310 ± 10 nm. This band is commonly a ributed to 
extra-framework Ti species, which may correspond to oligomeric Ti species or anatase-
like TiO2 particles [46,47]. Furthermore, as the Ti loading increases (Table 2), the contribu-
tion of extra-framework Ti species becomes more pronounced, in agreement with the X-
ray di raction results. 

The band gap energies (Eg) were estimated from the plot of ( h )1/2 versus photon 
energy (h ) (Figure S1, Supplementary Materials) and are shown in Table 3. As the 
amount of TiO2 species in the anatase phase and/or oligomeric Ti, the band gap decreases, 
approaching the characteristic value of anatase TiO2 [48]. The band gap values obtained 
in this study are consistent with those reported in the literature [49]. Anatase TiO2 exhibits 
a smaller band gap (3.20 eV) [40] than SBA-15 because its conduction band is mainly com-
posed of lower-energy Ti 3d states strongly hybridized with O 2p orbitals, whereas the 
conduction band of SBA-15 is primarily associated with higher-energy Si 3p states [50,51]. 
Therefore, the incorporation of anatase TiO2 into the SBA-15 framework introduces Ti 3d 
electronic states within the silica band structure, progressively reducing the e ective band 
gap of the composite toward that of anatase TiO2 [51]. 

Table 3. Ti coordination’s within the silica network and band gap of the SBA-15 and Ti-SBA-15 
materials. 

Material Ti4+ TiO2 Eg (eV) 
SBA-15 0 0 0 

Ti(60)-SBA-15 100 0 3.72 
Ti(40)-SBA-15 95 5 3.56 
Ti(10)-SBA-15 92 8 3.46 
Ti(5)-SBA-15 82 18 3.40 

Ti4+: Tetrahedral Ti(IV) species; TiO2: TiO2 species; Eg: The band gap energy. 
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Figure 5. UV-Vis spectra of SBA-15 and Ti-SBA-15 materials. The solid lines correspond to the 
original spectra, while the do ed lines show the deconvoluted spectra for the Ti 4+ (red) and Ti 6+ 
(blue) species. 
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energies are characteristic of Ti4+ species incorporated into the silica framework through 
Ti–O–Si bonds [27,58], consistent with results from low-angle X-ray di raction (Section 
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2.1.1) and UV–Vis di use re ectance spectroscopy (UV–Vis DRS) (Section 2.1.4). In con-
trast, the Ti(10)-SBA-15 and Ti(5)-SBA-15 materials exhibit a slight shift in the Ti 2p3/2 and 
Ti 2p1/2 doublet toward lower binding energies, suggesting changes in the electronic en-
vironment of Ti arising from modi cations in the Ti–O–Si bonding [56,58]. Moreover, both 
materials show an additional peak at binding energies above 464.4 eV, which is a ributed 
to surface TiO2 species [59–62]. These results are consistent with those obtained by wide-
angle X-ray di raction (Section 2.1.1), where only these materials exhibited the character-
istic re ections of the anatase phase. This nding suggests that, when the Ti content ex-
ceeds the incorporation capacity of the silica framework, a fraction of the titanium remains 
as TiO2 species. Wu et al. [63] suggest that tetrahedral Ti4+ species promote ligand-to-metal 
charge transfer during photocatalytic processes, thereby generating highly active photo-
excited charge carriers. These species may facilitate electron–hole pair generation and sep-
aration under UV–Vis irradiation. 

 

Figure 6. Si 2p XPS spectra of SBA-15 and Ti-SBA-15 materials. The solid lines correspond to the 
original spectra, while the do ed lines show the deconvoluted spectra for the doublet of Si4+. 

Figure 8 displays the high-resolution O 1s XPS spectra of the samples. For the SBA-
15 and low Ti loadings, the spectra are ed into two main components: a feature at ~532–
533 eV, a ributed to Si–O–Si siloxane bonds in the silica framework [60], and a prominent 
high-binding-energy peak at ~535 eV, assigned to surface silanol groups (Si–O–H) and/or 
adsorbed molecular water [60]. Upon increasing the Ti content, particularly for samples 
with Si/Ti ratio  10 [Ti(10)–SBA-15 and Ti(5)–SBA-15], a distinct contribution emerges at 
lower binding energy (~529 eV). This component is characteristic of la ice oxygen (O2–) in 
extra-framework TiO2 phases (such as anatase) [38,62], which con rms the agglomeration 
of TiO2 species at high titanium loadings, in full agreement with the XRD observations. 
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Figure 7. Ti 2p XPS spectra of the Ti-synthesized materials. The do ed lines represent the original 
spectra, while the blue and red lines correspond to the two components of the Ti4+ doublet, and the 
orange lines correspond to the TiO2 species. 

