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Abstract 

The nonsteroidal anti-inflammatory drug sodium diclofenac (DC) is an emerging water pollutant 

which resists conventional wastewater treatments. Here the sonophotocatalytic degradation of DC 

was carried out using micrometric TiO2 (both pristine and Ag-decorated), UV-A irradiation and 20 

kHz pulsed ultrasound. Sonophotocatalytic tests were compared with photolysis, sonolysis, 

sonophotolysis, sonocatalysis and photocatalysis data performed in the same conditions. A synergy 

index of over 2 was determined for tests with pristine TiO2, while values close to 1.3 were observed 

for Ag-TiO2. Reaction intermediates were studied by HPLC-MS, showing degradation mechanisms 

activated by hydroxyl radicals. Similar pathways were identified for photocatalytic and 

sonophotocatalytic tests, although the latter led to more oxidized compounds. Different reactor 

configurations (static and dynamic set ups) were studied. Sequential and simultaneous application 

of UV light and ultrasound led to similar performance. The role of water matrix was investigated 

using ultrapure and drinking water, showing marked detrimental effects of electrolytes on the DC 
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degradation. Overall, the combined treatment proved more efficient than photocatalysis alone 

especially in demanding working conditions, like in drinking water matrices.     
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1. Introduction 

The absence of guidelines and standards to detect numerous pharmaceuticals and personal care 

products (PPCPs) in wastewaters, surface and groundwater is causing increasing concerns [1]. The 

long-term effects of exposure to these compounds on human health and the environment are poorly 

understood [2]. Many of these molecules are recalcitrant to biodegradation and conventional 

wastewater treatments, leading to accumulation in the environment and bioaccumulation 

phenomena [3]. To address this problem several technologies have been considered, including 

sorption, biodegradation, photodegradation and oxidation technologies [4]. Adsorption on solids, 

such as activated carbon, can be used for the removal of numerous micropollutants in wastewater 

treatment plants (WWTPs) [5], but require the periodic regeneration of the adsorbent and simply 

transfer pollutants from the liquid to a solid phase. Biodegradation can transform undesired organic 

compounds via reactions assisted by bacteria, algae, or fungi; nevertheless, the bacteria-assisted 

biodegradation of persistent pollutants is found to be rare under aerobic conditions [6], like those 

occurring in WWTPs. The degradation promoted by direct light (near UV and visible radiation) 

shows performance strongly dependent on the pollutant absorption spectrum and, consequently, is 

limited to specific compounds suitable to be activated by light [7]. Moreover, as only some specific 

bonds in the molecules can be broken by the direct action of light, complete degradation to non-

toxic compounds is very difficult to attain. Oxidation processes are based on strong oxidizing 

agents such as hydroxyl radicals [8], ozone [9], chlorine [10] and potassium permanganate [11]. 

Advanced Oxidation Processes (AOPs) include a range of techniques that enhance the formation of 

free hydroxyl radicals, which can lead to the complete degradation of recalcitrant pollutants. 

Ozonation, heterogeneous photocatalysis with semiconductor solid particles, Fenton oxidation, and 

sonolysis are among the main AOP technologies, which can be used alone or in combination 

[12][13][14][15]. Combining has gained traction as it reduces the processing time and limits the 

formation of toxic intermediates [16] [17] [18]. 

In this context, ultrasound (US)-assisted photocatalysis represents a consolidated and largely 

investigated technique for water remediation [19] [20] [21]. The main advantage of this combined 

approach is the excellent performance in terms of pollutant degradation: cavitation can enhance the 

efficiency of photocatalysis by promoting mass transfer and by increasing the formation of radicals, 

which are the active species involved in degradation reactions [22] [23]. Moreover, in presence of 

US, the semiconductor surface is continuously regenerated in situ [24], potentially extending the 

photocatalyst lifetime. However, the occurrence of synergistic enhancements depends on several 

factors, including the nature of the pollutant (such as its volatility and hydrophilic/hydrophobic 

nature), the US frequency and power, and mass diffusion within the adopted reactor [25] [26] [27].  
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In order to evaluate the sustainability of the technology, it is crucial to consider not only the energy 

requirements and cost, but also its potential impact on the environment and public health [20]. 

Considering US-promoted photocatalysis, the energy required by US production and lamps for 

irradiation should be evaluated and referred to the amount of removed pollutant [12] [20]. 

Moreover, the nanometric size of commonly employed heterogeneous photocatalysts makes 

separation at the end of the remediation process a costly and lengthy procedure. In addition, the 

health and environmental effects of nanosized particles have come under increased scrutiny [28] 

[29]. In this regard, the use of micro-sized particles, titanium dioxide in particular, can represent a 

friendlier alternative. Bianchi et al. [30] reported similar performance of commercial nano (Evonik 

P25) and micro (Kronos 1077) TiO2 particles in the photocalyzed degradation of volatile organic 

compounds, opening a new pathway for the application of microparticles as heterogeneous 

photocatalysts. 

