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A B S T R A C T   

The study consists of a detailed investigation of the degradability of the emerging water contaminant-caffeine by 
homogeneous and heterogeneous Advanced Oxidation Processes (AOP’s), estimation of a synergy index for each 
hybrid operation thereof, and proposing the most plausible reaction mechanisms that are consistent with the 
experimental data. It also encompasses evaluation of the effect of the water matrix represented by carbonate 
species and humic acids, as strong scavengers of hydroxyl radicals. The results showed that single AOP’s such as 
sonolysis (577 kHz) and photolysis with H2O2 provided complete caffeine elimination, but they were insufficient 
for the mineralization of the compound. Hybrid AOP’s were considerably more effective, particularly when 
operated at a heterogeneous mode using commercial TiO2. The most effective hybrid process was UV-H2O2/TiO2, 
which provided more than 75% TOC decay at the minimum test doses of the reagent and catalyst. While the 
addition of ultrasound to the process significantly increased the rate of caffeine decomposition, it reduced the 
overall degradation of the compound to 64% in terms of TOC decay. The antagonistic effect was attributed to the 
formation of excess H2O2, and the presence of cavity clouds and/or high density layers that inhibited the 
transmission of UV light. The effect of natural water ingredients was found to reduce the reaction rates, signi-
fying the major contribution of hydroxyl radicals to the destruction of caffeine. The proposed reaction mecha-
nisms based on OH radical attack and the calculated energy barriers were in good agreement with the 
experimentally detected reaction byproducts.   

1. Introduction 

Caffeine is a common compound of PPCP’s and an ingredient of 
coffee, tea, chocolate, cocoa and beverages; while it is widely used in the 
production of prescription medicines and personal care products [1]. 
Upon consumption, the compound and/or its metabolic byproducts are 
readily discharged (via wash water and excretion) into sewage treat-
ment facilities with low biodegradability. Hence, caffeine is not only 
detected frequently in effluents of wastewater treatment operations, but 
also in soil, groundwater and fresh water systems [2]. Lately, the pres-
ence of caffeine in the water environment has been a serious environ-
mental and public concern, due to its toxic effects to aquatic organisms, 
and potential health threat to humans as hyperactivity and cardiovas-
cular diseases [3]. Consequently, a lot of research has been lately 
focused on finding effective processes that control the discharge and/or 

the presence of caffeine in water supply systems. 
Studies on the elimination of caffeine from water have shown that 

the most effective prorcesses are adsorption [4,5], advanced biological 
treatment [6] and homogeneous or heterogeneous advanced oxidation 
processes (AOP’s) using ozone, UV, Fenton’s reagent, and semi-
conductors such as TiO2 [7-9]. AOPs are based on the in-situ production 
of hydroxyl radicals (•OH) using UV irradiation and/or chemical re-
agents such as ozone ozone [10,11], H2O2 [12,13], Fenton reagents 
[14,15] and TiO2 [12,16]. A less common method of •OH generation in 
water is ultrasonication or sonolysis, which has been recognized as a 
green method due to the unique properties of ultrasound for producing 
radical species without the use of chemical reagents [17]. The phe-
nomenon is based on nucleation, growth and the violent collapse of 
acoustic cavity bubbles that result in thermal decomposition of water 
and organic molecules entrapped in the bubbles [18]. Some of the 
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radicals produced during the collapse phase recombine at the cooler 
bubble interface to yield water and hydrogen peroxide, which may also 
contribute to the oxidation of some organic chemicals [18,19]:  

H2O + ))) → •OH + •H                                                                    (1)  

•OH + •OH → H2O2                                                                        (2)  

H• + HO• → H2O                                                                            (3) 

Combined or hybrid applications of AOP’s have been lately found 
promising for the degradation of recalcitrant organic compounds, owing 
to the production of excess •OH and additional oxygenated species such 
as peroxyl and superoxide radicals (•–O2H, •O2

–), which although more 
selective than •OH are also very powerful oxidizing agents [20]. Most 
commonly used lab-scale hybrid AOP’s for the degradation of caffeine in 
water are ozonation with UV and H2O2 [21], electrochemical oxidation 
with UV and/or ultrasound [22], and US-assisted catalytic oxidation 
using composites of metallic particles as TiO2, CdS and CeO2 [23–25]. 

The objective of this research was to assess the effect of hybrid AOP’s 
on the oxidation and mineralization of caffeine, which has lately been 
recognized as an emerging water pollutant. The test processes comprised 
of sonolysis at 577 kHz, UV-photolysis at 254 nm (with or without 
H2O2), photocatalysis with TiO2, and combinations thereof. The 
assessment was based on the rate of caffeine degradation and the degree 
of carbon mineralization, as determined by the analysis of total dis-
solved organic carbon (TOC). The study also covers estimation of a 
synergy index for each hybrid process, and modeling of •OH and H2O- 
mediated reactions to propose the most probable reaction mechanisms 
for the formation of intermediate products that are consistent with the 
experimentally detected ones. The work is novel, for there are no similar 
studies in the literature reporting the degradation of caffeine by hybrid 
AOPs assisted by high-frequency ultrasound, nor any others on 
computational modeling of the reaction mechanisms and comparison of 
the predicted oxidation byproducts with the experimentally detected 
ones. 