 

Figure 8. O 1s XPS spectra of SBA-15 and Ti-SBA-15 materials. The solid lines correspond to the 
original spectra, while the do ed lines show the deconvoluted components assigned to Si–OH (red), 
Si–O–Si (green), and TiO2 (orange). 
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2.1.6. Zeta Potential 

Figure 9 presents the zeta potential as a function of pH for the Ti-SBA-15 catalysts. 
The isoelectric point of SBA-15 was determined to be pHIEP = 1, which is consistent with 
values reported in the literature) [61]. The SBA-15 surface is predominantly composed of 
silanol groups (Si–OH), which exhibit acidic behavior and readily undergo deprotonation, 
thereby generating a negative surface charge over most of the pH range. This characteris-
tic explains why the isoelectric point of the material occurs at low pH values. 

The incorporation of titanium into the SBA-15 structure signi cantly shifts the isoe-
lectric point. The Ti-modi ed materials exhibited an isoelectric point at pH values close to 
5 and 6, characteristic of the anatase phase of TiO2 (pHIEP  6) [61]. Titanium incorporation 
promotes the formation of Ti–O and Ti–OH bonds, which are less acidic than silanol 
groups, shifting the isoelectric point toward higher pH values. 

 

Figure 9. E ect of Ti content of Ti-SBA-15 materials on the isoelectric point. 

2.2. Photocatalytic Experiments for the Degradation of Acetaminophen 

Figure 10 shows the normalized acetaminophen concentration pro les as a function 
of time for the di erent catalysts. This gure includes a dark experiment which was con-
ducted to rule out the contribution of contaminant adsorption on the catalyst surface; the 
results indicated that such e ects were negligible. Likewise, a control experiment without 
catalyst was performed, in which a 30% degradation was recorded after 240 min, a ribut-
able to photolysis. Finally, a photodegradation test using TiO2 was conducted to compare 
with the performance of Ti-SBA-15 materials. Based on these results, Ti(5)-SBA-15 and 
Ti(10)-SBA-15, as well as the titanium-free sample, showed lower degradation than ana-
tase TiO2, whereas Ti(40)-SBA-15 performed similarly to TiO2. Meanwhile, Ti(60)-SBA-15 
showed improved degradation extent and degradation rate, achieving 99% degradation 
after 240 min of reaction. 
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Figure 10. Normalized concentration pro les of acetaminophen for each of the evaluated catalysts. 
Catalyst loading = 100 mg/L and pH = 6. 

2.2.1. E ect of Ti Species in Ti-SBA-15 Materials on the Rate of  
Acetaminophen Degradation 

As shown in Figure 10, the rate of acetaminophen degradation depends on the type 
of Ti species present in the materials, as well as their Si/Ti molar ratio in Ti-SBA-15 mate-
rials. According to the characterization results (UV-Vis), materials with Si/Ti ratios of 60 
and 40 show a higher proportion of tetrahedral Ti species incorporated into the SBA-15 
framework, whereas Ti oxide or polymeric species are not favored in these materials. 