Another important difference between laboratory studies and real application is the adopted water 

matrix. The preferential use in laboratory tests of ultrapure water neglects the effects of electrolytes 

and common contaminants on light transmission inside the reactor, as well as competitive 

interactions with the photocatalyst surface and with the active radicals [31] [32]. 

In the vast class of emerging water pollutants, diclofenac (DC), a synthetic non-steroidal anti-

inflammatory drug (NSAD) largely used as analgesic [33], is causing growing concern due to the 

exponential growth in its usage, its inefficient removal by WWTPs (which causes almost 75% of 

the used DC to enter surface waters and soil [34]), and its environmental persistence related to its 

hydrophilicity and chemical stability [35]. Diclofenac and its metabolites have been shown to be 

ubiquitous in nearly all water and soil environmental compartments and the biota [35]. Moreover, 

diclofenac represents a challenging case study for US-assisted photocatalysis, as previous works 

have reported only a slight synergistic enhancement in the degradation of the parent compound 

accompanied by a detrimental effect on the overall mineralization [16] [36].  

In this context, the present study focuses on the degradation of sodium diclofenac by US-assisted 

photocatalysis using low power, low frequency, pulsed sonication and microsized TiO2 

photocataysts (both pristine and promoted with Ag). Different reactor configurations were 

considered along with the effect of water matrix, employing both ultrapure and drinking water. It 

should be noted that previous studies used conditions largely different with respect to those adopted 

in the present work, in particular for what concerns US parameters and TiO2 particle size. Our 

results support substantial synergistic effects of DC removal using low frequency sonication. 

Moreover, the study of transformation products revealed a beneficial effect of the ultrasound-
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assisted process on the DC degradation, especially when demanding tests conditions (like real water 

matrices) are employed.  

 

2. Materials and Methods 

Diclofenac sodium (≥99%) was purchased from Sigma-Aldrich (Germany). HPLC-grade 

acetonitrile was provided by Fischer Scientific and formic acid (98%) by Sigma-Aldrich. 

Micrometric TiO2 was used as photocatalyst: Kronos 1077, which is pure anatase TiO2 with an 

average crystallite size of 110 nm, was used either in its pristine form (labeled as TiO2 in this paper) 

or upon decoration with Ag nanoparticles (labeled as Ag-TiO2 in the text) using a procedure 

previously reported [37] based on TiO2 impregnation by electrochemically synthesized Ag 

nanoparticles, followed by calcination at 400 °C. A full characterization of both TiO2 and Ag-TiO2 

has been previously reported [37]. 

Tests were carried out either in ultrapure water (doubly distilled water passed through a milliQ 

apparatus) or in drinking water from the Milan water supply network (sampled from September to 

December 2019); a representative drinking water composition is reported in Table 1.  

 

Table 1. Main physicochemical parameters of tap water used in DC degradation tests (source: 

Metropolitane Milanesi)  

parameter average value 

pH 7.6 

total dissolved solids 376 mg L-1 

hardness 30 °fH 

conductivity (at 20°C) 579 μS cm-1 

Ca2+ 85 mg L-1 

Mg2+ 18.9 mg L-1 

Cl- 33 mg L-1 

SO4
2- 52 mg L-1 

Na+ 19 mg L-1 

HCO3
- 223 mg L-1 

NO3
- 30 mg L-1 

residual chlorine 0.01 mg L-1 

 

2.1 Degradation test setup and procedure 
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Degradation tests by sonolysis, photolysis, photocatalysis and US-assisted photocatalysis were 

performed using different experimental configurations, reported in Figure 1. Figure 1a shows a 

conventional batch setup where US and UV irradiation could be simultaneously performed. We will 

label as “static” the runs conducted using the configuration in Figure 1a. Alternatively, two separate 

reactors were employed and the reaction mixture was continuously recirculated from one reactor to 

the other by a pump: tests carried out with this configuration will be labeled as “dynamic” runs. 

When the sonication and light irradiation were performed in different reactors, the dynamic 

configuration will be named as “type I” (Figure 1b), whereas when  the US horn was placed in the 

same reactor where UV irradiation took place, the dynamic setup will be called “type II” (Figure 

1c).  

 

 

Figure 1. Experimental setups for DC degradation tests: static runs configuration (a), type I 

dynamic configuration (b) and type II dynamic configuration (c).  

