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A B S T R A C T

This study investigates some characteristics of multi-walled carbon nanotube (MWCNT)-integrated zinc oxide 
(ZnO)-based aerogels doped with aluminum (A4ZO), gallium (G5ZO), and indium (I1ZO). The objective of this 
study is to enhance the removal of pollutants in environmental remediation. The morphology attributes of the 
aerogel were found to significantly influenced by the inclusion of dopants. Differences in particle aggregation 
and dispersion were observed in the scanning electron microscopy (SEM) images. X-ray diffraction (XRD) 
revealed that the hexagonal wurtzite structure of ZnO remained throughout all the samples, and Bru-
nauer–Emmett–Teller (BET) analysis showed that their mesoporous nature and surface areas were enlarged. 
Photoluminescence (PL) spectra and Fourier-transform infrared (FTIR) spectroscopy displayed how dopants 
changed the defect density and optical properties of ZnO. Furthermore, under the combined effect of visible light, 
sonication, and peroxymonosulfate (PMS) activation, the I1ZO-CNT aerogel exhibited notable efficacy in 
degrading tetracycline, with a degradation efficiency of 97.6 %. The enhanced efficiency of the I1ZO-CNT aer-
ogel was attributed to three factors: effective light harvesting, high charge transfer efficiency, and robust reactive 
oxygen species (ROS) generation. Furthermore, the stability of the doped ZnO-CNT aerogel was demonstrated by 
reusability tests, which revealed minimal leaching of dopants. These findings underscore the promise of doped 
ZnO-CNT aerogels in sustainable wastewater treatment applications.

1. Introduction

Apart form the agriculture, the chemical and pharmaceutical in-
dustries generate toxic and non-degradable organic compounds, thus 
producing wastewater. Even in low concentrations, these pollutants 
pose a serious danger for aquatic ecosystems and human health [1–5]. 
However, conventional wastewater treatment methods like adsorption 
and filtration generally have limited capacity for the complete removal 
of these contaminants, leading to residual pollution. This limitation 
emphasizes the vital need for innovative, cost-effective, and versatile 
methods to guarantee clean and safe water supplies [1,5–8]. In this re-
gard, advanced oxidation processes (AOPs) represent a valuable treat-
ment technology that utilizes highly reactive radicals, including 

hydroxyl radicals (•OH), to mineralize pollutants into simple, non-toxic 
molecules [2,9–16].

Among these AOPs, the activation of peroxymonosulfate (PMS) to 
produce sulfate radicals (SO₄•− ) has attracted much attention owing to 
its high efficiency and environmental friendliness. PMS activation stra-
tegies range from heating and transition metals to microwaves and 
sonication. Sonolysis, for instance, utilizes the mechanism of acoustic 
cavitation, a process where microbubbles are created and expanded, 
before collapsing to produce hydroxyl radicals that indeed degrade 
pollutants [1,4,17–21]. Photolysis and photocatalysis, on the other 
hand, uses light radiation to produce •OH and superoxide (O₂•− ) radi-
cals from water and oxygen, respectively. Synergistic effects on degra-
dation and mineralization efficiencies have been demonstrated for 
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combined multiple AOPs (e.g., the combination of PMS activation with 
sonolysis or photolysis). Yet high energy requirements and non- 
complete mineralization remain as challenges to improve [17,22–24].

Materials science is crucial in pushing these limits further. Aerogels 
are lightweight highly porous materials with extreme surface areas and 
are synthesized via sol-gel methods and followed by supercritical drying 
[25–28]. Such unique properties make aerogels ideal for use in catalysis, 
water treatment, and environmental remediation The incorporation of 
carbon-based materials, such as multi-walled carbon nanotubes 
(MWCNTs), into aerogels serves to enhance their functionality 
[26,27,29–31]. MWCNTs present advantageous properties, such as 
excellent adsorption capacities, high conductivity, as well as the ability 
to accommodate various catalytic materials, including metals and 
semiconductors. It is this synergy that has positioned aerogels as effec-
tive platforms for advanced oxidation reactions, making them highly 
appropriate for the degradation of pollutants [32–36]. Moreover, some 
photocatalysts like zinc oxide (ZnO) remain very promising based on 
several adjectives such as versatile morphologies, high surface-to- 
volume ratio non-toxicity, and ease of synthesis. However, the rela-
tively wide bandgap of ZnO (~3.2 eV) restricts its photocatalytic ac-
tivity to the ultraviolet spectrum [37–42]. Various research possibilities 
observed that doping ZnO with calcium, gallium, or indium improves its 
photocatalytic properties, morphological stability, and light respon-
siveness in the visible range making it applicable for advanced envi-
ronmental purposes [37,43–45]. It is important to mention that the 
incorporation of lattice defects by calcium, an alkaline earth metal, leads 
to a slight bandgap narrowing, enhancing visible-light harvesting and at 
the same time the surface activity and structural stability. The narrow-
ing of the bandgap by gallium, a group III element, enables the better 
utilization of visible light and the reduction of electron-hole recombi-
nation through the implementation of controlled defect engineering. 
Moreover, its ionic radius resembles that of Zn2+, causing little to no 
lattice strain. In addition, the much larger ionic radius of indium induces 
considerable lattice distortions and defects, which in turn boost light 
absorption, charge carrier mobility and ultimately photocatalytic ac-
tivity. These dopants serve to adjust the electronic and structural char-
acteristics of ZnO, altering the bandgap and allowing for extended light 
absorption leading to increased reactive species production and 
tailoring for specific purposes in the treatment of environmental pol-
lutants [18,43,46,47].

Herein, we report the design and assessment of multifunctional 
aerogels made of ZnO doped with calcium, gallium, or indium, incor-
porated with MWCNT for the improvement of photocatalytic perfor-
mance. This research exploits the high surface area of the aerogel, as 
well as the synergistic effects of ultrasonic agitation in combination with 
visible light irradiation to activate PMS and thus facilitate the degra-
dation of organic pollutants in single- and multi-component solutions. 
This innovative approach demonstrates the potential of doped ZnO- 
based aerogels in advancing cost-effective and sustainable methodolo-
gies for water treatment, thereby addressing critical challenges in 
environmental remediation.

2. Experimental section

2.1. Synthesis and characterization of ZnO-based aerogels

2.1.1. Synthesis of doped ZnO nanoparticles
Al-doped ZnO, In-doped ZnO, and Ga-doped ZnO nanopowders were 

synthesized using the sol–gel method. To prepare these nanopowders, 
three separate solutions were made. For each solution, 16 g of zinc ac-
etate dihydrate (Zn(CH3COO)2⋅2H2O; ≥99.0 %, Sigma-Aldrich) was 
dissolved in 112 mL of methanol (99.8 %, Sigma-Aldrich), which served 
as the solvent. The mixtures were stirred at room temperature for 10 min 
to ensure complete dissolution. After this initial stirring, an appropriate 
amount of dopant precursor was added to each solution. For the first 
solution, aluminum nitrate nonahydrate (Al(NO3)3⋅9H2O; ≥98 %, 

Sigma-Aldrich) was added as the dopant precursor to achieve an Al:Zn 
atomic ratio of 4 %. In the second and third solutions, gallium nitrate 
hydrate (Ga(NO3)3⋅H2O) and indium chloride (InCl3) were added as 
dopant precursors to achieve Ga:Zn and In:Zn atomic ratios of 5 % and 1 
%, respectively. The solutions were then stirred for an additional 15 min 
to ensure homogeneity. The resulting mixtures were transferred to an 
autoclave for drying under supercritical conditions using ethanol. This 
step was followed by calcination of the synthesized powders in an air 
muffle furnace at 400 ◦C for 2 h to achieve the desired crystal structure 
and composition. The synthesized nanopowders were designated as 
A4ZO, G5ZO, and I1ZO, corresponding to Al4%-doped ZnO, Ga5%- 
doped ZnO, and In1%-doped ZnO nanoparticles (NPs), respectively. The 
selected dopant compositions of aluminum (4 at. %), gallium (5 at. %), 
or indium (1 at. %) were informed by prior research on doped ZnO 
systems and tailored for this study with the objective of achieving an 
optimal balance between photocatalytic performance and material sta-
bility. Aluminum doping at 4 % is known to enhance structural stability 
and UV emission [48], while gallium doping at 5 % introduces moderate 
lattice distortions that improve visible light absorption [47]. Indium 
doping at 1 % was selected for its significant ability to create oxygen 
vacancies and enhance defect density, which are critical for reactive 
oxygen species (ROS) generation and PMS activation [18]. These con-
centrations were selected to optimize the catalytic efficiency of the ZnO 
aerogels while maintaining their structural integrity.

2.1.2. Synthesis of doped ZnO-based CNT aerogels
In instances where the sodium alginate gel exhibits instability in 

aqueous environments, a control alginate-NP composite aerogel was 
prepared for comparison. The control sample was subjected to an 
aqueous pollutant solution to ascertain its stability. However, the 
instability of the alginate precluded the acquisition of data. To enhance 
the mechanical stability of the aerogels, multi-walled carbon nanotubes 
(MWCNTs) were incorporated into the structure. The incorporation of 
MWCNTs into the aerogel matrix and coating with nanoparticles en-
hances stability, enabling the aerogels to withstand sonophotocatalysis 
tests in water under visible light illumination [49].