To quantitatively compare the reaction rate for acetaminophen degradation for the 
di erent materials synthesized in this study, rst-order apparent kinetic constants were 
calculated based on data in Figure 10 (Figure S3 of the Supplementary Material). As seen 
in Table 4, the catalysts that convert acetaminophen more rapidly are Ti(60)-SBA-15 and 
Ti(40)-SBA-15 followed by TiO2. This indicates that, despite containing signi cantly less 
Ti than TiO2, these materials show comparable conversion rates. As mentioned in the lit-
erature, the incorporation of titanium into the SBA-15 structure is of particular interest 
because the photocatalytic performance of Ti-SBA-15 materials is enhanced by the pres-
ence of Ti–O–Si bonds [24] and because titanium acts as a photocatalytic center [29,30]. As 
the Ti content within the SBA-15 structure increases without modifying the hexagonal 
arrangement, photocatalytic activity generally increases when Ti is incorporated at Si/Ti 
molar ratios between 40 and 60. However, when the Si/Ti ratio is below 10, titanium de-
posits as anatase TiO2, obstructs SBA-15 pore channels, limits contaminant mass transport, 
and consequently decreases catalytic performance [29,30]. Therefore, the photocatalytic 
performance of Ti-SBA-15 materials is governed by a balance between the incorporation 
of highly dispersed tetrahedral Ti species into the SBA-15 framework, the accessibility and 
mass transport provided by the porous structure, and the formation of anatase TiO2 do-
mains at higher Ti contents, with excessive anatase formation becoming detrimental be-
cause of its e ect on pore accessibility and the subsequent degradation of acetaminophen 
and its intermediates. 
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Table 4. Apparent rst-order kinetic constant for the synthesized materials. 

Material Apparent First-Order Kinetic Constants (min 1) 
SBA-15 0.0063 

Ti(60)-SBA-15 0.0319 
Ti(40)-SBA-15 0.014 
Ti(10)-SBA-15 0.0084 
Ti(5)-SBA-15 0.0071 

TiO2 0.0096 

2.2.2. E ect of Catalyst Content and Solution pH on Acetaminophen Degradation 

The e ect of catalyst loading (50, 100, and 200 mg/L) and solution pH (3, 6, and 9) on 
the kinetics of the photocatalytic reaction was investigated using the Ti(60)-SBA-15 mate-
rial, with three independent experiments performed for each test condition. After 240 min 
of reaction, the acetaminophen solution exhibited a pronounced chromatic transition: the 
initial transparency evolved into persistent turbidity upon completion of the process. The 
evolution of acetaminophen concentration was monitored by UV–Vis spectroscopy. Fig-
ure 11 presents the normalized concentration pro les obtained under each experimental 
condition. 

According to the pro les (Figure 11), a catalyst loading of 50 mg/L and pH = 3 ena-
bled 99% degradation in only 30 min. Lower catalyst loadings achieved higher degrada-
tion performance. This behavior can be a ributed to the increased concentration of cata-
lyst particles in the reaction medium, which enhances light sca ering and a enuation, 
thereby reducing photon penetration and producing a light-shielding e ect [64]. In con-
trast, acidi cation enhanced degradation e ciency, whereas basic conditions inhibited 
the process. According to the zeta potential characterization, the Ti(60)-SBA-15 material 
exhibits an isoelectric point at pH = 5.54; therefore, operation under acidic conditions im-
parts a net positive surface charge to the solid surface. This electrostatic con guration 
promotes the chemisorption of water molecules and the subsequent generation of hy-
droxyl radicals (•OH), thereby increasing the acetaminophen degradation rate. 

  

Figure 11. E ect of catalyst loading (a) and solution pH (b) on the normalized acetaminophen con-
centration pro les over Ti(60)-SBA-15 catalyst. T = 25 °C and initial acetaminophen concentration = 
5 mg/L. 
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2.2.3. E ect of Solution pH on Acetaminophen Mineralization 

The degree of mineralization for the highest-performing catalyst dosage (50 mg/L) at 
various pH levels was determined through total organic carbon (TOC) analysis (Figure 
12). This analysis assumes that the decrease in residual organic carbon concentration is 
directly proportional to the decomposition of reaction intermediates into inorganic spe-
cies. Although conditions of 50 mg/L at pH 3 resulted in approximately 99% degradation 
of acetaminophen within 30 min, the degradation of the parent compound does not nec-
essarily imply complete mineralization, as intermediate oxidation products may remain 
in the reaction medium. In this regard, the highest degree of mineralization was achieved 
with the same catalyst concentration but at pH 6, reaching approximately 50%; conversely, 
under basic conditions, mineralization decreased drastically, likely due to the limited deg-
radation of intermediate compounds into CO2 and H2O. 