 

Degradation experiments were carried out at 45°C and spontaneous pH (initial value ca. 5.5). It 

should be noted that the average temperature of water inlet in wastewater plants is ca. 20 °C; 

however, the water temperature in wastewater plants can vary greatly, also depending on the type of 

applied treatment. In the case of photocatalytic plants, higher temperatures have been reported, 

sometimes even higher than 40 °C [38] [39]. As previous reports have highlighted a role of the 

reaction temperature on photocatalytic [40] and sonophotocatalytic [41] degradation of pollutants, 

with optimal temperature in the range 20-30 °C, we are here testing quite demanding reaction 

conditions which could however occur in WWTPs.  
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During all of the performed tests, a constant stirring was maintained via a magnetic stirrer. 

Magnetic stirring was required to ensure a sufficient mixing of the system to avoid diffusion 

limitations and to maintain the micrometric catalyst in suspension. Diffusion limitations were 

excluded by running experiments using different stirring rates which yielded comparable results. 

Reproducibility was evaluated by repeating each test twice. 

 A 0.1 g/L photocatalyst load was suspended either in 600 mL (static tests) or 2 L (dynamic tests) of 

a 25 ppm sodium diclofenac (DC) solution, prepared either in ultrapure or drinking water.  

During photolysis, photocatalytic and sonophotocatalytic tests, light irradiation was provided by a 

UV-A lamp (halide lamp, 500 W, 320-400 nm, effective power density of irradiation 35 W m-2).  

During sonolysis and sonophotocatalytic tests, a 20 kHz ultrasonic processor (VibraCell VCX 500, 

Sonics and Materials) was placed on top of the reactor and the 136 mm-long US probe was 

immersed into the reaction liquid, avoiding contact with the reactor walls. A 13 mm-diameter 

titanium alloy (Ti-6Al-4 V) tip was used. Tests were carried out using pulsed sonication, adopting 5 

s pulses separated by 5 s intervals. The effective US power was measured by calorimetric 

calibration, as discussed in Section 3.1.  

For monitoring DC depletion and transformation products (TPs) during degradations, aliquots were 

withdrawn at time intervals, filtered (nylon 0.22 µm) and analyzed by ultra-performance liquid 

chromatography (UPLC) using a Ultimate 3000 system (Thermo Fisher Scientific) equipped with 

an autosampler, temperature-controlled column compartment and UV detector as a 

chromatographic system that was interfaced with a Thermo Fisher LCQ Fleet ion trap mass 

spectrometer (MS) with an electrospray ionization source (ESI). The chromatographic separation of 

the organic mixtures was performed at 30°C and with a 0.25 mL/min flow, by injecting 20 L 

samples. The separation column was a Zorbax RX-C18 (2.1 x 150 mm - 5 μm column) and elution 

was carried out with a binary gradient consisting of H2O + 0.1% HCOOH (A) and CH3CN + 0.1% 

HCOOH (B). The gradient started from 30% B and increased to 50% B in 15 min. After 5 min (25 

min) phase B reaches 60% and 100% at 25 min. Finally, the chromatographic system was 

reconditioned in 5 min. The MS interface conditions for sample acquisition were the following: 

heater temperature 150 °C, sheath gas flow rate (arb) 20, auxiliary gas flow rate (arb) 10, sweep gas 

flow rate (arb) 10, spray voltage negative mode 3.50 kV, capillary temperature 275 °C, capillary 

voltage -10 V, tube lens -10 V, m/z range 50–500 Da.  

A toxicology assessment of the degradation intermediates was performed using the Toxtree 

software (v3.1.0.1851) according to Cramer rules with extensions. 

 

3. Results and discussion 
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3.1 Ultrasound power calibration 

The power of ultrasound released to the reacting media is a key parameter for US assisted reactions 

and processes. The reproducibility of experimental runs and the estimated energy consumption of 

the process are strongly dependent on this parameter. In order to take into account the energy 

efficiency of the used sonicator, power calibration is required for an accurate definition of the 

output power. Among the different calibration methods [42], the calorimetric approach is one of the 

easiest and most accurate [43]. In this work, the calibration of our 20 kHz US processor was 

performed according to a literature procedure [43], based on the temperature increase of a weighted 

amount of ultrapure water as a function of sonication time. Figure 2a reports the calibration curves 

for three different amplitudes (20, 30, 40%) and the resulting dependence of the US output power 

on the instrument amplitude is shown in Figure 2b. 

 

 

Figure 2. a) Calibration curves for three different amplitudes: 20 (circles), 30 (squares), and 40% 

(triangles); b) dependence of the US output power (W) on the instrument amplitude. 

 

The power released by the ultrasound in the water results in a linear increase in the temperature of 

the calibration reactor (Fig. 2a). This trend is linear if the instrument is working in stationary 

conditions (i.e. a warm up period is required before the calibration) and if a small increase of 

temperature is considered [43]. The US power emitted from the horn, which differs from the power 

taken from the electric grid due to the instrument efficiency, increases by increasing the US 

amplitude of the instrument. US amplitude is an arbitrary unit of the sonicator, while the emitted 

power determined by calibration is an independent characteristic of the experimental setup. 