2. Materials and methods 

Caffeine was obtained from Doğa İlaç, Turkey with 99% purity and 
used as received. The structure and properties of the compound are as 
given [26,27]: 

MW = 194.2 g mol− 1 

pKa = 14 
Kow = 0.01 
Solubility = 21.6 g L− 1 

EC50 (D. Magna) = 182 mg L− 1 

HPLC grade methanol, reagent grade HCl, NaOH, H2SO4, H2O2, 
NaCO3, KI, ammonium molybdate tetrahydrate and KHP were all pur-
chased from Merck, Istanbul and used in the analysis of caffeine, pH 
adjustment, H2O2 analysis and TOC calibration, respectively. Aeroxide 
TiO2 (P25) was obtained from Evonik Industries, Germany. Technical 
grade humic acid sodium carbonate were obtained from Aldrich, 
Istanbul. Both chemicals were dissolved in ultrapure water to prepare 
stock solutions of 1000 mg L− 1. Samples were prepared from the stocks 
by filtation through 0.45 µm followed by dilution. 

2.1. Experimental 

A stock solution of caffeine was prepared by dissolving 1.0 g of the 
compound in 1 L of ultrapure water (Milli-Q) via magnetic stirring for 2- 
h. The solution was kept at 4̊C in the dark for use in making the samples. 
The adsorption of caffeine on particles of TiO2 was investigated in a 
shaker system spiked with 1 g L− 1 TiO2 and varying concentrations of 
caffeine cduring 1-h mixing at 250 rpm at room temperature. All single 
and hybrid AOP’s were carried out in a high-frequency plate-type ul-
trasonic reactor with a 120 W generator (operated at 90% capacity) 
connected to three piezoelectric transducers (22 cm2) that emitting at 
577 kHz (Ultraschall/ Meinhardt, Germany). The solution temperature 
in the reactor was maintained at 25 ± 0.5 ◦C by water circulation, and 
the power density was kept constant at 0.23 W mL− 1 (determined by 
calorimetry) as reported in a previous work [28]. The light source in UV- 
supported AOP’s was a low-pressure mercury UV-lamp emitting 
monochromatically at 253.7 nm and operated at an intensity of 4.7 W 
m− 2. The lamp was placed in a quartz jacket and immersed vertically 
along the center of the reactor. The optimum pH in all experiments was 
found using three test levels as 4.0, 7.0 and 9.0, at which the degree of 
caffeine decay was continuously monitored throughout the reaction 
time. Selection of the optimum H2O2 dosage was based on monitoring 
the concentration of caffeine during sonolysis and photolysis in the 
presence of 5, 10 and 25 mg L− 1 of the reagent. Catalytic AOP’s were run 
by adding 0.1, 0.25 and 0.5 g L− 1 of a TiO2 suspension prepared by 
sonication of P25 particles in 20 mL of ultrapure water for 1-min using 
an ultrasonic horn (20 kHz). All samples were aerated for 15-min unless 
otherwise stated, and those exposed to ultrasound were injected with air 
and/or argon during reaction to enhance the formation of cavitation 
nuclei. The ultrasonic generator was shut down during US-free 
processes. 

Humic acid (HA) and NaCO3 were added (at 5 mg L− 1 and 5 µM, 
respectively) to the sample solutions containing 5 mg L− 1 caffeine to 
assess the impact of water matrix on the efficiency of the applied pro-
cesses. The effect of mixtures of ingredients was also tested by spiking a 
sample solution with a mixture of HA and NaCO3 followed by processing 
it again. Additionally, the effect of mixing vs sonication was tested by 
using a mechanical agitator (operated consecutively at 100 and 1000 
rpm) to stir the sample solutions containing 5 mg L− 1 caffeine. 

The list of single and hybrid AOP’s tested with caffeine at various 
conditions is given in the following (the symbols “US” and “UV” stand 
for 577 kHz ultrasound and 254 nm UV irradiation, respectively): 

Single-Homogeneous: US (P1); UV/H2O2 (P2) 
Hybrid-Homogeneous: US/UV (P3); US/UV-H2O2 (P4) 
Hybrid-Heterogeneous: US/TiO2 (P5); UV/TiO2 (P6); US/UV/TiO2 

(P7); UV-H2O2/TiO2 (P8); US/UV-H2O2/TiO2 (P9). 

2.2. Analytical 

Caffeine was analyzed by HPLC using a Shimadzu LC-20AT HPLC 
with a 20A UV–vis photo diode array detector set at 272 nm, and 
equipped with a Hyperpack Basic ODS (5 µm, 15x0.46). The mobile 
phase consisted of 40:60 methanol flowing at 1 mL min− 1. Sample in-
jection volume and retention times were set at 20 µL and 3.207 min, 
respectively. The compound was also analyzed spectrophotometrically 
at 273 nm, at which it had a maximum absorption, as also reported in 
the literature [29,30]. The analysis of soluble TOC was carried out by a 
Shimadzu TOC-V CSH analyzer, following filtration of the samples 
through a 0.45 µm PDFE filter. 