To prepare the doped ZnO/CNT aerogels, the process begins with the 
creation of two separate solutions. The first solution is a mixture of 
MWCNT and doped zinc oxide nanoparticles (A4ZO, G5ZO, and I1ZO). 
Specifically, 50 mg of MWCNT and 200 mg of doped ZnO NPs are added 
to 10 mL of deionized (DI) water. This mixture is then subjected to 
magnetic stirring at room temperature until a homogeneous black so-
lution is achieved. This step ensures that the carbon nanotubes and 
nanoparticles are uniformly dispersed in the water, forming a stable 
suspension. Simultaneously, a second solution is prepared using sodium 
alginate, a natural polysaccharide. In this step, 0.2 g of sodium alginate 
is dissolved in 10 mL of DI water. The mixture is then stirred magneti-
cally at an elevated temperature of 65 ◦C until it becomes viscous and 
transparent. Once both solutions are ready, they are combined while 
maintaining a temperature of 65 ◦C. The combined mixture is stirred 
magnetically until a viscous solution is observed. The blending of the 
two solutions at an elevated temperature ensures that the MWCNT and 
doped ZnO are evenly distributed within the sodium alginate matrix, 
forming a uniform precursor solution for the aerogel. The next step in-
volves shaping the precursor into beads by dropping the viscous solution 
into a 2 wt% calcium chloride (CaCl2) solution. This mixture is left to 
react overnight. The calcium ions in the CaCl2 solution cross-link with 
the sodium alginate, forming a solid hydrogel structure around the 
nanoparticles and MWCNT. This cross-linking process is crucial as it 
stabilizes the structure and provides mechanical strength to the aerogel. 
Following the gelation, the formed beads are thoroughly washed several 
times with ethanol to remove any unreacted materials and impurities. 
The cleaned and ethanol-exchanged gel beads are then subjected to 
supercritical drying using CO2. This drying technique removes the 
ethanol without collapsing the delicate gel structure, resulting in the 
final doped ZnO/CNT aerogel samples. The end product is a lightweight, 
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porous aerogel that incorporates the beneficial properties of both doped 
ZnO nanoparticles and carbon nanotubes for photodegradation of 
organic pollutant. More details about the preparation method are shown 
in Fig. S1. This material has potential applications in areas such as 
catalysis, sensing, or environmental remediation, thanks to its unique 
combination of high surface area, conductivity, and catalytic activity. 
The prepared aerogels samples are called A4ZO-CNT, G5ZO-CNT, and 
I1ZO-CNT basing on the zinc oxide nanoparticles doped by Al 4 at. %, Ga 
5 at. %, and In 1 at. % with MWCNT, respectively.

2.1.3. Characterizations of the prepared nanoparticles and aerogels
The physicochemical properties of the synthesized materials were 

investigated using a variety of techniques, including: determining 
crystalline structure, morphology, chemical composition and optical 
properties. Concentrations of aluminum, gallium, and indium dopants in 
ZnO were measured by inductively coupled plasma mass spectrometry 
(ICP-MS) with PerkinElmer NexIon 2000 instrument. Underneath, the 
samples were dissolved in a 3:1 mix of nitric acid (65 %) and hydro-
chloric acid (37 %). X-ray diffraction (XRD) was used to determine the 
crystalline structure of both the doped ZnO nanopowders and the doped 
ZnO-CNT aerogels, with measurements taken within the 2θ range of 20◦

to 70◦ using a Bruker Philips X-Pert diffractometer equipped with Ni 
β-filtered Cu-Kα radiation (1.54178 Å). The morphology and phase 
constitution of the synthesized nanopowders were examined using 
scanning electron microscopy (SEM) with a Zeiss GeminiSEM 460, 
which provided detailed high-resolution images. The specific surface 
area of the materials was measured using the Brunauer–Emmett–Teller 
(BET) method, derived from N2 adsorption-desorption isotherms at 77 K, 
utilizing a Micromeritics 3Flex Surface Characterization Analyzer. 
Density measurements, including true, absolute, skeletal, and apparent 
volumes, were obtained using an AccuPyc 1340 Pycnometer, which uses 
an inert gas displacement method. Optical properties were analyzed 
through UV–visible spectroscopy with a Shimadzu UV-3101PC spec-
trophotometer, covering a wavelength range from 200 to 800 nm. 
Photoluminescence (PL) spectra were recorded using a NanoLog Horiba 
modular spectrofluorometer, which employed a Xenon lamp with an 
excitation wavelength of 325 nm; the emission spectra were measured 
between 350 and 800 nm at room temperature. Fourier-transform 
infrared spectroscopy (FTIR) was conducted using a Bruker Vector 22 
to identify functional groups and confirm the presence of dopants within 
the materials. Thermogravimetric analysis (TGA) was performed using a 
Perkin Elmer TGA 8000 to assess the thermal stability and decomposi-
tion behavior of the synthesized materials (see discussion in the sup-
porting information).

2.2. Study of PMS activation by doped-ZnO-CNT aerogels

Sulfate radicals were indirectly determined using a spectrophoto-
metric method relying on their ability to oxidize Ce(III) to Ce(IV). A 
solution of 6 mM Ce₂(SO₄)₃ and 0.6 mM PMS at a pH of 7.0 was prepared, 
and the catalyst was subsequently added to the solution. The absorbance 
of Ce(IV) at 320 nm was measured over a 90-min period under the 
following conditions: dark, visible light, sonication, and a combination 
of visible light and sonication. UV–vis spectrophotometry was used to 
obtain the data. In the absence of PMS, no oxidation of Ce(III) was 
observed. The time-dependent formation of Ce(IV) was employed to 
calculate the concentration of sulfate radicals, with a calibration curve 
constructed from standard solutions of Ce(IV) serving as the basis for 
this calculation. The concentration of hydroxyl radicals was determined 
by monitoring the degradation of fluorescein sodium salt (Sigma- 
Aldrich), a fluorescence-based probe. A solution of 8 μM fluorescein 
sodium salt (excitation at 303 nm, emission at 515 nm) was prepared 
and the catalyst was immersed in 10 mL of this solution under the 
following conditions: in the dark, in the presence of visible light, with 
sonication, and with a combination of visible light and sonication, all in 
the presence of 0.6 mM of PMS. The experiments conducted in the 

absence of PMS were not evaluated, as this section is focused exclusively 
on the study of PMS activation. The fluorescence intensity of the solution 
was recorded using an AMINCO-Bowman Series 2 spectrofluorometer 
with a quartz microcell at 25 ◦C. A calibration curve was constructed by 
measuring the fluorescence intensity of standard solutions with known 
concentrations of fluorescein sodium salt, thereby enabling the calcu-
lation of hydroxyl radical concentrations.

2.3. Catalytic experiments

To analyze the catalytic performance of the three doped ZnO-CNT 
aerogels, a series of experiments were conducted to assess the impact 
of various factors—such as visible light, sonication, PMS presence, and 
combinations thereof—on the degradation and mineralization of 
organic pollutants. A 20 mg L− 1 solution of tetracycline (TC) was pre-
pared and adjusted to pH 7. The solution was incubated at 20 ◦C under 
dark conditions to ensure any degradation was solely due to LED illu-
mination or ultrasounds. Before each experiment, adsorption-desorption 
equilibrium was established between the catalyst and the TC solution. 
To achieve this, 10 mL of the 20 mg L− 1 TC solution at pH 7 were mixed 
with 1 mg of catalyst and stirred magnetically in the dark for 30 min.

To monitor TC degradation, UV–vis spectra changes were tracked 
using a UV–vis spectrophotometer (Shimadzu UV-1800). The effect of 
visible light was tested by exposing the catalyst-adsorbed TC solution to 
a 1.6 W cylinder of white LED light (2.2⋅10− 3 W/cm2) for 90 min, with 
periodic activation and deactivation of the LED for UV–vis readings at 
the maximum wavelength. To examine the influence of PMS (oxone, 
Merck)—composed of KHSO₅⋅0.5 KHSO₄⋅0.5 K₂SO₄—40 μL of a 150 mM 
solution were added to the catalyst-equilibrated TC solution. Measure-
ments were taken at various intervals over a 90-min period. The effect of 
ultrasonication was also investigated by subjecting the catalyst-TC so-
lution to ultrasound for 90 min, with intermittent pauses for UV–vis 
measurements. The temperature was controlled using a cooling system 
to prevent overheating during sonication, and all samples were kept in 
the dark.

Once the effects of photocatalysis, sonocatalysis, and PMS on TC 
degradation were individually evaluated, various combinations of two 
parameters were studied. In the sono-photocatalysis experiment, the 
catalyst was subjected to both sonication and LED illumination for 90 
min. The LED and sonicator were stopped before taking UV–vis readings. 
The other two experiments investigated the performance of PMS com-
bined with either ultrasound or visible light. For the PMS-sonocatalysis 
experiment, sonication was applied for 90 min with pauses for UV–vis 
readings. In the PMS-photocatalysis experiment, the catalyst-adsorbed 
TC solution was irradiated with visible light under similar on-off con-
ditions for measurement. Finally, the combined effect of all three fac-
tors—light, ultrasound, and PMS—was assessed. In this case, the TC 
solution in equilibrium with the catalyst was both sonicated and illu-
minated for 90 min while 40 μL of PMS solution were added. UV–vis 
spectra were collected at intervals throughout the experiment, with the 
LED and sonicator turned on and off as needed.