All of the DC degradation tests involving US irradiation were carried out using a 40% amplitude, 

hence a US output power of 23 W. 

 

3.2 Static degradations of sodium diclofenac using Kronos TiO2 



9 
 

DC degradation tests by different AOPs were carried out on the static setup: sonolysis (labeled as 

US), photolysis (UV), ultrasound-assisted photolysis (UV-US), photocatalysis (TiO2-UV), 

sonolysis in the presence of the photocatalyst (TiO2-US), and ultrasound-assisted photocatalysis 

(TiO2-UV-US). The relative DC disappearance curves of tests in ultrapure and drinking water are 

reported in Figure 3a and 3b, respectively. 

 

 

Figure 3. DC disappearance curves during degradation tests on a static setup in a) ultrapure water 

and b) drinking water; average standard deviation is 2% for tests in ultrapure water and 4% for 

tests in drinking water; C0 = 25 ppm, 0.1 g/L of TiO2 photocatalyst, 20 kHz and 23 W pulsed 

sonication. 

 

All of the degradations follow a pseudo-first order kinetics. A summary of the kinetic data in 

ultrapure and drinking water is reported in Table 2. The synergy index of combined treatments was 

calculated according to the equations [22]: 

𝑆𝑦𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑑𝑒𝑥 (𝑇𝑖𝑂2 − 𝑈𝑉 − 𝑈𝑆) =  
𝑘 (𝑇𝑖𝑂2 − 𝑈𝑉 − 𝑈𝑆)

𝑘 (𝑇𝑖𝑂2 − 𝑈𝑉) + 𝑘 (𝑇𝑖𝑂2 − 𝑈𝑆)
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𝑆𝑦𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑑𝑒𝑥 (𝑈𝑉 − 𝑈𝑆) =  
𝑘 (𝑈𝑉 − 𝑈𝑆)

𝑘 (𝑈𝑉) + 𝑘 (𝑈𝑆)
 

 

Table 2. Pseudo-first order rate constants, k, the relative correlation coefficient of linear 

regression, and synergy index (where applicable) of DC degradation tests carried out in ultrapure 

and drinking water on a static setup.   

degradation  

test 

ultrapure water drinking water 

k  

(∙ 10-3 min-1) 
R2 

synergy  

index 
k  

(∙ 10-3 min-1) 
R2 

synergy  

index 

US 0.13 ± 0.01 0.939 - 0.24 ± 0.06 0.790 - 

TiO2-US 0.43  ± 0.07 0.824 - 0.13  ± 0.05 0.259 - 

UV 3.4 ± 0.1 0.989 - 2.27  ± 0.08 0.995 - 

UV-US 3.2  ± 0.1 0.994 0.91 2.2  ± 0.2 0.972 0.92 

TiO2-UV 15 ± 1 0.971 - 4.7  ± 0.1 0.996 - 

TiO2-UV-US 34 ± 3 0.980 2.20 9.7  ± 0.3 0.993 2.01 

Ag-TiO2-UV 33 ± 1 0.992 - 5.0  ± 0.1 0.997 - 

Ag-TiO2-UV-US 46 ± 1 0.996 1.38 6.4  ± 0.3 0.986 1.25 

 

Figure 3 shows that the depletion of DC due to sonolysis (US) is almost negligible, irrespectively of 

the water matrix. This result can be rationalized considering the low US frequency here adopted (20 

kHz), which leads to a low number of formed cavitation bubbles [44]. When sonication is carried 

out in the presence of the photocatalyst (TiO2+US), DC degradation in ultrapure water shows a 

slight improvement. It should be noted that dark adsorption tests in both ultrapure and drinking 

water led to a negligible DC disappearance after 360 min. In the literature, mixed results have been 

reported on the effect of oxide addition during sonolytic degradation of diclofenac [16] [45]. Oxide 

micro-pores can act as cavitation nuclei [46], slightly promoting pollutant removal [45]. 

Conversely, other authors have reported detrimental effects of oxide addition, which were attributed 

to lower cavitation activity caused by acoustic waves scattering by solid particles [16]. In the 

present case, the slower build up of the main degradation intermediate (see Section 3.4) observed 

upon TiO2 addition, along with the slight detrimental effect of TiO2 on the DC removal rate 

constant in drinking water, seem to support a loss of cavitation activity ensuing the oxide 

supplementation.  