The oxidation byproducts were identified using a LC-MS system 
(LCMS 2020, Shimadzu, Japan) with a C-18 (150 × 4.6 mm) column. 
The method was gradient using acetonitrile and deionized water mixed 
with 0.05% trifluoro-acetic acid. The protocol was as the following: LC: 
10%, 10%, 95%, 95% and 100% acetonitrile at t = 0, 2, 10, 12 and 14 
min, respectively; MS: positive scan at 100–800 m/z. The effluent flow 
rate in both analyses was 0.5 mL min− 1. 
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2.3. Computational 

The reactions were modeled using a quantum chemical computa-
tional method (Density Functional Theory) incorporated in the Gaussian 
16 software [31]. The functional, B3LYP, and the 6-311G (d, p) basis sets 
were used for the conformational search of each stationary point [32- 
34]. Transition state structures were characterized by a single imaginary 
frequency, and reactions were modeled in water (ε = 78.36) at 298 K 
using the Integral Equation Formalism Polarizable Continuum Model 
[35]. The intrinsic reaction coordinates (IRC) were calculated to verify 
the relation of each transition state with the corresponding reactants and 
products. The oxidation reactions were modeled based on the attack of 
the OH radical to the reactant, while those occurring in water without 
AOP’s (as verified by the peaks depicted in LCMS chromatograms at t =
0) were modeled assuming water as the attacking reactant. The energy 
barrier for the formation of each byproduct was referred to as activation 
Gibbs free energy (ΔG‡), and found by subtracting the Gibbs free energy 
of the transition state from that of the corresponding reactants. 

3. Results and discussion 

3.1. Single processes: effects of pH, bubbling gas and H2O2 

It was found that caffeine was easily decomposed by high-frequency 
ultrasound, and no decomposition was observed by magnetic or me-
chanical agitation of the sample (data not presented). The rate of 
caffeine decay by sonolysis alone was pseudo-first order, but the rate 
constant with decreases in pH is most likely due to hydrophobic 
enrichment of the compound that facilitates its migration towards the 
bubble–liquid interface, where the concentration of OH radicals is much 
higher than that in the bulk solution [36]. Fig. 1 also shows that acidic 
pH was more favorable than neutral or alkaline pH, as it provided a 
higher degree of concentration decay and a faster reaction. Note how-
ever that at neutral pH, the reaction was slow during the first 10-min, 
but faster after 15-min, by which the pH of the solution was dramati-
cally reduced to 2.55. 

The decrease in pH during sonolysis has also been reported in the 
literature for air-saturated and/or air-injected solutions, and explained 
by the reactions of nitrogen gas to form nitrous oxide and nitric acid 
[37,38]:  

N2 + O → NO + N                                                                         (4)  

N + O2 → NO + O                                                                         (5)  

NO + •OH → HNO2                                                                        (6)  

HNO2 → H+ + NO2
–                                                                        (7)  

HNO2 + H2O2 → HNO3 + H2O                                                        (8) 

However, the dramatic acidification observed in this study is not 
solely explainable by the applied aeration and the above reactions, but 
more likely by the formation of highly acidic and hydrophilic in-
termediates via OH radical-mediated oxidation of caffeine. This argu-
ment was justified by the insignificant degree of TOC decay after 30 and 
60-min sonication of the sample (0.91% and 1.67%, respectively). 

It was also found that at t = 0, the observed value of C0 was 
considerably lower than the input quantity (5.0 mg L− 1), except when no 
pH adjustment was made (pH 4.0). The data are presented in Table 1 for 
each sample, as well as that with a phosphate buffer. The instant loss of 
mass upon pH adjustment and/or buffer addition can be attributed to 
alkalinization of the compound, leading to hydrolysis and/or 

Fig. 1. The drop in pH during sonolysis of caffeine (a), and the variations in the the apparent reaction rate constant within 15 and 30-min intervals by the initial 
solution pH (b). The buffering agent was sodium phosphate (0.1 M; pH 7.0), pH adjustment was made with NaOH (0.1 M), the initial values of pH and concentration 
were 4.0 and 5 mg L− 1, respectively. 

Table 1 
The influence of pH adjustment and buffering on the observed concentration of 
caffeine at t = 0. The actual quantity was 5.0 mg L− 1.  

C0 (mg L− 1) 

pH=4.0 pH=7.0 pH=9.0 
no buffer with buffer 

4.85±0.15 4.30±0.29 4.49±0.59 3.98±0.50  

Fig. 2. The pseudo-1st order rate of caffeine decay and the corresponding rate 
constants by 60-min sonolysis of the compound under air and argon atmo-
spheres (“control” refers to sonolysis without gas injection). Initial conditions 
were C0 = 5 mg L− 1, pH0 = 4.0, gas flow rate = 1.5 L min− 1. 
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fragmentation of the molecule. The argument was justified by the LCMS 
analysis of the compound at time zero, displaying a series of major 
fragment ions (to be discussed in the next section). Note that a similar 
finding has been reported in the literature using the ESI analysis of 
caffeine, which revealed fragment ions at time zero upon protonation of 
the compound, followed by the loss of a methyl group [39]. 

The second operation parameter of interest was the bubbling gas. It 
has been shown that injection of a gas during sonolysis of aqueous so-
lutions enhances the number of cavity nuclei, leading to increased 
incidence of bubble collapse, and thus enhanced generation of OH 
radicals [40,41]. Comparing the effects of air and argon on the rate of 
caffeine degradation showed that the reaction kinetics followed pseudo- 
first order rate law, and the reaction rate was higher in the presence of 
Ar than air, as demonstrated in Fig. 2. It was also found that the reaction 
proceeded practically at the same rate in air-injected and the control 
sample (sample with no gas injection). A faster reaction in the presence 
of argon bubbles is due to a higher polytrophic gas ratio of the gas (than 
that of air), which is responsible for a higher collapse temperature and 
thus more violent and intense reactions [42]. This is significant, because 
as the hydrophobicity of caffeine is increased with decreasing pH, it 
moves away from the bulk solution towards the bubble–liquid interface, 
where it reacts effectively with the excess •OH. On the other hand, some 
researchers have reported higher rates of decomposition of organic 
compounds by sonolysis in the presence of air bubbles than argon, and 
explained their finding by the production of additional radical species 
(e.g. NO2• and NO3•) that may react with the target compound [43]. The 
opposite trend in our case implies the presence of too many air bubbles, 
leading to a high rate of •OH consumption by the excess of nitrogen 
species, as represented by Eq. (5) and Eq. (8) [38,43], describing 
respectively the oxidation of NO to yield HNO2, and that of HNO2 to 
yield nitric acid:  