After each experiment, total organic carbon (TOC) was measured 
using high-temperature combustion with a TOC-VCSH analyzer (Shi-
madzu) to assess mineralization. The effectiveness of PMS- 
sonophotocatalysis using doped ZnO-CNT aerogels was also tested on 
other organic pollutants. Two multi-pollutant solutions, each at pH 7, 
were prepared: one with TC, methylene blue (MB), levofloxacin (LEV), 
and rhodamine B (Rh-B) at 20 mg L− 1, and another at 80 mg L− 1. Before 
starting the experiments, 10 mL of each solution were added to 1 mg of 
catalyst and stirred in the dark to achieve adsorption-desorption equi-
librium. Afterward, 40 μL of a 150 mM PMS solution were introduced, 
and the solutions were subjected to ultrasound and visible light irradi-
ation. The diluted solution was tested at 30, 60, and 90 min, while the 
concentrated solution was tested at 60, 120, 180, 240, and 300 min. 
Solutions were then filtered through 0.45-μm syringe filters, and 
mineralization was determined via TOC loss. The initial and equilibrium 
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solutions were also measured for comparison. The experiments were 
conducted in triplicate for each of the three catalysts.

The reusability of the most effective catalyst was further evaluated to 
determine its applicability under all three conditions—40 μL of a 150 
mM PMS solution, visible light, and ultrasound—for multi-pollutant 
solution of 20 mg L− 1. The catalyst’s reusability was tested over 10 
cycles of 90 min. After each cycle, mineralization was assessed by 
measuring the total organic carbon (TOC).

3. Results and discussion

3.1. Synthesis and characterization of ZnO-based aerogels

Prior to characterizing the aerogels, the amount of metal dopants in 
ZnO was measured by ICP-MS. Results showed successful incorporation 
of aluminum, gallium, and indium into ZnO-based nanoparticles, with 
concentrations of ~4 at. % for aluminum, 5 at. % for gallium, and 1 at. % 
for indium. These values were found to closely correlate with the tar-
geted dopant levels, confirming the effectiveness of the doping process. 
The SEM images provide insight into the morphology of various nano-
particles and composite materials, with a scale bar of 200 nm for 
reference (Fig. 1). Fig. 1a-c illustrates the disparate morphologies of the 
nanoparticles A4ZO, G5ZO, and I1ZO, respectively. The A4ZO nano-
particles displayed densely packed clusters with irregular, granular 
shapes and rough surfaces, indicative of substantial agglomeration 
(Fig. 1a). The particles were generally observed to be below 200 nm in 
size. This morphology suggested that the aluminum doping in ZnO 
played a role in the formation of compact and aggregated structures. In 

contrast, the G5ZO nanoparticles (Fig. 1b) also exhibited a clustered 
morphology, albeit with slightly more defined and less densely packed 
structures compared to those of the A4ZO nanoparticles. The particle 
size remained below 200 nm. The dissimilarities in morphology indi-
cated that gallium doping influences the nanoparticle growth process, 
resulting in a more uniform distribution and potentially less aggregation 
than in the aluminum-doped samples. In contrast, the I1ZO nano-
particles (Fig. 1c), which exhibited a more spherical and uniform 
morphology, accompanied by smoother surfaces and a diminished ten-
dency to agglomerate. To estimate the average crystallite sizes of the 
prepared nanoparticles, we used ImageJ software to analyze the particle 
size distribution histograms of each nanoparticle sample presented in 
Figs. S2-a, S2-b, and S2-c for the A4ZO, G5ZO, and I1ZO samples, 
respectively. This analysis shows that the particle sizes remained below 
200 nm, with average sizes of 63 nm, 53 nm, and 50 nm for the A4ZO, 
G5ZO, and I1ZO samples, respectively. The particles remained below 
200 nm in size. This indicated that indium doping affected the surface 
properties and crystallinity of ZnO, resulting in a more homogeneous 
and less aggregated morphology compared to A4ZO and G5ZO.

Fig. 1d-e illustrate the morphology of MWCNTs. The SEM images 
demonstrated a fibrous and tubular structure with extensive entangle-
ment, which is characteristic of CNT materials. The MWCNTs exhibited 
a relatively uniform diameter and formed an interconnected network, 
indicating the presence of strong van der Waals interactions that 
contributed to the maintenance of the fibrous network structure. This 
morphology proved advantageous for enhancing the mechanical and 
electrical properties when MWCNTs were used as a composite matrix 
with nanoparticles. The SEM micrographs (Fig. 1f, g, h, and i) depict the 

Fig. 1. FE-SEM micrographs of (a) A4ZO, (b) G5ZO, and (c) I1ZO nanoparticles; (d, e) MWCNTs; and (f) A4ZO-CNT, (g) G5ZO-CNT, and (h, i) I1ZO-CNT aerogels. 
The scale bar is 200 nm.
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morphology of the aerogels composed of the prepared nanoparticles and 
MWCNTs, specifically A4ZO-CNT, G5ZO-CNT, and I1ZO-CNT, respec-
tively. Fig. 1f depicts the A4ZO-CNT aerogel, which exhibits a porous 
structure with A4ZO nanoparticles embedded within the MWCNT 
network. The CNTs provided a supporting framework that facilitated the 
dispersion of the nanoparticles throughout the aerogel. Fig. 1g depicts 
the G5ZO-CNT aerogel, which also exhibits a porous network. However, 
the integration of G5ZO nanoparticles was more uniform, suggesting 
enhanced compatibility or interaction between the Ga-doped ZnO par-
ticles and the MWCNTs. Fig. 1h and i depict the I1ZO-CNT aerogel, 
which exhibited a highly porous and interconnected structure with a 
high surface area. The I1ZO nanoparticles were observed to be well- 

dispersed within the CNT framework, resulting in the formation of a 
cohesive network with minimal agglomeration. This indicated that the 
introduction of In doping had the effect of enhancing the interaction 
between the ZnO nanoparticles and the CNTs, which resulted in the 
formation of a more uniform and stable composite structure.

Fig. 2a illustrates the XRD patterns of the aerogels A4ZO-CNT, G5ZO- 
CNT, and I1ZO-CNT. The primary peaks were consistent with the hex-
agonal wurtzite structure of ZnO. This structure was retained across all 
samples, indicating that the incorporation of dopants (Al, Ga, and In) did 
not result in a significant alteration of the ZnO lattice. The aforemen-
tioned peaks, which correspond to crystallographic planes such as (100), 
(002), and (101), remained consistent across the aerogels, indicating 

Fig. 2. (a) X-ray diffraction patterns, (b) BET surface area, (c) FTIR spectra, (d) PL spectra, (e) DRS UV–vis spectra, and (f) Tauc plots of A4ZO-CNT (red), G5ZO-CNT 
(blue), and I1ZO-CNT (green) aerogels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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that the ZnO framework was stable despite the presence of MWCNTs and 
doping [18]. The additional peak observed at approximately 29.5◦ was 
attributed to the MWCNTs, which typically exhibit a peak near 25.6◦ in 
their graphitic (111) plane (Fig. S3a) [50,51]. This shift to 29.5◦ indi-
cated that interactions between the ZnO matrix and the MWCNTs, 
potentially due to mechanical strain and bonding, were influencing the 
nanotubes’ interlayer spacing, compressing the carbon nanotubes 
within the structure.

A comparison of the aerogels with their powder (Fig. S3b) counter-
parts revealed the presence of broader peaks in the aerogel samples, 
which was indicative of smaller crystallite sizes and increased strain in 
the ZnO matrix. This broadening was attributed to the disruption of the 
ZnO crystallinity by the MWCNTs, which introduced strain and defects 
[52]. Moreover, the supercritical drying process employed to fabricate 
the aerogels was likely to introduce additional mechanical strain, which 
contributed to the disorder observed in the XRD peaks [53]. While the 
primary ZnO peak positions remained consistent between the aerogels 
and powders, the dopants’ interaction with the CNTs likely contributed 
to the observed peak broadening and the CNT peak shift from 25.6◦ to 
29.5◦. The retention of the ZnO wurtzite structure, peak broadening, and 
CNT peak shift indicated the presence of robust interactions between the 
ZnO matrix, dopants, and MWCNTs in the aerogel samples.

The BET isotherms for the ZnO nanoparticles (Figs. S4a-c) provided 
insights into the surface properties of the ZnO samples doped with 
different elements (Al, Ga, and In, respectively). Each isotherm exhibi-
ted a characteristic Type IV curve with a discernible hysteresis loop, 
indicative of the existence of mesopores within the material [54]. The 
relatively high adsorption volumes observed at increased relative pres-
sures (P/Po) indicate that these ZnO nanoparticles possess well- 
developed porous structures, which facilitate efficient gas adsorption. 
The BET analysis indicated that these nanoparticles, regardless of the 
dopant, exhibited a high surface area, rendering them effective for ap-
plications based on surface interactions [54].