 

Figure 12. E ect of solution pH on acetaminophen mineralization degree, using the Ti(60)-SBA-15 
catalyst with a catalyst dosage of 50 mg/L. 

2.2.4. Product Distribution and Reaction Scheme for Acetaminophen Degradation over 
the Ti(60)-SBA-15 Catalyst 

A detailed analysis of the reaction products during acetaminophen degradation ex-
periments using high-performance liquid chromatography allowed us to identify the 
most important components, including acetaminophen (A), hydroquinone (H) catechol 
(C), and benzoquinone (B), as well as carboxylic acids such as oxamic acid, oxalic acid, 
succinic acid, malonic acid, acetic acid and formic acid (see Figure S4, Supplementary Ma-
terial). In all cases, a rapid production of aromatic compounds was observed, linked to the 
rapid degradation of acetaminophen; meanwhile, hydroquinone also showed rapid con-
version to benzoquinone—which was the most abundant product at the end of the reac-
tion, except under basic conditions, where catechol was the predominant compound. 
However, both benzoquinone and catechol exhibited stability after a certain period, sug-
gesting they were not degraded into simpler compounds; this aligns with the low for-
mation of carboxylic acids observed in all cases. 

Analysis of the reaction products at di erent times made it possible to identify the 
main reaction pathways. Due to the partial positive charge density of the acetamido 
group, this region exhibits greater susceptibility to a ack by the hydroxyl radical [2,65]. 
This process forms aromatic intermediates such as hydroquinone and catechol. 
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Subsequently, hydroquinone oxidation yields benzoquinone via a reversible redox mech-
anism that establishes a chemical equilibrium state [66,67]. Finally, successive hydroxyla-
tion of the benzene ring promotes its cleavage, leading to the generation of carboxylic 
acids [3,68]. Based on the foregoing, a reaction scheme for the photodegradation of aceta-
minophen was proposed, as shown in Scheme 1. From the product distribution, it was 
observed that the concentration of carboxylic acids was low compared with that of aro-
matic compounds; therefore, the la er were used to formulate the kinetic model and mass 
balances (Scheme 1). 

 

Scheme 1. Proposed simpli ed reaction scheme for the photodegradation of acetaminophen using 
the Ti(60)-SBA-15 catalyst under ultraviolet light. Acetaminophen (A), Catechol (C), Hydroquinone 
(H), Benzoquinone (B). 

Langmuir–Hinshelwood-type kinetic expressions were proposed (Equations (1)–(5)) 
for each of the reactions in Scheme 1, and the experimental data were subsequently ed 
to the proposed kinetic model [2,3,33,34]. 

1   (1)

1   (2)

1   (3)

1   (4)

1   (5)

Based on the stated reaction expressions, component balances were performed, 
which are given by (Equations (6)–(9)): 

 (6)

 (7)

 (8)

 (9)
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Kinetic parameters were calculated using a genetic algorithm in MATLAB R2024a, 
using a system of ordinary di erential equations. Kinetic and adsorption constants were 
estimated via nonlinear least-squares regression based on experimental concentrations of 
acetaminophen, hydroquinone, catechol, and benzoquinone. The ing was performed 
simultaneously for all four species, minimizing the di erence between experimental data 
and model predictions. Figure 13 shows the product distribution for the most representa-
tive experiments. 

Figure 13 shows that acetaminophen degradation proceeds rapidly, accompanied by 
the formation of aromatic intermediates. In contrast, the aromatic compounds remained 
stable after approximately 60 min of reaction. The model t the experimental data well, as 
evidenced by the deviation of the experimental data; however, it t hydroquinone less 
well under pH 3 and pH 6 conditions. 

  

 

 

Figure 13. Fi ing of the proposed kinetic model for the photodegradation of acetaminophen using 
the Ti(60)-SBA-15 catalyst under di erent experimental conditions. The experimental data are rep-
resented by points, while the solid line corresponds to the t. 

The distribution of data around the parity line (Figure 14) demonstrates a good cor-
respondence between the two sets of values, yielding a coe cient of determination of R2 
= 0.93. This result indicates that the model can reproduce the concentration pro les of the 
compounds involved in the degradation process, thereby supporting the validity of the 
proposed kinetic scheme. 
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Figure 14. Parity plot for experimental and calculated concentrations for acetaminophen, hydroqui-
none, catechol, and benzoquinone. 