HNO2 + •OH → HNO3 + •H+ (9) 

The second single process was photolysis at 254 nm, which was 
found totally ineffective (regardless of the initial pH), signifying the 
disability of caffeine to undergo photolytic decay at the applied UV 
conditions. The performance of the process was considerably improved 
by the addition of H2O2, as depicted in Fig. 3. Unlike sonolysis, the re-
action rate during UV/H2O2 process was not affected by the initial pH of 
the solution. It was found that caffeine was completely eliminated 
within 20-min exposure to the process, owing to the photolysis of H2O2 
to produce two OH radicals per mole. As such, the rate of reaction was 
found to be directly proportional to the amount of H2O2 added (data not 
given). On the other hand, the process was ineffective for C-minerali-
zation, as the percentage of TOC decay after 1-h was only 12%. Such a 
low efficiency can be explained by the depletion of H2O2, i.e. termina-
tion of the •OH production route after longer reaction time. 

To assess the role of molecular hydrogen peroxide on the overall 
degradation of caffeine, we added the same quantity of H2O2 to the 
samples before sonolysis, and found that neither the rate of reaction, nor 
the degree of TOC decay were increased. The result is a clear indication 
of the oxidation path, i.e. the reactions were governed mainly by the 
attack of hydroxyl radicals to the parent compound and the oxidation 
byproducts. The data are added to Fig. 3 to allow comparison of the all 
single AOP’s for the rate of caffeine decay. 

3.2. Hybrid processes 

3.2.1. Homogeneous 

3.2.1.1. US/UV and US/UV-H2O2. Hybrid operation of UV with ultra-
sound did not improve the rate of caffeine decay as expected, but 
enhanced the mineralization of the compound from 1.67% by US alone 
to 11.8% at pH 4. The explanation for the lack of synergy in caffeine 
degradation is that at high-frequency irradiation, too many bubbles are 
formed and the coalescence of these bubbles inhibit the transmission of 
UV light and attenuation of it [44]. On the other hand, the improvement 
in TOC mineralization after 60-min reaction is most likely due to the 
accumulation and partial photolysis of US-generated H2O2 (despite the 
inhibition of light transmission by bubble coalescence), leading to the 
production of excess •OH. Normalized plots of concentration vs. time for 

Fig. 3. Comparison of single processes for the rate of caffeine decay during 1-h 
reaction at pH 4, H2O2 = 10 mg L− 1 and C0 = 5 mg L− 1. No gas injection was 
applied during any of the processes, but all samples were air-saturated prior to 
the experiments. 

Fig. 4. The effect of pH on the rate of caffeine oxidation (C0 = 5 mg L− 1) by 30- 
min sonolysis in the presence of UV-irradiation. The data referred to as “Con-
trol” belong to singly applied US at pH 4. The rate constants of the hybrid 
process were 0.065 min− 1 and 0.051 min− 1, at pH 4 and 7, respectively. 

Fig. 5. The effect of H2O2 dose on the rate of caffeine (C0 = 5 mg L− 1) 
oxidation by 30-min operation of US/UV. Numbers in parenthesis represent the 
estimated apparent reaction rate constants at the applied H2O2 dose. 
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two pH test levels are presented in Fig 4. with an inset showing fractions 
of TOC decay after 30 and 60-min reaction. Moreover, some of the 
oxidation byproduct and the supercritical water formed by ultrasound 
may undergo direct photolysis, the latter leading to the generation of 
excess radical species [45,46]. 

A further improvement in the efficiency of US/UV hybrid system was 
obtained by adding consecutively three different doses of H2O2 to three 
fresh caffeine samples and monitoring the concentration of caffeine with 
time. Relative impacts of 5, 10 and 25 mg L− 1 H2O2 (corresponding 
respectively to caffeine/peroxide mole ratios of 0.043, 0.087 and 0.217) 
on the rate of caffeine decay are presented in Fig 5. The data show that 
mineralization of the compound was directly related to the dose of 
H2O2, reaching a maximum at the highest dose of the reagent. We 
selected the optimal dose as 10 mg L− 1, as it provided 28-fold 
enhancement in the rate of reaction, and 2-fold enhancement in the 
mineralization of the compound The synergy obtained is the result of 
excess •OH generation upon photodecomposition of H2O2. 

3.2.2. Heterogeneous 

3.2.2.1. UV/TiO2 and US/TiO2. Heterogeneous processes with TiO2 
were in general more effective than homogeneus ones operated singly or 
in hybrid mode. UV/TiO2 operation, for example, provided the same 
rate of caffeine decay as that obtained by UV-H2O2 (k = 0.025 ± 0.02 
min− 1), but nearly a 2-fold higher degree of C-mineralization (61% vs 
35%). Improved performance for TOC decay must be due to the oxida-
tion of the reaction byproducts on the heterogeneous surface, which was 
enriched with reactive oxygen species upon excitation. On the other 
hand, the presence of TiO2 under sonolysis (without UV) was not as 
effective, but the operation provided a larger fraction of TOC decay than 
that obtained by the sonolysis with UV (20% vs 11.8%). The result can 
be attributed to the presence of heterogeneous surfaces, which led 
consecutively to the formation of additional cavity nuclei, additional 
bubble collapse, and additional OH radicals. Moreover, the sonolumi-
nescence created by cavitational collapse on the surface of TiO2 is made 
of a wide wavelength of UV range, and those wavelengths shorter than 
375 nm may excite the surface of the semiconductor, just like in pho-
tocatalytic processes [47]. 