Fig. S4d depicts the BET isotherm of the MWCNTs, which revealed a 
specific surface area of 105 m2 g− 1. Furthermore, the isotherm displayed 
Type IV behavior with a pronounced hysteresis loop, which was indic-
ative of mesoporous characteristics. The mesoporosity was likely 
attributable to the interstitial spaces between the individual nanotubes 
and the layered structure within the nanotubes. The observed surface 
area and pore structure indicated that MWCNTs represented an excellent 
platform for further enhancement through composite formation.

The BET isotherms for the composite aerogels (Fig. 2b) elucidated 
the surface properties of aerogels formed by combining the Al-, Ga-, and 
In-doped ZnO nanoparticles with MWCNTs, respectively. These iso-
therms indicated a notable enhancement in the adsorption capacity 
relative to the individual components, underscoring a synergistic 
interaction between the ZnO nanoparticles and MWCNTs. The presence 
of hysteresis loops in these isotherms provided further evidence that a 
complex mesoporous network was formed within the aerogels, which 
was likely the result of interfacial interactions between the ZnO particles 
and the MWCNT matrix [55]. The enhanced mesoporosity and the 
associated increased in surface area suggest that these composite aero-
gels could be particularly effective in applications requiring lightweight, 
high-surface-area materials, such as in gas storage, environmental 
remediation, and advanced catalysis [31,56].

Table 1 presents a comparison of the densities and BET surface areas 
of powders and aerogels, illustrating the alterations that occurred during 
the transformation of nanoparticles into aerogels. MWCNTs exhibited a 
low density of 1.9883 g cm− 3 and a high BET surface area of 105 m2 g− 1, 
which is characteristic of lightweight materials with large surface areas. 
These properties rendered them ideal for applications involving 
adsorption and catalysis. The A4ZO powder, which was presumably zinc 
oxide-based, exhibits a markedly higher density of 5.2020 g cm− 3 while 
displaying a considerably reduced surface area of 23 m2 g− 1. A similar 
pattern was observed in G5ZO, which exhibited a slightly higher density 
of 5.3783 g cm− 3 and a lower surface area of 12 m2 g− 1. I1ZO exhibited 

the highest density at 5.8678 g cm− 3 and the lowest BET surface area of 
2 m2 g− 1. These findings indicated an inverse relationship between 
density and surface area. The transformation into aerogels resulted in a 
notable reduction in density while simultaneously increasing the surface 
area. The A4ZO-CNT aerogel exhibits a density of 2.4626 g cm− 3, yet its 
BET surface area reached 147 m2 g− 1. Similarly, G5ZO-CNT had a 
density of 3.1243 g cm− 3 and a surface area of 148 m2 g− 1. The I1ZO- 
CNT aerogel exhibited the most pronounced transformation, with a 
notable reduction in density to 2.4139 g/cm3 and a substantial increase 
in surface area to 132 m2 g− 1 from a mere 2 m2 g− 1 in its original powder 
form. The transformation from powders to aerogels significantly 
enhanced the surface area while reducing the density, thereby creating 
highly porous and lightweight materials that are ideal for applications 
such as filtration, adsorption, and catalysis [57,58].

The FTIR spectra of the three samples (Fig. 2c), revealed key features 
related to both the ZnO structure and CNTs. A broad peak around 3376 
cm− 1, observed in all curves, was attributed to O-H stretching vibra-
tions, which were likely due to surface hydroxyl groups or adsorbed 
water [59]. This broadness suggested the presence of hydrogen bonding, 
which may be enhanced by surface defects in ZnO and interactions with 
oxygen-containing groups on the CNTs, thereby contributing to the 
composite’s hydrophilicity [60]. Further structural insight was provided 
by high-intensity peaks at 1161, 1421, 1020, and 401 cm− 1. The 1161 
cm− 1 peak was associated with C-O stretching, indicating the presence 
of oxygenated functional groups on the CNTs, which facilitate interac-
tion with metal oxides [61]. The peak at 1421 cm− 1 was attributed to C- 
C or C=C stretching in the sp2 hybridized CNTs, and it also served to 
reflect interactions with doped ZnO. The 1020 cm− 1 peak was indicative 
of Zn-O stretching in the ZnO structure, thereby suggesting the presence 
of a well-formed crystalline phase. Furthermore, the 401 cm− 1 peak 
served to confirm the retention of the ZnO wurtzite structure. Addi-
tionally, smaller peaks at 1295, 1085, 942, 891, and 821 cm− 1 were 
indicative of functional groups on the CNTs or ZnO-CNT interactions. 
The peak at 1295 cm− 1 may be attributed to C-H bending, while the 
1085 cm− 1 peak could signify Zn–OH vibrations. These peaks served to 
highlight the structural changes or defects introduced by doping and the 
ZnO-CNT interaction [62–65].

The doping of ZnO with Al, Ga, or In resulted in the introduction of 
defects and charge carriers within the lattice, as evidenced by the 
observed shifts in the positions of ZnO-related peaks. The dopants, with 
differing ionic radii relative to Zn(II), distorted the lattice and altered 
the vibrational frequencies of Zn-O bonds, thereby affecting the overall 
material properties and interactions with CNTs [66,67]. The high con-
ductivity and surface area of CNTs complemented the properties of ZnO. 
The functionalization, as evidenced by the presence of C-O and C=C 
peaks, facilitated the integration of the aerogel with ZnO and enhances 
the dispersion of ZnO within the composite. This strong interaction was 
corroborated by the overlapping peaks observed in the FTIR spectra, 
which served to highlight the synergy present within the composite 
structure. In conclusion, the FTIR spectra of these doped ZnO-CNT 
aerogels demonstrated a complex interaction between ZnO and CNTs. 
The broad O-H peak at 3376 cm− 1 and distinct peaks at 1161, 1421, 
1020, and 401 cm− 1 served to confirm the successful integration. The 
differences in peak positions and intensities reflected the influence of 

Table 1 
BET surface area and density values of doped ZnO nanoparticles and doped ZnO- 
CNT aerogels.

Samples Density / g cm− 3 BET surface area / m2 g− 1

Powders

MWCNTs 1.9883 105
A4ZO 5.2020 23
G5ZO 5.3783 12
I1ZO 5.8678 2

Aerogels
A4ZO-CNT 2.4626 147
G5ZO-CNT 3.1243 148
I1ZO-CNT 2.4139 132
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doping on the ZnO structure and its interaction with CNTs [68].
The PL spectra of ZnO-CNT aerogels (Fig. 2d) yielded valuable in-

sights into their optical properties. The A4ZO-CNT spectrum exhibited a 
pronounced UV emission peak at approximately 380 nm, indicative of 
effective near-band-edge (NBE) emission, which was predominantly 
associated with excitonic recombination [69]. The aluminum doping, 
which is characterized by the substitution of Al3+ for Zn2+, did not result 
in a notable increase in defect levels, thereby maintaining the structural 
integrity of the ZnO structure. The weak visible emission observed in 
this spectrum indicated that aluminum introduced fewer defects 
compared to other dopants. This allowed for more efficient radiative 
recombination in the UV region while minimizing defect-related emis-
sions, such as those arising from oxygen vacancies or zinc interstitials 
[70]. The incorporation of MWCNTs played a pivotal role in enhancing 
the aerogel’s overall performance, functioning as a charge transport 
network. The presence of MWCNTs facilitated the separation of photo-
generated electron-hole pairs, thereby reducing non-radiative recom-
bination at defect sites. This enhancement was particularly beneficial for 
A4ZO-CNT, where the CNTs helped to amplify the UV emission and 
suppress visible emissions. However, an examination of the G5ZO-CNT 
aerogel revealed the presence of a broader UV emission peak and a 
markedly stronger visible emission in comparison to the Al-doped 
sample. This indicated that the introduction of gallium doping resul-
ted in the formation of additional structural defects, which subsequently 
led to an increase in defect-related luminescence, commonly referred to 
as “green luminescence.” The elevated defect density, particularly that 
of oxygen vacancies, contributed to an increase in non-radiative 
recombination pathways, which diminished the intensity of UV emis-
sion despite the presence of MWCNTs that were intended to enhance 
charge separation [71,72].

The PL spectrum of the I1ZO-CNT aerogel exhibited a markedly 
intense visible emission and a diminished UV emission, suggesting that 
indium doping introduced the highest defect concentration among the 
three dopants. The larger size of In3+ compared to Zn2+ resulted in 
substantial distortion of the ZnO lattice, leading to the proliferation of 
structural defects, including oxygen vacancies [46]. The intense visible 
emission, typically observed in the range of 500–600 nm, indicated that 
defect states were the dominant factor in the recombination processes, 
effectively suppressing excitonic recombination and thereby reducing 
UV luminescence. While MWCNTs continued to facilitate electron 
transport and mitigate recombination at defects, the considerable 
number of defects introduced by indium doping resulted in pronounced 
defect-related emissions, which eclipsed the contributions of CNTs to UV 
emission enhancement. The incorporation of MWCNTs across all doped 
ZnO aerogels resulted in a notable enhancement in charge separation 
and electron mobility, which was crucial for effective performance in 
applications such as photocatalysis [39]. In the case of aluminum-doped 
ZnO, the CNTs amplified UV emission by minimizing defect-related 
recombination. In contrast, in gallium- and indium-doped samples, the 
increased number of defect states leads to stronger visible emissions that 
overshadow the benefits of improved charge transport. This comparison 
demonstrated that while MWCNTs enhanced overall performance, the 
specific choice of dopant was crucial in determining the PL behavior by 
controlling the defect density and nature in the ZnO lattice.