Tables 5 and 6 present the kinetic and adsorption constants obtained by ing the 
experimental data to the proposed reaction model. The results indicate that the predomi-
nant reaction pathways depend on the experimental conditions employed. For example, 
at pH = 6, the rate constants associated with intermediate transformation are particularly 
favorable, which aligns with the higher degree of mineralization observed. Conversely, at 
acidic pH, a rapid kinetic constant for the formation of hydroquinone and catechol is ob-
served; however, the consumption of both is much lower than at pH 6. This suggests that 
acetaminophen disappears rapidly without necessarily implying extensive oxidation; 
consequently, the main limitation of the process appears to lie not in the initial transfor-
mation of acetaminophen, but in the subsequent stages of oxidation and aromatic ring 
opening, consistent with the low concentration of carboxylic acids detected experimen-
tally. 

Table 5. Values of the kinetic constants estimated from ing the kinetic model to experimental 
data. 

Experimental Condition 
Kinetic Constants (mg L 1 min 1) 

k1 k2 k3 k4 k5 
50 mg/L pH = 3 0.088 1.006 0.036 0.172 0.033 
50 mg/L pH = 6 0.480 0.337 0.431 1.713 0.214 
50 mg/L pH = 9 0.136 0.210 0.655 0.317 0.134 

Table 6. Values of the adsorption constants estimated from ing the kinetic model to experimental 
data. 

Experimental Condition 
Adsorption Constants (L mg 1) 

KA KH KC KB 
50 mg/L pH = 3 0.530 0.159 5.18 × 10–5 0.059 
50 mg/L pH = 6 0.125 0.936 0.074 0.001 
50 mg/L pH = 9 0.118 0.116 0.001 0.061 
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3. Materials and Methods 
3.1. Catalyst Synthesis 

3.1.1. Synthesis of SBA-15 Material 

The SBA-15 support was synthesized by dissolving 3.3 g of Pluronic P123 (Sigma-
Aldrich, St. Louis, MO, USA) in a 0.2 M HCl solution containing 1.8 g of NaCl (Sigma-
Aldrich, St. Louis, MO, USA; purity  99.0%). After 2 h of stirring, 6.9 mL of tetraethyl 
orthosilicate (TEOS) (Sigma-Aldrich, St. Louis, MO, USA; purity  99.0%) was added, and 
the mixture was stirred at 40 °C for 24 h. The resulting gel was transferred to a hydrother-
mal reactor and aged at 100 °C for 24 h. The solid was recovered by ltration, washed with 
deionized water to neutral pH, and dried at 80 °C overnight. The material was calcined in 
air at 550 °C using a heating rate of 1 °C min 1 for 6 h [69]. 

3.1.2. Synthesis of Ti-SBA-15 Material 

Ti-modi ed SBA-15 was synthesized by dissolving 3.3 g of Pluronic P123 (Sigma-
Aldrich) in a 0.2 M HCl solution containing 1.8 g of NaCl. After 2 h of stirring, 6.9 mL of 
tetraethyl orthosilicate (TEOS) was added, and the mixture was stirred at 40 °C for 2 h. 
The Titanium precursor, titanium isopropoxide (Sigma-Aldrich, St. Louis, MO, USA; pu-
rity = 97.0%), was then introduced in varying amounts (0.15, 0.22, 0.89, and 1.77 mL for an 
Si/Ti molar ratio of 60, 40, 10, and 5, respectively). The resulting gel was aged at 40 °C for 
24 h, then transferred to a hydrothermal reactor and aged at 100 °C for 24 h. The solid was 
recovered by ltration, washed with deionized water to neutral pH, and dried at 80 °C 
overnight. The material was calcined in air at 550 °C using a heating rate of 1 °C min 1 for 
6 h [69]. 