Relative performances of TiO2-catalyzed photolysis and sonolysis are 
presented in Fig. 6. It was found that the decline in caffeine concen-
tration with time followed a rate expression that slightly deviated from 
the pseudo-1st order rate law as: 

C
C0

= e− kt +P (10)  

where: C/C0 is the fraction of caffeine removed at time t, k is the reaction 
rate constant (min− 1) and P is a non-zero plateau (mg L− 1). Note that the 
expression is typical of adsorption-mediated reaction rates, which are 
limited by the degree of adsorption on a reactive or non-reactive het-
erogeneous surface, and the quantity of reactive radical species it holds. 

3.2.2.2. US/UV/TiO2 and US/UV-H2O2/TiO2. The addition of TiO2 to 
US/UV homogeneous system provided a significant enhancement on 
both the rate of caffeine decomposition and the degree of TOC decay, as 
depicted in Fig. 7. The data also reveal that mineralization was directly 
related to the quantity of TiO2 added, while the rate of caffeine decay 
remained nearly constant at all test concentrations of the catalyst (k =
0.26 ± 0.05 min− 1, 0.27 ± 0.02 min− 1, 0.25 ± 0.01 min− 1). Kinetic 
analysis of the data showed that the decomposition of caffeine followed 
a two-phase decay pattern, in which the rate was very fast during the 
first five min, and slowed down thereafter with apparent rate constants 
of similar magnitudes at each test concentration of TiO2. A constant rate 
of caffeine decay regardless of the increases in the concentration of TiO2 
is related to its poor adsorption capacity on the surface of the catalyst. 
Batch experiments testing the adsorption of caffeine on P25 showed that 

Fig. 6. Photo- and sonocatalytic decay of caffeine (C0 = 5 mg L− 1) and its 
oxidation byproducts by 30-min sonolysis and photolysis of the compound in 
the presence of 0.1 g L− 1 TiO2 at pH 4. The solid lines are the fit of Eq. (9) to the 
data, with estimated reaction rate constants of 0.19 and 0. 0.05 min− 1 for UV/ 
TiO2 and US/TiO2, respectively. 

Fig. 7. The impact of TiO2 concentration on the rate of caffeine decay and the 
degree of C-mineralization by 15 and 60-min photocatalysis, respectively in the 
presence of ultrasound. Initial conditions were pH = 4, C0 = 5 mg L− 1. 

Fig. 8. The adsorption equilibrium of caffeine (5 mg L− 1) during 60-min 
shaking in the presence of four different concentrations of TiO2. 
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it adsorbed weakly on the surface of TiO2, as depicted in Fig. 8. Hence, 
the compound remains in the bulk solution during the operation of US/ 
UV-TiO2, reacting only with the OH radicals that are ejected to the so-
lution from collapsing bubbles and generated by the photolysis H2O2. On 
the other hand, the enhancement in carbon mineralization by increasing 
doses of the catalyst is an indication of a higher adsorption capacity of 
the oxidation byproducts on the surface of TiO2, which was enriched 
with reactive oxygen species upon excitation. Consequently, minerali-
zation reactions are facilitated as the number of particles increase with 
increasing doses of TiO2, at which the incidence of bubble collapse and 
•OH production also increase. Note also that the “hot spots” and sono-
luminescene generated on the surface of the catalyst during bubble 
collapse may excite the catalyst, leading to the production of excess 
reactive species on its surface. Finally, ultrasound overcomes the typical 
disadvantages of TiO2-photocatalysis (surface corrosion and fouling) via 
cleaning and disintegrating of the surface, thus producing fresh 
adsorption sites with smaller surface areas. 

In the second heterogeneous hybrid process, we ran sono- 
photocatalysis (US/UVTiO2) in the presence of 10 mg L− 1 H2O2 and 
the lowest test dose of the catalyst, (0.1 g L− 1) and found that while the 
rate of reaction increased significantly (k = 0.39 min− 1), the degree of 
mineralization was reduced from 75.4% without H2O2 to 63.6% with it. 
The explanation for the rate enhancement is the strong adsorption of 
H2O2 on the surface of the catalyst [48]. When such a surface is irra-
diated by UV, the photo-generated electrons react with H2O2 leading to 
the formation of excess •OH via reductive dissociation [49]. It was also 
found that molecular H2O2 is attached only on the oxygen vacancies at 
the surface of TiO2 forming Ti–O–O–Ti peroxides [48]. Once all perox-
ides disappear from the surface by reductive dissociation, water mole-
cules adsorb on Ti atoms and remain intact there [49]. Hence, the 
antagonistic effect of H2O2 to the mineralization of caffeine is due to the 
occupancy of all oxygen vacancies, which eventually deplete together 
with the attached H2O2, leading to termination of radical generation 
reactions. 