The diffuse reflectance spectra (DRS) and band gap characteristics of 
ZnO-CNT aerogels (Fig. 2e and f) demonstrate the impact of diverse 
dopants and the incorporation of MWCNTs on the optoelectronic 
properties of the materials. In the reflectance spectra, the I1ZO-CNT 
aerogel showed the highest reflectance in the visible range, suggesting 
a lower defect density. This phenomenon could be attributed to the 
larger ionic radius of indium, which results in a moderate distortion of 
the lattice and a reduction in the number of defects, including oxygen 
vacancies and zinc interstitials. In contrast, the reflectance of the G5ZO- 
CNT and A4ZO-CNT aerogels exhibited a progressive decrease, with the 
lowest values observed in the Al-doped samples. This pattern suggested 
that both gallium and aluminum introduced greater structural defects, 

which acted as scattering and absorption centers, thereby reducing 
reflectance by absorbing more light. Furthermore, the incorporation of 
MWCNTs enhanced charge transport by reducing electron-hole recom-
bination at defect sites, thereby improving light absorption, particularly 
in the UV range. MWCNTs typically exhibit a small or negligible 
bandgap, with metallic MWCNTs having a bandgap close to 0 eV, while 
semiconducting MWCNTs have a bandgap that generally ranges from 
approximately less than 1 eV [73]. The presence of MWCNTs facilitates 
efficient electron transfer and helps to separate charge carriers, thus 
reducing recombination. This synergy between MWCNTs and doped 
ZnO enhances the photocatalytic performance, by broadening the ab-
sorption spectrum and promoting better charge carrier dynamics 
[74,75].

The band gap energies of the ZnO-CNT aerogels were calculated 
using the Kubelka-Munk function and Tauc’s plot (Fig. 2f), yielding 
values of 3.81 eV for A4ZO-CNT, 3.88 eV for G5ZO-CNT, and 3.92 eV for 
I1ZO-CNT. The smallest band gap was observed in the aluminum-doped 
samples, which exhibited minimal distortion and fewer defect states. 
This can be attributed to the similarity in size between the Al3+ ions and 
Zn2+, which allowed for smooth integration into the ZnO lattice. The 
slight increase in the band gap compared to that of pure ZnO (~3.3–3.4 
eV) may be attributed to interactions between ZnO and MWCNTs, which 
modify the electronic states in the vicinity of the conduction band edge 
[76]. The application of gallium doping results in the formation of a 
slightly larger band gap, which can be attributed to the smaller size of 
Ga3+ ions in comparison to Zn2+. This leads to a moderate distortion of 
the lattice, which in turn elevates the conduction band and widens the 
band gap. Furthermore, this phenomenon introduces additional defect 
states that absorb light, contributing to a reduction in reflectance within 
the visible range. The largest band gap (3.92 eV) is observed in indium- 
doped samples, which exhibit significant lattice strain induced by the 
larger In3+ ions. This results in the creation of additional defect states 
that impede UV emission and enhance absorption in the visible range. 
Across all samples, MWCNTs enhance charge mobility by reducing 
recombination at defect sites, particularly in the UV range. Although 
they did not directly alter the band gap, MWCNTs improved overall 
optical performance by minimizing non-radiative losses associated with 
defects. Ultimately, the choice of dopant was the primary factor influ-
encing the band gap and defect density, while MWCNTs mainly 
enhanced charge transport and optical absorption efficiency [77,78].

3.2. Study of PMS activation by doped-ZnO-CNT aerogels

Although the heterogeneously induced mineralization of organic 
pollutants is influenced by various factors, such as pollutant adsorption, 
light penetration, catalyst hydrophilicity, agglomeration, and catalyst 
dosage, the role of PMS activation by doped-ZnO-CNT aerogels remains 
a critical focus. To hypothesize the mechanisms of PMS activation and 
understand how the dopant type affects catalytic sites, the activation 
process was evaluated under visible light, sonication, and combined 
treatment conditions.

Fig. 3a illustrates the discernible trends in sulfate radical production, 
as indicated by the absorbance at 320 nm (the maximum absorption 
wavelength of Ce(IV)) over the course of a 90-min reaction period [17]. 
The generation of Ce(IV) increased progressively under visible light 
irradiation for all three aerogels, indicating that photochemical activa-
tion of PMS occurred. Among the three catalysts, G5ZO-CNT exhibited 
the highest Ce(IV) concentration of approximately 0.20 mM after 90 
min, while I1ZO-CNT demonstrated a concentration of approximately 
0.19 mM, closely following the former. In comparison, A4ZO-CNT 
exhibited the lowest efficiency, with a Ce(IV) concentration of approx-
imately 0.15 mM. These findings indicate that G5ZO-CNT and I1ZO-CNT 
demonstrated superior photocatalytic activity under visible light, 
potentially due to enhanced light absorption and more efficient electron 
transfer properties compared to A4ZO-CNT. In the absence of visible 
light, sonication alone was found to be an ineffective method for 
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activating PMS, resulting in significantly lower Ce(IV) concentrations 
across all aerogels. The final Ce(IV) concentrations were approximately 
0.04 mM, 0.11 mM, and 0.18 mM for A4ZO-CNT, G5ZO-CNT, and I1ZO- 
CNT, respectively. Although sonication facilitates cavitation, which 
improves mass transfer and generates local energy hotspots, its efficacy 
in sulfate radical generation remained constrained when employed as 
the sole activation method. Nevertheless, the disparities in performance 
among the aerogels continued to demonstrate that I1ZO-CNT exhibits 
augmented catalytic attributes, thereby facilitating superior PMS acti-
vation under the influence of cavitation effects. The combination of 
visible light and sonication resulted in a significant increase in Ce(IV) 
concentration for all aerogels, demonstrating the synergistic effect of 
photochemical activation and cavitation processes. The highest con-
centration of Ce(IV) was observed for I1ZO-CNT, at approximately 0.32 
mM, followed by G5ZO-CNT, at approximately 0.28 mM, and A4ZO- 
CNT, at approximately 0.25 mM. These findings substantiated the hy-
pothesis that sonication enhanced the overall efficiency of visible light 
activation. This was evidenced by improvements in mass transfer, ac-
celeration of PMS decomposition, and reduction in sulfate radical loss. 
The combination of sonication and visible light irradiation demon-
strated a particularly notable synergistic effect for I1ZO-CNT, which 
consistently exhibited superior performance compared to the other 
aerogels.

On the other hand, the temporal progression of the PL intensity of 
fluorescein at 515 nm (λex = 303 nm) (Fig. 3b) was used to investigate 
the generation of •OH radicals. The zero-order kinetics and equimolar 
reaction stoichiometry between •OH and fluorescein were assumed 
[17]. The kinetic constants revealed the enhanced performance of the 
catalysts under different conditions, with the combination of visible 
light and sonication showing the highest reaction rates. I1ZO-CNT 
demonstrated the highest efficiency under these conditions, exhibiting 
a kinetic constant of approximately 0.38 μM min− 1, followed by G5ZO- 
CNT of approximately 0.33 μM min− 1 and A4ZO-CNT of approximately 
0.28 μM min− 1. In the absence of sonication, G5ZO-CNT demonstrated 
superior performance with a kinetic constant of approximately 0.22 μM 
min− 1, followed by I1ZO of approximately 0.20 μM min− 1 and A4ZO- 
CNT of approximately 0.16 μM min− 1. Conversely, under sonication 
conditions, I1ZO exhibited a higher catalytic activity with a rate 

constant of approximately 0.18 μM min− 1, closely followed by G5ZO- 
CNT (0.14 μM min− 1) and A4ZO-CNT (0.13 μM min− 1). These values 
underscored I1ZO-CNT’s marked catalytic prowess, particularly in the 
context of combining visible light and sonication. This finding suggested 
that I1ZO-CNT exhibits enhanced responsiveness to dual-energy inputs 
in comparison to the other catalysts.