3.2. Characterization of Catalysts 

X-ray di raction (XRD) pa erns were recorded on a Bruker D8 Advance di ractom-
eter (Madison, WI, USA) operating in low-angle mode over a 2  range of 0.5–5°. Data 
were collected using a step size of 0.0048° and a counting time of 0.2 s per step. The in-
strument had primary and secondary slits of 0.2 and 5 mm, respectively, and a LynxEye 
detector (Karlsruhe, Germany) with a 1° aperture. Measurements were performed using 
Cu K  radiation at 40 kV and 30 mA. N2 adsorption–desorption isotherms were measured 
at 77 K using a TriStar II 3020 analyzer (Micromeritics - Norcross, GA, USA). The speci c 
surface area was calculated by the Brunauer–Emme –Teller (BET) method. Pore diameter 
distribution and pore volume were determined from the desorption branch of the iso-
therms using the Barre –Joyner–Halenda (BJH) method. Prior to analysis, the samples 
were degassed at 150 °C for 24 h. Scanning electron microscopy (SEM) images were ob-
tained using a JEOL JSM-7600F microscope (Tokyo, Japan) operated under high vacuum 
at an accelerating voltage of 30 kV and a magni cation of 5000×. Prior to analysis, the 
samples were spu er-coated with a conductive layer to prevent charging. Elemental anal-
ysis was performed by inductively coupled plasma optical emission spectrometry (ICP–
OES) using a Vista MPX simultaneous instrument (Varian - Varian, Mulgrave, Victoria, 
Australia). Prior to analysis, the samples were digested in a mixture of concentrated 
HNO3, HCl, and HF (1:1:1, v/v/v) for 24 h. An aliquot of the digest (1 mL) was diluted to a 

nal volume of 50 mL with deionized water prior to measurement. UV–vis di use re ec-
tance spectra (DRS) were recorded at room temperature over 200–800 nm range using a 
Lambda 35 spectrophotometer (PerkinElmer - Shelton, CT, USA) equipped with an inte-
grating sphere. Prior to analysis, the samples were nely ground to obtain homogeneous 
powders. X-ray photoelectron spectroscopy (XPS) was used to determine the elemental 
composition and chemical states of the materials. Survey spectra were acquired over a 
binding energy range of 50–1000 eV, and high-resolution spectra were recorded for the 
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core levels of the elements using a JPS-9200 spectrometer (JEOL - Tokyo, Japan). The bind-
ing energy scale was calibrated by se ing the C 1s peak of adventitious carbon to 285 eV. 
A Shirley-type background was applied to all high-resolution spectra, and peak areas 
were used for quanti cation. To determine the isoelectric point of the material, the zeta 
potential was measured as a function of solution pH using a Brookhaven particle size and 
zeta potential analyzer, operated at 110–240 V and 50–60 Hz. The pH of the aqueous sus-
pensions (1 mg L 1) was adjusted by adding 10% v/v HNO3 and 0.7 N NaOH. 

3.3. Photocatalytic Test 

To evaluate the photoactivity of the material in acetaminophen degradation, 100 mL 
of an aqueous solution with an initial concentration of 5 mg/L was used without prior pH 
adjustment. The catalyst loading was 100 mg/L. After identifying the catalyst with the 
highest degradation e ciency, the in uence of operational variables such as catalyst con-
centration and solution pH were studied. To analyze the e ect of catalyst loading, three 
concentrations were tested: 50, 100, and 200 mg/L. To examine the in uence of initial so-
lution pH, we adjusted the pH to 3, 6, and 9 using 10% v/v nitric acid and 0.1 N sodium 
hydroxide, as appropriate. 

The photocatalytic reaction was conducted in a 200 mL cylindrical reactor equipped 
with a cooling system and operated at 750 rpm. After adding the required amount of cat-
alyst, the mixture was kept in the dark for 15 min to ensure adsorption–desorption equi-
librium. Next, a 254 nm mercury ultraviolet lamp (UV PEN-Ray Light Source 11SC-2.12 
P/N 90-010012-01 (UVP/Analytik Jena, USA), with a radiation intensity of 1500–2000 
μW/cm2 and 5 W) was switched on, positioned directly in the reactor at a distance of 10 
cm from the suspension, and the system was irradiated for 4 h. Aliquots of 2 mL were 
collected at the beginning of the process and at 0, 15, 30, 45, 60, 90, 120, 150, 180, 210, and 
240 min. 

The residual acetaminophen concentration as a function of time was determined by 
UV–Vis spectroscopy at 243 nm, corresponding to the maximum absorption of the mole-
cule. 