3.3. Comparative evaluation of all processes 

Application of AOPs for the destruction of recalcitrant organics is 
based on their potential for the in-situ production of hydroxyl radicals 
[50]. Hybridization of these processes with ultrasound has lately 
received much attention, owing to the excess •OH produced by the py-
rolytic cleavage of water molecules entrapped in the collapsing cavity 
bubbles, as depicted by the chemical reaction given in Eq. (1). The hy-
droxyl radicals ejected from the bubbles combine at the outer surface or 
the bulk liquid to form hydrogen peroxide as shown in Eq. (2). Hence, it 
has been a common practice in sonochemistry to monitor the concen-
tration of H2O2 with time to get a fairly accurate idea about the rate of 
•OH production by ultrasound [51]. Changes in the concentration of 

H2O2 with time during sonolysis of ultrapure water at 577 kHz is pre-
sented in Fig. 9. We also plotted in the same figure the concentration of 
the reagent during US/UV, US/TiO2 and US/UV/TiO2 processes applied 
to ultrapure water to elucidate the changes in the rate of production and 
depletion of the compound. 

The data show that H2O2 increases linearly during single sonolysis; 
fluctuates slightly in the first 15-min and increases thereafter during 
sonophotolysis; and fluctuates dramatically in the heterogeneous pro-
cesses, particularly in US/UV/TiO2. It is also interesting that after 20- 
min sonolysis in the presence of UV and TiO2, the concentration of 
H2O2 reaches a value close to zero, and does not increase anymore 
during further reaction. The explanation for the depletion of the reagent 
after 15-min is based on the strong adsorption tendency of H2O2 on the 
surface of TiO2 particles and its reductive dissociation by photo- 
generated electrons, as explained previously. It is also possible that 
photo-generated holes react with H2O2 − H2O molecules on the surface 
of the catalyst, causing dissociation of water into H+ and •OH radicals, 
leaving the peroxide intact [49]. 

Relative performance of each test process for the rate of caffeine 
oxidation and the degree of TOC decay is summarized in Table 2. Note 
that although P9 was found to provide the highest rate of reaction as 
indicated above, P8 was the most effective combination, regarding TOC 
decay. 

The data and the discussion so far have shown that combined oper-
ations, particularly those in the heterogeneous mode are significantly 
effective in improving the overall degradation of caffeine, expressed by 
the percentage of TOC decay. To quantify and compare the synergy of 
hybrid operations, we used the following equation adopted from the 
work of Choi et al., 2020 [52]: 

S =
TOCHP − [(TOCSP1 + TOCSP12 + ⋯TOCSPn)]

(TOCSP1 + TOCSP12 + ⋯TOCSPn)
(11)  

where: S is the synergy index, TOCHP is the fraction of TOC decay ob-
tained by the hybrid process of concern, and TOCSP1,SP2,SPn are fractions 
of TOC decay obtained by single processes that comprise the hybrid. 
Calculated values of S using fractions of TOC decay observed after 60- 

Fig. 9. The rate of H2O2 production during 30-min sonolysis, sono-photolysis, 
sono-catalysis and sonophotocatalysis of ultrapure water. 

Table 2 
Comparison of all processes for their performance in the oxidation and miner-
alization of caffeine (C0 = 5 mg L− 1) after 20 and 60-min reaction, at pH 4, 
respectively.  

Process (Symbol) k′ (min− 1) %TOC decay 

Homogeneous   
US (P1)  0.05  1.67 
UV-H2O2 (P2)  0.26  21.66 
US/UV (P3)  0.08  11.83 
US/UV-H2O2 (P4)  0.25  35.36  

Heterogeneous   
US/TiO2 (P5)  0.05  20.43 
UV/TiO2 (P6)  0.19  60.94 
US/UV/TiO2 (P7)  0.25  66.11 
UV-H2O2/TiO2 (P8)  0.26  75.49 
US/UV-H2O2/TiO2 (P9)  0.39  63.58  

Table 3 
Comparative synergy indices of the hybrid processes for the 
overall degradation of caffeine (C0 = 5 mg L− 1) after 60-min 
reaction at pH 4.  

HHybrid Process (Symbol) S 

UUS/UV (P2)  0.21 
UUS/UV-H2O2 (P4)  0.25 
UUV/TiO2 (P6)  3.72 
UUS/UV/TiO2 (P7)  4.47 
UUV-H2O2/TiO2 (P8)  65.11 
UUS/UV-H2O2/TiO2 (P9)  2.82  
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min reaction are presented in Table 3. As noted in the last paragraph of 
the previous section, the hybrid process-P9 provided the largest reaction 
rate constant, but the synergy index was very low. The most rational 
explanation for this is the formation of cavitation clouds via the phe-
nomenon called “bubble coalescence”, which blocks the transmittance 
of UV light into solution [53]. As such, not only less •OH were produced 
due to inhibition of H2O2 photolysis, but excess of them were consumed 
via the well-known reaction of molecular H2O2 with •OH. Moreover, it 
has been reported that during sonication of TiO2 slurries by high fre-
quency ultrasound, the transmittance of UV light is also reduced via the 
formation of high-density particle layers [54]. Hence, the insignificant 
synergy obtained by adding ultrasound to UV/TiO2 photocatalysis is due 
to the presence of these high-density particle layers, that inhibited the 
transmission of UV-light and thus the photolysis of US-generated H2O2. 
On the other hand, the antagonism observed in US/UV-H2O2/TiO2 is due 
solely to the excess H2O2 that accumulated and reacted readily with 
•OH, the production of which was inhibited or even terminated via the 
presence of cavity clouds and high-density particle layers. Moreover, the 
competition of the oxidation byproducts for •OH may further increase 
the antagonism, as also reported in the literature for the sono- 
photocatalytic degradation of nonylphenol in the presence of immobi-
lized TiO2 [55]. Last but not least, we have reported in an earlier study 
that some of the TiO2 particles accumulate on the surface of the trans-
ducer, thus reducing the transmission of ultrasonic energy to the liquid 
[56]. 