The findings unequivocally substantiate a synergistic effect between 
visible light and sonication in amplifying the generation of sulfate and 
hydroxyl radicals for all three catalysts. This combination significantly 
accelerates reaction kinetics in comparison to the use of visible light or 
sonication alone. This enhancement can be attributed to the simulta-
neous activation of the catalyst by photonic and mechanical energy in-
puts, which promote charge separation, increase the availability of 
reactive sites, and facilitate radical generation. The performance 
ranking of the catalysts, I1ZO-CNT > G5ZO-CNT > A4ZO-CNT, indicates 
that I1ZO-CNT is optimally tuned for the generation of sulfate and hy-
droxyl radicals under all tested conditions. This enhanced activity can be 
attributed to the advantageous structural and electronic properties of 
I1ZO-CNT. In contrast, G5ZO-CNT demonstrated moderate performance 
under visible light conditions and exhibited activity comparable to 
I1ZO-CNT under sonication conditions, suggesting its potential as an 
alternative catalyst, particularly in applications where ultrasound en-
ergy predominates. Conversely, A4ZO-CNT exhibited comparatively 
diminished performance across all conditions, suggesting inherent lim-
itations in its capacity to efficiently generate or sustain reactive oxygen 
species. Nevertheless, A4ZO-CNT demonstrated notable enhancement in 
its performance when subjected to the combined effects of visible light 
and sonication, underscoring the pivotal role of sonication in enhancing 
the performance of less active materials. The enhanced activity observed 
in I1ZO-CNT and G5ZO-CNT is likely attributable to factors such as 
increased surface area, enhanced availability of active sites, and 
improved light absorption. These findings carry significant ramifications 
for the conceptualization and implementation of advanced oxidation 
processes. The augmented generation of radicals through the concurrent 
utilization of visible light and sonication offers a promising strategy for 
expeditious and effective degradation of organic pollutants. Among the 
catalysts, I1ZO-CNT exhibited the most promise for practical applica-
tions, particularly in scenarios where the synergistic effects of photonic 

Fig. 3. (a) Time-dependent evolution of absorbance at 320 nm, corresponding to the maximum absorption wavelength of Ce(IV), and (b) time-dependent photo-
luminescence intensity at 515 nm (λex = 303 nm) of an 8 μM fluorescein aqueous solution. The data compare the performance of A4ZO-CNT, G5ZO-CNT, and I1ZO- 
CNT aerogels under three conditions: visible light, sonication, and combined visible light and sonication. Experimental conditions: [TC] = 0 mg L− 1, [PMS] = 0.6 
mM, temperature = 25 ◦C, catalyst dosage = 0.1 mg mL− 1. All experiments were conducted in triplicate.

Q. Bautista et al.                                                                                                                                                                                                                                Applied Catalysis O: Open 199 (2025) 207027 

8 



and ultrasound activation can be optimally realized. Further in-
vestigations into the structural and mechanistic properties of I1ZO-CNT 
could deepen understanding of its exceptional performance and guide 
the development of next-generation catalysts. In summary, the combi-
nation of visible light and sonication emerges as the most effective 
method for sulfate and hydroxyl radical generation, with I1ZO-CNT 
standing out as the most efficient catalyst. These results emphasize the 
importance of both catalyst properties and the synergistic effects of 
combined activation methods in optimizing PMS activation.

3.3. Catalytic removal of organic pollutants by synthesized ZnO-CNT 
aerogels

Prior to start the investigation into the catalytic removal of TC under 
visible light, sonication, the presence of PMS, and their combinations, 
the adsorption-desorption equilibrium was evaluated. To ascertain the 
equilibrium time and adsorption capacity, the maximum absorbance of 

TC at approximately 357 nm was measured over 60 min in the absence 
of light, sonication and PMS for each prepared aerogel. All aerogels 
demonstrated equilibrium after a 30-min period. The percentage of TC 
adsorbed by each material ranged from 3 to 12.3 %, with A4ZO-CNT 
exhibiting the lowest adsorption capacity at 3.6 % and I1ZO-CNT 
demonstrating the highest at 12.3 %.

Fig. 4a-f illustrate the degradation of TC under visible light, soni-
cation, PMS presence, and their combinations after 90 min of treatment. 
Under visible light alone, the degradation efficiencies for A4ZO-CNT, 
G5ZO-CNT, and I1ZO-CNT were 21.2 %, 32.2 %, and 60.4 %, respec-
tively. The I1ZO-CNT aerogel exhibited markedly enhanced activity in 
comparison to the other aerogels, which was likely attributable to its 
superior photocatalytic response. Additionally, G5ZO-CNT exhibited 
better performance than A4ZO-CNT, underscoring the effect of specific 
dopants on photocatalytic efficiency. Despite the similar BET surface 
areas among the aerogels, I1ZO-CNT demonstrated the highest TC 
adsorption. However, this difference in adsorption capacity alone did 

Fig. 4. Degradation performance of A4ZO-CNT, G5ZO-CNT, and I1ZO-CNT aerogels under (a) visible light, (b) sonication, (c) PMS, (d) visible light and sonication, 
(e) visible light and PMS, (f) sonication and PMS, and (g) visible light, sonication and PMS. Experimental conditions: [TC] = 20 mg L− 1, [PMS] = 0.6 mM, T = 25 ◦C, 
catalyst dosage = 0.1 mg mL− 1. All experiments were performed in triplicate.
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not fully account for the variation in photocatalytic performance, which 
can also be attributed to I1ZO-CNT’s enhanced light absorption and 
more efficient charge separation.

The degradation efficiencies observed for sonication alone were 
slightly lower than those achieved with visible light alone. Both G5ZO- 
CNT and I1ZO-CNT demonstrated comparable performance, with a 
degradation efficiency of 28.1 %, while A4ZO-CNT exhibited a slightly 
lower efficiency of 18.4 %. The impact of sonication was found to be 
modest, with limited enhancement of TC degradation. This limited effect 
indicated that sonication alone may not provide sufficient energy to 
generate a substantial number of reactive species. However, it did 
contribute to pollutant breakdown by improving mass transfer and 
dispersing active sites, albeit to a minor extent.

In presence of PMS – in absence of visible light and sonication – 
independently led to a notable enhancement in degradation across all 
samples, with I1ZO-CNT attaining a degradation efficiency of 74.3 %, 
G5ZO-CNT of 37.3 %, and A4ZO-CNT of 31.3 %. It is probable that PMS 
acted as a potent oxidizing agent, producing ROS that contributed to the 
degradation of pollutants. The results indicated that I1ZO-CNT exhibited 
the strongest interaction with PMS, followed by G5ZO-CNT and A4ZO- 
CNT. This suggests that the material composition affects the efficiency 
with which PMS is activated.

The combination of visible light and sonication resulted in a notable 
enhancement in the degradation efficiency of all aerogels. The I1ZO- 
CNT reached 90.9 %, the G5ZO-CNT achieved 66.6 %, and the A4ZO- 
CNT improved to 50.9 %. This combination was likely to have 
enhanced the breakdown of TC by coupling the energy input from 
sonication with the photocatalytic effect of visible light. This may have 
improved electron-hole separation and promoted the formation of ROS. 
The results demonstrated that I1ZO-CNT exhibited the most optimal 
performance, indicating that indium doping was more efficacious under 
these combined conditions.

The combination of visible light and PMS resulted in further 
enhancement of degradation, yielding efficiencies of 95.7 % for I1ZO- 
CNT, 72.7 % for G5ZO-CNT, and 64.5 % for A4ZO-CNT. This improve-
ment indicated a robust synergy between light-induced photocatalysis 
and PMS oxidation, as visible light was likely to enhance PMS activation, 
resulting in elevated ROS production. The superior photocatalytic and 
PMS-activation properties of I1ZO-CNT in this combination were high-
lighted by its higher efficiency, while G5ZO-CNT demonstrated a mod-
erate improvement and A4ZO-CNT exhibited the lowest performance.

The combination of sonication and PMS yielded lower degradation 
rates than those observed with visible light and PMS for all aerogels. The 
efficiencies were 94.9 % for I1ZO-CNT, 59.6 % for G5ZO-CNT, and 25.9 
% for A4ZO-CNT. It was probable that sonication contributed to the 
activation of PMS to a limited extent, resulting in the production of 
fewer ROS compared to the activation of PMS by visible light. Never-
theless, I1ZO-CNT still demonstrated a high degradation rate, indicating 
that it is capable of effectively activating PMS even in the absence of 
light.

However, the highest degradation rates were observed when visible 
light, sonication, and PMS were combined. In accordance with the 
optimal conditions, I1ZO-CNT demonstrated a near-complete degrada-
tion rate of 97.6 %, closely followed by G5ZO-CNT at 96.9 %, and A4ZO- 
CNT at 76.5 %. The combination of all three factors resulted in the most 
efficient degradation pathway. Visible light enhances photocatalysis, 
PMS provides strong oxidizing power, and sonication improves mass 
transfer and may enhance ROS generation. The superior performance of 
I1ZO-CNT in this combination can be attributed to its capacity to effi-
ciently utilize each treatment factor, with G5ZO-CNT exhibiting a 
similar performance. A4ZO-CNT, while still achieving a high degrada-
tion rate, demonstrated a less effective performance, likely due to the 
less effective interaction of aluminum with these stimuli. In conclusion, 
the I1ZO-CNT aerogel demonstrated the most effective degradation 
performance across all conditions, followed by G5ZO-CNT and A4ZO- 
CNT. The efficacy of each aerogel was significantly influenced by the 

type of dopant, with indium demonstrating the highest photocatalytic 
efficiency and capacity to activate PMS. The combination of visible light, 
sonication, and PMS resulted in the most effective TC degradation for all 
samples, thereby underscoring the significance of synergistic in-
teractions between photocatalysis, oxidative treatment, and mechanical 
activation. These findings indicate that the dopant type is a critical 
factor in achieving optimal degradation performance, particularly in the 
context of combined treatment conditions.