Photolysis (UV) leads instead to a higher pollutant removal in both the considered water matrices, 

leading to over 50% DC disappearance after 360 min of irradiation. DC has been reported to be 

susceptible to photolysis, due to its light absorption in the UV-A region and relatively high quantum 
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yield [47] [48]. By comparing tests in ultrapure and drinking water, a detrimental effect of 

electrolytes and other contaminants is appreciable, resulting in a 10% decrease in the total DC 

disappearance. Previous studies about UV-A photolysis of DC in various water matrices have often 

shown a beneficial effect of complex matrices like wastewaters [49] [50], which is generally 

attributed to the presence of dissolved organic matter and nitrates acting as photosensitizers [51]. 

However, in the present study, our complex water matrix (drinking water) presents a low content of 

dissolved organic compounds, whereas the radical scavenging effect of inorganic anions (chlorides, 

carbonates, sulfates) appears to be prevalent [51]. Combining sonication to photolysis (UV-US) 

leads to a slight detrimental effect, as also testified by the synergy index < 1.  

The addition of the TiO2 photocatalyst greatly promotes the DC disappearance, leading to a five-

fold increase in the rate constant for photocatalytic tests (TiO2-UV) with respect to photolysis, in 

agreement with previous reports [52]. A complete disappearance of the parent compound is 

observed in about 120 min of irradiation. It is noteworthy that previous reports about photocatalytic 

degradation of DC using micrometric TiO2 showed much lower performance, especially with 

respect to nanometric photocatalysts [53]. In the present case, competitive performance in terms of 

DC removal is observed using commercial micro TiO2.  

As observed in photolysis tests, the use of a real water matrix markedly decreases DC degradation. 

The effect of the water matrix on photocatalytic activity is even more striking than in the case of 

photolysis tests: an almost 70% drop in the rate constants is observed when drinking water is used 

in photocatalytic tests, to be compared with a 30% decrease in photolysis runs. The detrimental role 

of inorganic salts on photocatalysis has been widely reported [32], also in the case of diclofenac 

degradation [51]. In particular, previous studies on the photocatalytic degradation of DC in different 

water matrices have shown almost comparable negative effects of largely different matrices such as 

wastewaters and drinking water [54] [53]. This observation supports a main negative role of 

electrolytes. Indeed, inorganic salts can block active sites at the photocatalyst surface, as well as 

compete for free radicals. Moreover, the increase in ionic strength can also induce agglomeration of 

the photocatalyst reducing the available surface area. 

By combining sonication and photocatalysis (TiO2-UV-US), a further enhancement of the DC 

removal is here observed: the complete disappearance of the molecule is observed in ca. 80 min. By 

analyzing the rate constants, synergistic effects can be determined between the two combined 

AOPs. On the grounds of the rate constant values reported in Table 2, a synergy index of 2.20 was 

calculated for the DC disappearance in the ultrasound-assisted photocatalytic process using Kronos 

TiO2. This value compares favorably with literature studies on DC degradation by 

sonophotocatalytic processes: Bagal and Gogate reported a synergy index of 1.43 [36] using 



12 
 

hydrodynamic cavitation and nanometric anatase-rutile TiO2, while Madhavan et al. reported a 

value of 1.3 [16] employing 213 kHz continuous sonication and P25 TiO2 with a specific power in 

the range 15-55 mW/mL. Our experimental runs have been conducted using US with similar low 

specific power (0.038 mW/mL), but using a frequency largely lower (20 kHz). In this respect, it 

should be noted that previous reports highlighted a role of the sonication frequency on the synergy 

of sonophotocatalytic processes [44]. In particular, more marked synergistic effects were observed 

using low frequency sonication, as the one adopted in the present study.  

The occurrence of synergistic effects in the degradation of DC by sonophotocatalysis has been 

mainly attributed to the multiple available pathways for H2O2 scission, produced either via 

photocatalysis or sonolysis [16], which can give rise to highly reactive hydroxyl radicals [44]. This 

hypothesis is supported, in the present case, by the identified reaction intermediates (see Section 

3.4).The addition of electrolytes in the water matrix does not significantly alter the synergy index of 

the combined process, which remains higher than 2. It is noteworthy that, when the water matrix is 

changed, a 70% decrease in the rate constant of DC disappearance is observed for the combined 

process, similarly to what observed for the sole photocatalysis. This indicates that ultrasound-

assisted processes do not interfere with the electrolyte-induced detrimental effects on the reaction 

kinetics. 

 

3.2 Dynamic set-ups 

The role of the experimental setup on the ultrasound-assisted process was investigated by 

comparing two different reactor configurations, where the UV irradiation and sonication treatment 

could be performed either simultaneously or sequentially. Tests were carried out using two reactors 

where the reaction mixture was recirculated continuously: UV and US treatment were performed in 

different reactors (type I) or in the same reactor (type II); in the latter setup, the second reactor was 

used only for recirculating the suspension. As a result, in both of the dynamic setups, each milliliter 

of suspension was subjected to light irradiation for less than half of the overall run time and 

analogously to sonication for less than half of the overall run time. Consequently, the observed DC 

removal rate are lower than for the static setup and direct comparisons can be made only between 

the two dynamic setups. Moreover, all the main operative parameters are different between static 

and dynamic tests. The size, shape and fluid-dynamic behavior of dynamic reactors are different. 