Finally, Table 4 presents a comparative evaluation of our findings for 
caffeine degradation with those reported in a limited number of publi-
cations of or lab-scale application of similar AOPS at varying experi-
mental conditions. The table reveal that the processes and the selected 
experimental conditions described in this work are considerably more 
effective than those in the literature, regarding the short reaction times 
and low reagent doses a used, as well as the TOC decay fractions 
observed. 

3.4. The effect of water matrix or the presence of OH radical scavengers 

It is of common knowledge that the results obtained in the laboratory 
with pure water spiked with a single contaminant are not replicable in 
real water containing mixtures of contaminants and natural ingedients, 
as carbonate species and humic substances. Basically in such complex 
mixtures, compounds may interfere, react or compete for the radical 
species and/or the adsorption sites added to the contaminated water, 
thus leading to reduced reaction rates. To check the replicability of our 
data in real water, we made some additional experiments by adding 
CO3

2– and humic acid (HA) to the sample solutions and running sonolysis 
and sonocatalysis. The selction of CO3

2– and HA as natural water in-
gredients was based on their high reactivity with •OH as depicted by the 

rate constants of the following reactions [57,58]:  

•OH + CO3
2– → •CO3

– k = 3.8 × 108 M s− 1                                       (12)  

•OH + RH2 → •RH + H2O k = 2.8 × 107 M s− 1                               (13) 

Note that due to the complicated structure of humic acid, the formula 
is represented by RH2 and the rate constant is given in units of the molar 
concentration of carbon per second. 

The bimolecular rate constants given in Eqs. (12) and (13) show that 
carbonates sand humic acids are both strong scavengers of OH radicals 
in water. As such, we found that the presence of these substances 
reduced the rate of caffeine decay to almost half its value obtained by 
sonolysis alone, while they were considerably more competitive during 
sonophotocatalysis with TiO2. The apparent reaction rate constants 
observed in the presence of CO3

–, HA and both are listed in Table 5. Note 
that a more severe rate reduction by HA during sono-photocatalysis 
must be due to the reactivity of humic substances with oxygen species, 
which are generated on the surface of TiO2 by UV irradiation [59]. Most 
importantly, the data reveal that the degradation of caffeine was directly 
related to the quantity of OH radicals in the reactor. 

3.5. An overview of the oxidation byproducts and reaction mechanisms 

LCMS analyses of the reactor samples collected at t = 0, 30 and 60- 
min during single and hybrid processes revealed numerous fragments 
and byproducts, most of which were detected at retention times of 7.80 
and 8.33 min. Moreover, all samples of time zero showed not only a 
major peak (m/z 194) corresponding to the mother compound 
(caffeine), but also a variety of others (e.g. m/z 60, 83, 114, 123, 165, 
187, 195, 210, 236), indicating fragmentation of the molecule at acidic 
pH, and/or reaction with water molecules. A summary of the most 

Table 4 
Comparison of this work at the applied test conditions with those reported in literature for the efficiency of AOPs in eliminating caffeine and TOC. The UV source in this 
work and that of Afonso-Olivares et al., [13] was a low-pressure Hg lamp at 254 nm, and the one used in the work of Carotenuto et al., [16] was a solar lamp. Note that 
no data are available in the cited literature for the extent of carbon mineralization.  

Process Experimental conditions Removal (%) Source 

C0 (mg L− 1) H2O2 (mg L− 1) TiO2 (mg L− 1) pH Freq (kHz) Caffeine TOC 

US/H2O2 5.0 10  4.07.0 577 8496 9624.3 This work 
UV-H2O2 5.01.4 10 15 25    100 88a 87a 47.1 - This work [13 13] 
UV/TiO2 5.0  0.10 4.0 577 100 60.9 This work 
US/UV/TiO2 5.0  0.10 0.25 0.50 4.0 577 100 66 100 100 82.2 78.6 This work This work This work 
UV-H2O2/ TiO2 5.0 10 0.10 4.0  100 75.5 This work 
US/UV-H2O2 5.0 10 25  4.0 577 100 100 21.7 38.7 This work This work 
US/UV-H2O2/TiO2 5.0 10 0.10 0.25 4.0 577 100 100 63.6 70.5 This work This work 
UV/TiO2 5.0  0.10   70b – [16]  

8.0  0.15   80c – [16]  

a t = 75 min 
b t = 15 min 
c t = 5 min 

Table 5 
The effect of water matrix (CO3

2– and humic acid as •OH scav-
engers) on the rate of caffeine decay (C0 = 5.0 mg L− 1) by US 
and US-assisted photocatalysis. Control1 and Control2 refer 
respectively to single ultrasound and ultrasound-assisted pho-
tocatalysis with 0.1 g L− 1 TiO2.  