Fig. 5 illustrates the mineralization performance of A4ZO-CNT, 
G5ZO-CNT, and I1ZO-CNT aerogels for the removal of a 20 mg L− 1 TC 
solution at pH 7. Upon examination of the mineralization percentages 
after 90 min, it becomes evident that each aerogel responded differently 
to each treatment condition. This reflects the impact of both the dopants 
and the specific catalytic mechanisms involved. In the absence of ul-
traviolet radiation, the mineralization of A4ZO-CNT, G5ZO-CNT, and 
I1ZO-CNT was observed to be 10.7 % ± 0.1 %, 12.2 % ± 1.2 %, and 
16.3 % ± 0.2 %, respectively. As with the degradation of TC, I1ZO-CNT 
exhibited the highest mineralization under these conditions, in accor-
dance with the aforementioned trend. Notwithstanding the relatively 
low mineralization percentages achieved with visible light alone, these 
results underscore the impact of dopant type on mineralization effi-
ciency in each aerogel. When sonication was employed as the sole 
activation method, the mineralization percentages were comparable to 
those observed under visible light, with values of 9.9 % ± 0.2 % for 
A4ZO-CNT, 13.9 % ± 0.1 % for G5ZO-CNT, and 15.1 % ± 0.2 % for 
I1ZO-CNT. In the presence of PMS alone, there was a notable increase in 
mineralization efficiency, with A4ZO-CNT achieving 23.1 % ± 0.3 %, 
G5ZO-CNT reaching 24.2 % ± 0.4 %, and I1ZO-CNT demonstrating the 
highest mineralization at 48.8 % ± 0.3 %.

The combination of visible light and sonication resulted in further 
improvements in mineralization. The results for A4ZO-CNT, G5ZO-CNT, 
and I1ZO-CNT were 28.3 % ± 0.4 %, 34.5 % ± 0.6 %, and 57.3 % ± 0.2 
%, respectively. The combination of visible light and PMS resulted in 
markedly elevated mineralization levels across all aerogels, with the 
following values being observed: 32.3 % ± 0.3 % for A4ZO-CNT, 36.9 % 
± 0.6 % for G5ZO-CNT, and 70.9 % ± 0.3 % for I1ZO-CNT. The incor-
poration of PMS under visible light resulted in a notable enhancement in 
mineralization efficiency, with I1ZO-CNT once again exhibiting the 
highest performance. The highest mineralization percentages were 
observed with the combination of visible light, sonication, and PMS, 
achieving 57.3 % ± 0.4 % for A4ZO-CNT, 83.9 % ± 0.4 % for G5ZO- 
CNT, and 97.6 % ± 0.6 % for I1ZO-CNT. This combination yielded a 
markedly synergistic effect, maximizing the mineralization of TC due to 
the concurrent activation pathways wherein visible light and sonication 
enhance radical generation while PMS furnishes a consistent supply of 
oxidizing agents. The near-complete mineralization observed in I1ZO- 
CNT is indicative of its exceptional suitability for combined treat-
ments. This is attributed to its optimal photocatalytic properties and 
compatibility with PMS. Additionally, G5ZO-CNT demonstrated high 
mineralization efficiency in this combination, whereas A4ZO-CNT 
exhibited improved performance but remained lower in comparison, 
indicating that the dopant in A4ZO-CNT is less conducive to such syn-
ergistic effects.

A comparison of the degradation and mineralization of TC revealed 
that, while all aerogels demonstrated significant degradation under 
various treatments, mineralization was generally lower, indicating that 
not all degraded TC was fully mineralized into simple inorganic forms. 
The I1ZO-CNT aerogel exhibited the highest efficiency in both degra-
dation and mineralization, indicating that it not only effectively breaks 
down TC molecule but also converts it to simpler mineralized forms such 
as carbon dioxide. Importantly, compared to other aerogels reported in 
Table S1, I1ZO-CNT offers significantly enhanced performance due to its 
tailored structural and electronic properties, such as improved light 
absorption, efficient charge separation, and superior PMS activation 
[79–85].

The growing prevalence of multipollutant media in environmental 
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contexts presents considerable obstacles to the effective treatment of 
wastewater. This study also examines the mineralization performance of 
A4ZO-CNT, G5ZO-CNT, and I1ZO-CNT in a multipollutant scenario. 
Two distinct pollutant solutions were evaluated: one containing 5 mg 
L− 1 each of TC, LEV, LAN, and MB (total: 20 mg L− 1), and another 
containing 20 mg L− 1 of the same pollutants (total: 80 mg L− 1). The 
mineralization efficiency of these aerogels was evaluated using a com-
bination of visible light, sonication, and PMS activation, thereby 
providing insights into their performance under varying pollutant con-
centrations. Fig. 6a illustrates that the mineralization performance of 
the 20 mg L− 1 multipollutant solution after 90 min of treatment 
exhibited notable discrepancies in mineralization performance among 
the three aerogels. The I1ZO-CNT aerogel exhibited the highest miner-
alization percentage, at 88.3 % ± 2.3 %, thereby demonstrating its su-
perior efficiency in degrading and mineralizing the target compounds. 
Subsequently, G5ZO-CNT demonstrated a mineralization rate of 79.1 % 
± 2.1 %, while A4ZO-CNT exhibited a comparatively lower efficiency of 
59.8 % ± 1.9 %. These findings indicate that the lower concentration of 
pollutants allows for more effective interactions between the active sites 
of the aerogels and the reactive species generated during the treatment 

process, resulting in higher mineralization rates. In contrast, the 
mineralization performance observed for the 80 mg L− 1 multipollutant 
solution over 300 min exhibited a decline in efficiency compared to the 
20 mg L− 1 scenario (Fig. 6b). The I1ZO-CNT aerogel exhibited the 
highest performance, with a mineralization percentage of 83.9 % ± 1.2 
%. However, both A4ZO-CNT and G5ZO-CNT exhibited diminished ef-
ficiencies, with mineralization values of 56.6 % ± 2.1 % and 73.8 % ±
3.1 %, respectively. This decline can be attributed to the intensified 
competition among pollutants for active sites on the aerogel surfaces, 
which ultimately constrains the overall. These findings underscore the 
importance of considering the complexity of pollutant mixtures when 
evaluating the efficacy of photocatalytic materials. While I1ZO-CNT 
demonstrated superior mineralization performance overall, its effec-
tiveness was still limited by the presence of multiple pollutants. 
Notwithstanding the partial mineralization observed under the pre-
vailing conditions, it is noteworthy that PMS, due to its high oxidizing 
power and low chemical selectivity, can achieve near-total conversion of 
pollutants to inorganic forms. To illustrate, when the concentration of 
PMS was increased to 8 mM in both single- and multi-pollutant solu-
tions, the mineralization efficiency for I1ZO-CNT exceeded 98 % after 

Fig. 5. Mineralization performance of A4ZO-CNT, G5ZO-CNT, and I1ZO-CNT aerogels after 90 min under various treatment conditions: (a) visible light, (b) son-
ication, (c) PMS, (d) visible light and sonication, (e) visible light and PMS, (f) sonication and PMS, and (g) visible light, sonication, and PMS. Experimental conditions: 
[TC] = 20 mg L− 1, [PMS] = 0.6 mM, T = 25 ◦C, catalyst dosage = 0.1 mg mL− 1. All experiments were conducted in triplicate.
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180 min. This suggests that the limitation is intrinsic to the operational 
parameters rather than to the inherent capabilities of the system. 
Accordingly, the optimization of experimental parameters, such as the 
concentration of PMS and the reaction time, may result in complete 
mineralization without the necessity of extensively investigating inter-
mediate species within the current scope.

The results of the degradation and/or mineralization of single- and 
multi-pollutant solutions demonstrated that the combination of visible 
light, sonication, and PMS yielded near-complete degradation for I1ZO- 
CNT. Nevertheless, sonication seemed to exert a relatively lesser influ-
ence on its performance in comparison to the pronounced enhancement 
observed for G5ZO-CNT and A4ZO-CNT. The comparatively diminished 
impact of sonication on the performance of I1ZO-CNT, in comparison to 
G5ZO-CNT and A4ZO-CNT aerogels, serves to underscore the intrinsic 
catalytic properties of the materials. The introduction of indium doping 
resulted in the formation of a high density of oxygen vacancies and 
lattice distortions in ZnO, which served as effective catalytic sites for the 
activation of PMS and the generation of reactive oxygen species (ROS). 
These intrinsic characteristics enabled I1ZO-CNT to achieve effective 
pollutant degradation even in the absence of sonication, thereby 
reducing the relative improvement that sonication could provide. In 
contrast, G5ZO-CNT and A4ZO-CNT exhibited a reduced number of 
intrinsic defects and a slightly higher tendency for particle aggregation. 
For these materials, sonication played a pivotal role in surmounting 
these constraints by facilitating catalyst dispersion, optimizing 
pollutant-catalyst interactions, and enhancing the activation of PMS. 
Moreover, the comparatively weaker interaction between PMS and these 
aerogels, in comparison to I1ZO-CNT, permitted sonication to exert a 
more pronounced influence on ROS generation. The robust interaction 
between PMS and I1ZO-CNT, driven by its enhanced defect density, may 
have overshadowed the mechanical and mass transfer benefits provided 
by sonication, thereby further explaining the diminished relative 
impact.