Additionally, high-performance liquid chromatography was employed to identify 
the intermediate degradation products using a UHPLC Vanquish system (Thermo Scien-
ti c, Waltham, MA, USA), and the degree of mineralization was determined by measuring 
total organic carbon with a Shimadzu TOC Analyzer. 

For the identi cation of reaction products, high-performance liquid chromatography 
was used on a UHPLC Vanquish Thermo Scient Scienti c instrument, where the follow-
ing columns and mobile phases were used according to the type of compound to be ana-
lyzed: 

• Acetaminophen: Acclaim 120 C18 column, with Water:Methanol 70:30 as mobile 
phase. 

• Aromatic compounds: Ascentis Express C18 column, with Water:Methanol 80:20/213 
μL H2SO4 96% as mobile phase. 

• Carboxylic acids: Bio-Rad Aminex HPX-87H column, with 100% 3 mM H2SO4 as mo-
bile phase. 

4. Conclusions 
The one-step hydrothermal sol–gel method enabled the incorporation of Ti at di er-

ent Si/Ti molar ratios into the SBA-15 structure, with values close to the theoretical ones. 
Incorporation of relatively high Ti contents in SBA-15 (Si/Ti = 5 and 10) induced a contrac-
tion and loss of the hexagonal P6mm arrangement of SBA-15, accompanied by the appear-
ance of a crystalline phase corresponding to anatase TiO2. On the other hand, when Ti is 
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incorporated in small amounts (Si/Ti = 40 and 60), the UV–Vis-DRS and XPS results re-
vealed that Ti was predominantly incorporated in tetrahedral coordination (Ti4+) through 
the formation of Ti–O–Si bonds within the SBA-15 silica framework. As the titanium load-
ing increased, the band-gap energy decreased, while the amount of Ti species associated 
with anatase TiO2 on the catalyst surface increased. 

The substitution of Si by Ti in the SBA-15 materials modi ed the surface chemistry 
of the material. Zeta potential measurements suggested that Ti–O bonds and Ti–OH 
groups shifted the isoelectric point from pHIEP = 1 for the silica framework to values near 
pHIEP = 5.5–6.5. This change promoted a net positive surface charge under acidic condi-
tions, improving the adsorption/chemisorption of water molecules and hydroxyl groups 
(OH ), which are key to the generation of free radicals (•OH) in photocatalysis. 

Incorporating small amounts of Ti into the SBA-15 structure signi cantly improved 
the photocatalytic degradation of acetaminophen, suggesting that low Ti levels su ce to 
promote photocatalytic activity without requiring signi cant anatase phase formation; 
this nding is linked to the mass transport of paracetamol within the channels of the SBA-
15 structure. Tetrahedral Ti species appear to catalyze the initial degradation stages of the 
parent molecule, as shown in Figure 10; however, mineralization results (Figure 12) and 
product distribution (Figure 13) indicate that these species do not catalyze extensive deg-
radation. Furthermore, at low Ti concentrations, only tetrahedral Ti species form, favoring 
rapid acetaminophen degradation, whereas increasing the Ti content can promote anatase 
formation and potentially obstruct reactant access. Consequently, various factors may 
limit acetaminophen mineralization in this system. 

Furthermore, catalyst dosage and solution pH signi cantly in uenced system per-
formance, with higher degradation rates observed under acidic conditions. The results 
indicate that acetaminophen removal and mineralization did not proceed at the same rate, 
since the aromatic intermediates generated during photocatalysis exhibited greater re-
sistance to further oxidation toward carboxylic acids. Under the evaluated conditions, the 
highest mineralization level was 50%, achieved at a catalyst concentration of 50 mg/L and 
pH 6. In addition, the proposed reaction scheme provided a satisfactory representation of 
the experimental behavior and accurately predicting the measured concentration pro les. 
Overall, the Ti-SBA-15 system demonstrated a strong ability to promote acetaminophen 
degradation, whereas the progressive oxidation of the resulting aromatic compounds re-
mained the main limitation to complete mineralization. Therefore, improving the e -
ciency of these subsequent reaction steps is essential for enhancing the overall perfor-
mance of the photocatalytic process. 
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