The propagation and the intensity of US and UV are totally modified too. For this reason, this study 

aims at comparing mainly the role of the UV and US source locations in dynamic configurations.  

Figure 4 reports the DC disappearance curves of ultrasound-assisted photocatalytic tests performed 

using dynamic set-ups in both ultrapure and drinking water. As in the static degradations, the DC 
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depletion in ultrapure water is faster than in drinking water. Degradation curves of the two set-ups 

are fully comparable. This result demonstrates that the kinetic rate of the degradation reaction is not 

dependent on the used configuration. In other words, US and UV can be applied in the same site or 

in different points of the reactor without changing the degradation performance. Then, the active 

species do not require the simultaneous local presence of UV and US source action. This result is 

important for future scale up considerations of the technology.  

 

 

Figure 4 – DC disappearance during dynamic tests in ultrapure (UW) and drinking water (DW). 

The average estimated standard deviation is below 2%. 

 

3.3 Static degradation tests of sodium diclofenac using Ag-decorated TiO2 

Promotion with noble metal nanoparticles is a strategy often adopted in photocatalysis to enhance 

the performance due to plasmonic effects and charge carrier dynamics [55]. Some of us have 

recently reported highly beneficial effects of the promotion of micrometric TiO2 with Ag colloidal 

particles towards the gas-phase degradation of acetone [56]. In the present study, we compared the 

photocatalytic and sonophotocatalytic activity of pristine and Ag-promoted micro TiO2 towards the 

degradation of DC. Figure 5 compares the DC removal curves of both catalysts in photocatalytic 

and ultrasound-assisted tests in ultrapure and drinking water.  The relative kinetics data are reported 

in Table 2, along with the calculated synergy indexes. 
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Figure 5 – Comparison of the performance of pristine TiO2 (a) and Ag-TiO2 (b): DC disappearance 

curves in photocatalytic and ultrasound-assisted photocatalytic tests in ultrapure (UW) and 

drinking water (DW).  

 

The addition of Ag particles, on the one hand, promotes the DC degradation in ultrapure water, 

leading to a 120% and 35% increase in the DC removal rate for photocatalytic and ultrasound-

assisted photocatalytic processes, respectively. On the other hand, tests in drinking water show 

comparable performance or even negative effects upon Ag-decoration of TiO2. This is in good 

agreement with literature reports showing that electrolytes commonly present in drinking water 

(sulfates, carbonates and bicarbonates) can cause detrimental effects on the photocatalytic activity 

of Ag-decorated TiO2 [57] [58]. 

Moreover, while a beneficial effect of sonication can be observed for both photocatalysts, tests with 

Ag-TiO2 exhibit more limited enhancements due to the coupled process with respect to pristine 

TiO2. This observation is irrespective of the adopted water matrix. As a result, lower synergy 

indexes are determined for ultrasound-assisted photocatalytic tests with Ag-TiO2 (Table 2), showing 
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values more similar to literature reports using nano TiO2 and conditions of high cavitation activity 

[16][36].  

It should be noted that a role of the photocatalyst chemical nature on synergistic phenomena in 

sonophotochemical reactions has been previously reported: Madhavan et al. reported large 

differences in the synergy index of sonophotochemical DC degradation using photocatalysts of 

different composition [16]. In the present case, the addition of Ag seems to interfere with the 

mechanisms responsible for the synergistic enhancement. In this respect, TiO2 decorated with 

silver-based nanoparticles can be used to produce H2O2 as noble metals favor the photocatalytic 

reduction of O2 to H2O2 and Ag limits the catalytic degradation of H2O2 at the TiO2 surface [59]. 

Hence, the addition of Ag nanoparticles could decrease the (photo)catalytic scission of H2O2 

generated by sonication, limiting the synergistic enhancement of the combined treatment. 

According to this hypothesis, a similar effect should be observed also in drinking water. However, 

the anions present in drinking water (i.e., chlorides, bicarbonates, sulfates) could give rise to 

competitive adsorption at the Ag surface itself, likely erasing the beneficial effects observed using 

Ag-TiO2 in ultrapure water.  