This observation highlights the significance of dopant selection in 
optimizing the catalytic properties of aerogels. While I1ZO-CNT 
exhibited superior performance under all conditions due to its 
intrinsic catalytic efficiency, the performance of G5ZO-CNT and A4ZO- 
CNT could be markedly enhanced by external factors such as sonication. 
These findings illustrate the intricate interplay between material prop-
erties and activation methods in advanced oxidation processes, paving 
the way for tailored material designs for specific environmental 
applications.

In addition, the I1ZO-CNT aerogel exhibited remarkable reusability, 
as evidenced by its sustained mineralization efficiency over 10 cycles in 
degrading a 20 mg L− 1 solution containing TC (5 mg L− 1), LEV (5 mg 
L− 1), LAN (5 mg L− 1), and MB (5 mg L− 1) (Fig. 6c). Initially, the aerogel 
exhibited a high mineralization efficiency of 88.3 %, with only a slight 
decline over the initial few cycles, indicating both stability and effec-
tiveness. The efficiency remained above 86 % across all cycles, reflecting 
a robust degradation capability and suggesting that the aerogel’s active 
sites maintained their catalytic properties well under repeated use. 
Although a slight decline was observed (from 88.3 % in the initial cycle 
to 86.1 % by the tenth), this gradual reduction is likely attributable to 
minor structural changes or partial deactivation of active sites, which 
did not significantly impact performance. The results demonstrated that 
the aerogel exhibited reliability and reproducibility across cycles, with 
minimal standard deviation. In comparison to other materials that 
typically exhibit a more rapid decline in efficiency due to fouling or 
structural degradation, the I1ZO-CNT aerogel demonstrated remarkable 
reusability, suggesting that it may be a more durable option for pollutant 
degradation, particularly when consistent, long-term performance is a 
priority.

Finally, the stability and durability of the catalyst were evaluated 
through the measurement of the release of Zn and In ions into the so-
lution across ten reusability cycles. The results demonstrated that less 
than 0.3 % of the catalyst was lost as a consequence of sono-, photo-, or 
chemo-corrosion processes throughout the course of the experiment. 
The low ion release indicated that the catalyst exhibited considerable 
resilience to degradation processes, including ultrasonic cavitation 
(sonocorrosion), photodegradation under visible light exposure (pho-
tocorrosion), and chemical dissolution (chemocorrosion). Furthermore, 
FE-SEM was employed to examine the catalyst’s surface morphology 
before and after the reusability cycles. The results demonstrated that no 
morphological or architectural alterations were observed. These find-
ings reinforce the potential for long-term applications of the catalyst in 
sono-, photo-, and chemo-driven reactions.

4. Conclusions

In this study, we synthesized and characterized ZnO-based aerogels 
doped with aluminum (A4ZO), gallium (G5ZO), and indium (I1ZO), 
incorporating them with multi-walled carbon nanotubes (MWCNTs). 
Scanning electron microscopy (SEM) imaging demonstrated that the 
doping elements exerted a considerable influence on nanoparticle 

Fig. 6. Mineralization performance of A4ZO-CNT, G5ZO-CNT, and I1ZO-CNT aerogels under various conditions: (a) after 90 min using visible light, sonication, and 
PMS for a multipollutant solution containing TC (5 mg L− 1), LEV (5 mg L− 1), LAN (5 mg L− 1), and MB (5 mg L− 1); (b) after 300 min under the same conditions for a 
multipollutant solution of TC (20 mg L− 1), LEV (20 mg L− 1), LAN (20 mg L-1), and MB (20 mg L− 1). Experimental conditions: [pollutant] = 20 or 60 mg L− 1, [PMS] 
= 0.6 mM, T = 25 ◦C, catalyst dosage = 0.1 mg mL− 1. All experiments were performed in triplicate. (c) Reusability experiments for I1ZO-CNT aerogels conducted 
after 90 min under visible light, sonication, and PMS for a multipollutant solution of TC (5 mg L− 1), LEV (5 mg L− 1), LAN (5 mg L− 1), and MB (5 mg L− 1). 
Experimental conditions: [pollutant] = 20 mg L− 1, [PMS] = 0.6 mM, T = 25 ◦C, catalyst dosage = 0.1 mg mL− 1. All experiments were conducted in triplicate.
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aggregation, surface smoothness, and uniformity. The I1ZO sample 
exhibited the most spherical and least aggregated morphology, which 
can be attributed to the impact of indium on surface properties. X-ray 
diffraction (XRD) analysis demonstrated that the doped zinc oxide (ZnO) 
nanoparticles retained their hexagonal wurtzite structure across all 
aerogels. The BET analysis confirmed that the aerogels exhibited mes-
oporous structures with higher surface areas than their nanoparticle 
precursors, which is likely due to the interfacial interactions between the 
ZnO particles and the MWCNT matrix. Further insights into the role of 
each dopant in modifying ZnO’s defect density and light-emission 
properties were provided by FTIR and PL spectra. A4ZO was observed 
to exhibit the most efficient UV emission, while G5ZO and I1ZO dis-
played intensified visible emissions linked to defect-related lumines-
cence. The enhanced optoelectronic properties, tailored band gaps, and 
strong interaction between ZnO and CNTs indicate the potential of these 
composite aerogels in fields requiring high surface areas, effective 
charge transport, and specific optical behaviors.

As a final priority, the study also assessed the effective performance 
of ZnO-CNT aerogels for the degradation and mineralization of TC and 
multipollutants. The results highlighted the influence of specific mate-
rial on the photocatalytic, sono-catalytic, and chemo-catalytic effi-
ciencies under diverse activation conditions. The I1ZO-CNT aerogel 
demonstrated superior performance in TC degradation and mineraliza-
tion compared to A4ZO-CNT and G5ZO-CNT. It achieved near-complete 
degradation (97.6 %) under the effect of combined visible light, soni-
cation, and PMS treatment. This performance was attributed to the su-
perior light absorption, efficient charge separation, and effective PMS 
activation of I1ZO-CNT, which collectively enhance the generation of 
reactive oxygen species (ROS) and catalytic activity. While G5ZO-CNT 
exhibited moderate catalytic efficiency, A4ZO-CNT demonstrated infe-
rior performance, underscoring the influence of dopants on catalytic 
behavior under diverse activation conditions. In scenarios involving the 
degradation of multiple pollutants, elevated concentrations of the pol-
lutants resulted in a reduction in the overall efficiency of mineralization 
due to intensified competition for active sites. Nevertheless, I1ZO-CNT 
exhibited the highest mineralization rates, thereby demonstrating its 
resilience and potential suitability for application in actual wastewater 
environments. Furthermore, reusability trials demonstrated the aero-
gel’s stability, with I1ZO-CNT maintaining high mineralization effi-
ciencies across ten cycles. The minimal leaching of Zn and In ions (less 
than 0.3 %) and the retention of the surface morphology after repeated 
use confirmed the durability of the material.

In conclusion, the I1ZO-CNT aerogel demonstrated significant 
promise for environmental remediation, exhibiting efficient and stable 
performance across diverse treatment conditions. These findings indi-
cate that the optimization of dopant selection is essential for the maxi-
mization of degradation and mineralization efficiencies and material 
stability, particularly in complex pollutant matrices. This supports 
further research into doped aerogels for environmental applications.

CRediT authorship contribution statement

Queralt Bautista: Writing – original draft, Methodology, Investi-
gation, Data curation. Majdi Benamara: Writing – original draft, 
Visualization, Validation, Methodology, Investigation, Formal analysis, 
Data curation, Conceptualization. Shanyu Zhao: Writing – review & 
editing, Visualization, Validation, Supervision, Project administration, 
Methodology, Investigation, Funding acquisition, Formal analysis, Data 
curation, Conceptualization. Elvira Gómez: Writing – review & editing, 
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[5] D. Meroni, M. Jiménez-Salcedo, E. Falletta, B.M. Bresolin, C.F. Kait, D.C. Boffito, C. 
L. Bianchi, C. Pirola, Sonophotocatalytic degradation of sodium diclofenac using 
low power ultrasound and micro sized TiO2, Ultrason. Sonochem. 67 (2020) 
105123, https://doi.org/10.1016/j.ultsonch.2020.105123.

[6] A. Atrashkevich, S. Garcia-Segura, Engineering decentralized electrodisinfection to 
sustain consistent chlorine generation under varying drinking water chloride 
content, Appl. Catal. O Open. 195 (2024) 207012, https://doi.org/10.1016/j. 
apcato.2024.207012.

[7] P. Alulema-Pullupaxi, P.J. Espinoza-Montero, C. Sigcha-Pallo, R. Vargas, 
L. Fernández, J.M. Peralta-Hernández, J.L. Paz, Fundamentals and applications of 
photoelectrocatalysis as an efficient process to remove pollutants from water: a 
review, Chemosphere 281 (2021) 130821, https://doi.org/10.1016/j. 
chemosphere.2021.130821.

[8] Q. Tong, C. Li, G. Wang, Y. Wang, S. Peng, J. Wang, B. Lai, Y. Guo, Enhanced 
peroxymonosulfate activation by Co-bHAP catalyst for efficient degradation of 
sulfamethoxazole, J. Environ. Chem. Eng. 11 (2023) 109499, https://doi.org/ 
10.1016/j.jece.2023.109499.
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