 

3.4 Identification of  Transformation Products and DC degradation pathways 

The identification of possible transformation products (TPs) arising from incomplete DC 

degradation was carried out by UPLC/ESI-MS in negative mode. For the identification of 

chlorinated compounds, the characteristic isotopic pattern at M and M+2 with a 3 : 1 relative 

intensity was observed for analytes with one chlorine atom, whereas products containing two 

chlorine atoms were recognized by the characteristic isotopic pattern at M, M+2 and M+4 with 

relative intensities in a ratio 9 : 6 : 1. Table 3 lists the main intermediates observed during DC 

degradation tests by sonolysis, photocatalysis and ultrasound-assisted photocatalysis.  
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Table 3. Identified transformation products of diclofenac by sonolysis, photocatalysis and 

ultrasound-assisted photocatalysis using TiO2 and Ag-TiO2, along with their toxicity class 

according to Cramer rules with extensions [60] [61]. 

 

Product 

code 

m/z  

[M-H]- 

Elemental 

composition 
Proposed structure Refs. 

Toxicity 

class  

DC 294 C14H11Cl2NO2 

 

[62] III 

TP1 276 C14H12ClNO3 

 

 III 

TP1_bis 276 C14H12ClNO3 

 

- III 

TP2 258 C14H12ClNO2 

 

[62]  

[48]  

[63] 

[64] 

[65] 

 

III 

TP3 240 C14H11NO3 

 

[62] 

[63] 

[65] 

 

III 

TP4 310 C14H11Cl2NO3 

 

 

[62] 

[66] 

[67] 

[68] 

[16]  

[69] 

III 
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TP4-bis 310 C14H11Cl2NO3 

 

[66] 

[67] 

[68] 

[16]  

[69] 

[62] 

 

III  

TP5 324 C14H9Cl2NO4 

 

[48] III 

TP6 249 C13H11Cl2N 
NH

CH3Cl

Cl  

[64] III 

TP7 242 C14H13NO3 

 

- III 

TP8 309 unknown unknown - III 

 

Most of the identified compounds are in good agreement with literature reports of DC degradation 

intermediates (see Table 3, column 5). Moreover, in the ultrasound-assisted tests, a few not 

previously reported transformation products were observed (TP7-8); for the former, the elemental 

composition and structure is here proposed, even though further investigations by high resolution 

MS analyses are needed to confirm the present hypothesis.  

By analyzing the identified TPs for photocatalytic and ultrasound-assisted photocatalytic tests, the 

DC degradation can be proposed to proceed via the main pathways reported in Figure 6. It should 

be noted that our results support similar reaction pathways for photocatalytic and ultrasound-

assisted photocatalytic DC degradation.    
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Figure 6. Proposed main pathways of DC degradation by photocatalysis and ultrasound-assisted 

photocatalysis. 

 

Figure 6 shows that oxidation is one of the major degradation mechanisms, as confirmed by the 

identification of TP1 and TP4, and in good agreement with the literature about photocatalytic and 

sonolytic DC degradation [62]. In particular, hydroxyl radicals seem to play a major role, 

supporting the proposed mechanism of synergistic enhancement. The TP4 and TP4bis species are 

likely the result from the addition of •OH radicals to the aromatic rings (pathway A), whereas TP1 

and TP1_bis can occur via the displacement of a chlorine substituent by a hydroxyl radical 

(pathway C).  It is noteworthy that, during sonolysis experiments, the only intermediate detected in 

appreciable amounts was TP4, supporting a reaction mechanism driven by cavitation-generated 

hydroxyl radicals. On the contrary, TP4 was not appreciable during photolysis tests.  

Among the other transformation products detected during photocatalytic and ultrasound-assisted 

photocatalytic tests, TP5 presents two hydrogen atoms less that TP4, supporting the formation of a 

benzoquinone imine (pathway B), in agreement with the literature [62]. The TP2 species could 

result from the loss of a chlorine substituent in DC, causing a cyclization reaction that leads to the 

formation of a carbazole ring (pathway D). The displacement of the remaining chlorine atom in the 

TP2 species by a hydroxyl radical can be responsible for the TP3 formation, as supported by a 18 

Da mass decrease from TP2 to TP3 (pathway E). The TP6 intermediate could be obtained directly 

by DC via the decarboxylation [64]. The formation of TP7 can instead occur from TP1bis by loss of 

chlorine, analogously to photolysis mechanisms reported for DC [48]. 

DC

TP3TP2

or

TP4

TP5

TP4_bis

A

B

C

D

E

or
TP1

TP1_bis
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It should be noted that all of the detected transformation compounds still belong to the high toxicity 

class (Table 3, column 6) estimated according to the Cramer rules with extensions. Indeed, the 

toxicity of initial transformation products of DC during AOPs [67] [69], like hydrodiclofenac 

isomers [35], has been widely reported. However, the overall toxicity of the reaction mixture 

decreases upon further degradation, as a result of the loss of heteroatoms from the initial 

chloroderivatives [69].   

Most of the detected TPs showed a bell-shape trend, while in some cases a constant increase during 

the reaction time was observed. This is clear by considering the evolution trends of TP4 and TP1 

(Figure 7). 

 

 

Figure 7 - Evolution trend of selected intermediates, (TP4) (a,c) and (TP1) (b,d), during sonolysis, 

photocatalysis and ultrasound-assisted photocatalysis tests in ultrapure water, UW (a,b) and 

drinking water, DW (c,d). 
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Figure 7a,c shows that TP4 exhibits a bell-shaped time profile in most of the photocatalytic and 

sonophotocatalytic tests. Only in the sonolysis tests, a constant increase is appreciable with time, 

which is indicative of a slower reaction kinetics, in good agreement with DC disappearance rate 

constants. The second considered transformation product, TP1, shows instead a constant increase in 

time during photocatalytic and sonophotocatalytic tests, whereas it is absent in sonolysis runs 

(Figure 7b,d).  

By comparing panels a,b with c,d in Figure 7, the role of the water matrix can be appreciated: tests 

in drinking water show broader bell-shaped profiles for TP4 and a slower or absent build up of TP1, 

indicative of an overall slower reaction kinetics. In this respect, it should be noted that the y-axis 

scale in panel b (tests in drinking water) has a maximum value of 25, which is half than the relative 

value in panel b (tests in ultrapure water). 

The role of the photocatalyst on the intermediate time profiles can also be discussed. Ag-promoted 

TiO2 shows, in tests in ultrapure water, TP profiles indicative of a faster DC degradation with 

respect to pristine TiO2 (shorter degradation time of TP4, faster build up of TP1). On the other 

hand, tests in drinking water exhibit no clear winner in terms of the most performing photocatalyst, 

with both TiO2 and Ag-TiO2 presenting similar TP time profiles. These observations mirror the DC 

removal rates discussed in Section 3.3.  

Most interestingly, the effect of the combined treatment on the time profile of TPs can be 

appreciated in Figure 7. The TP time profiles of tests using pristine TiO2 in ultrapure water confirm 

a faster DC degradation during the ultrasound-assisted photocatalytic process, especially in terms of 

the TP4 trend. Conversely, comparable performance are observed for photocatalytic and 

sonophotocatalytic tests using the Ag-decorated sample in UW. In tap water, both photocatalysts 

exhibit instead a clear beneficial effect of the ultrasound-assisted process with respect to the sole 

photocatalysis, as shown by the faster degradation of TP4 and by the clear increasing trend of TP4, 

the latter absent in the photocatalytic tests. These observations are also supported by the 

identification of numerous highly oxidized TPs (TP3, TP5, TP7, TP8) during ultrasound-assisted 

photocatalytic tests, which are instead barely appreciable or absent using only photocatalysis. We 

can thus conclude that the synergistic effects of sonophotocatalysis extends beyond the DC 

removal, leading to a faster degradation of prominent intermediates. Moreover, combining 

sonication to the photocatalytic degradation of DC is a profitable alternative whenever the 

photocatalysis alone is sluggish, due to the inherent activity of the photocatalyst or to demanding 

working conditions, like in real water matrices.     

 

 



21 
 

4. Conclusions 

The degradation of DC by a sonophotocatalytic approach using micrometric TiO2 and pulsed, low 

frequency ultrasound was here investigated. The combined method provides marked synergistic 

enhancements in terms of DC removal, especially when pristine TiO2 is adopted. With respect to 

the literature, the present results favorably compare with previous reports both in terms of synergy 

index as well as of photocatalytic performance using micrometric TiO2.  

The synergism between the two combined AOPs could be related to the sonolytic formation of 

H2O2 and its subsequent scission in reactive hydroxyl radicals at the photocatalyst surface. In this 

respect, reaction intermediates identified by UPLC-MS analyses supported a main role of hydroxyl 

radicals in the sonophotocatalytic degradation pathways.    

The time profiles of the main transformation products support a beneficial effect of the combined 

treatment also at later stages of the degradation reaction, which is a crucial aspect given the high 

toxicity of the initial reaction intermediates. These effects are more marked when the less 

performing photocatalyst (pristine TiO2) is employed or for tests in a real water matrix. 

Tests in a real-life drinking water matrix highlighted the detrimental role of ubiquitous inorganic 

anions on the photocatalytic and sonophotocatalytic performance. In this respect, tests in ultrapure 

water (the default water matrix in most literature studies) proved misleading when the actual 

performance in complex matrices were to be evaluated: not only the DC degradation rate varied in 

absolute terms but also opposite trends emerged in comparative studies between different 

photocatalysts, as shown by the comparison of pristine and Ag-decorated TiO2.  

Overall, the presently adopted combined approach showed promising performance and it can 

represent a viable strategy, in terms of energy cost and environmental impact, to conventional 

sonophotocatalytic setups using high frequency US and nanometric photocatalysts. 
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