Process k′ × 10− 3 s− 1 

Control1 1.05 ± 0.09 
Control1 + CO3 0.63 ± 0.03 
Control1 + HA 0.62 ± 0.01 
Control1 + CO3 + HA 0.55 ± 0.01 
Control2 6 0.11 ± 0.20 
Control2 + CO3 2.33 ± 0.11 
Control2 + HA 1.42 ± 0.13 
Control2 + CO3 + HA 1.07 ± 0.09  
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common fragments/molecules and their m/z ratios, detected wıth high- 
to-low intensities is presented in Table 6. 

The most probable reaction mechanisms and the corresponding free 
energies predicted for the samples at t = 0 (no processing) and pH 4 are 
presented in Fig. 10 (a, b). The reaction products P1 and P2 in the 
proposed pathways are consistent with the experimentally detected 
fragments (in samples of t = 0) with m/z ratios of 210 and 84. 

The first mechanism (a) shows the reaction of protonated caffeine 
with water leading to the rupture of C1-C14 bond to yield an interme-
diate P1 (MW = 213) with a high energy barrier (ΔG‡=42.4 kcal mol− 1, 
ΔGrxn = 16.6 kcal mol− 1). The reaction of P1 with another molecule of 
water yields two intermediates with MWs of 98 and 117 (ΔGrxn = 1.5 
kcal mol− 1). The former is in protonated form (MW = 99) and undergoes 
demethylation to produce another P1 (ΔG‡=38.2 kcal mol− 1, ΔGrxn =

6.5 kcal mol− 1) with a high energy barrier, as also reported by Dalmazio 
et al, for demethylation of caffeine in protonated water [39]. The second 
mechanism (b) shows the formation of P2 (MW = 125) via the reaction 
of caffeine with water to yield an intermediate (MW = 140) through 
bond rupture, followed by demethylation (ΔG‡ =54.5 kcal mol− 1, ΔGrxn 
= 32.9 kcal mol− 1). In general, high energy barriers of bond rupture and 
demethylation reactions are well known and reported in the literature 

Table 6 
The most commonly detected m/z ratios (at r = 7.80 and 8.33 min) showing the 
likely oxidation byproducts of caffeine. The operational values of H2O2 and TiO2 
were 0.5 mg L− 1 and 0.1 g L− 1, respectively, unless marked with one or two 
symbols (*). P1-P9 refer to the test processes as defined in Table 2. All samples 
were initially at pH 4.0.  

m/z Process 

77, 86 P8 (r = 7.8) 
105 P1, P2, P3, P4, P5, P6, P7, P8, P9 
125 P0 
130 P1, P4 (r = 12.8), P7 (r = 10.7), P8 (r = 12.9), P9 (r = 10.7) 
142–3 P3, P7*(r = 12.9) 
155 P8 (r = 12.9) 
210–213 P0, P1, P2, P3, P4, P6, P7, P8 (r = 12.9), P9 
228–229-231 P1, P2, P3, P4, P5, P6, P7, P8, P9 
252–254 P4, P6**, P7 
273–275 P6-P9, (P7**) 

P0 refers to t = 0, P6** and P7*refer to TiO2 concentration of 0.25 g L− 1, P7* 
refers to TiO2 concentrations 0.50 g L− 1. 

Fig. 10. The reaction pathways and Gibbs free energies (kcal mol− 1) of caffeine decomposition in acidic water (pH 4), leading to the formation of P1 (a) and P2 (b).  
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[60,61]. 
The most probable reaction mechanisms for the degradation of 

caffeine by •OH-mediated oxidation are presented in Fig. 11. The first 
one (a) shows the formation of P3 (MW = 221) and P4 (MW = 228), 
which were both the experimentally byproducts. Accordingly, caffeine is 
first attacked by an OH radical at the bridge-side, leading to the for-
mation of P3 (ΔG‡=3.1 kcal/mol, ΔGrxn = − 3.3 kcal mol− 1), which most 
likely reacts spontaneously with another •OH via electron-coupling to 

yield exothermically the product P4 (ΔGrxn = − 51.7 kcal mol− 1). On the 
other hand, •OH may also attack the relatively positive carbonyl group of 
caffeine at C1 to produce P32 with a relatively low barrier (ΔG‡=23.7 
kcal mol− 1, ΔGrxn = 7.5 kcal mol− 1), which reacts readily with a very 
low barrier (2.1 kcal mol− 1) to produce an intermediate with the same 
MW as P3, referred in the scheme as P33. The compound is also very 
reactive and is attacked spontaneously by an •OH via electron coupling 
(ΔGrxn = − 95.7 kcal mol− 1) to yield the enolic structure P42, which is 

Fig. 11. •OH-mediated reaction pathways and Gibbs free energies (kcal mol− 1) for the oxidative degradation of caffeine at pH 4.0 to produce P3, P4 (a), P32, P33, 
P42, P5 and P6 (b). 
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readily converted to P43 via keto-enol tautomerism (ΔG‡=23.4 kcal 
mol− 1, ΔGrxn = − 7.3 kcal mol− 1). The reaction of P43 with •OH gives an 
intermediate with MW 245, which undergoes bond rupture through a 
highly exothermic reaction (ΔGrxn = − 36.4 kcal mol− 1) to produce two 
intermediates with MWs of 120 and 126. The latter is a radical, and 
reacts barrierlessly with •OH to produce exothermically two in-
termediates with MWs of 119 and 143 (ΔGrxn = − 41.7 kcal mol− 1). The 
former (MW 119) is demethylated via reaction with a water molecule, 
leading to the formation of P5 (MW = 105), which was one of the most 
commonly detected byproducts, as it was found in all process effluents. 
Finally, P5 undergoes reductive decomposition and is converted to P6 
(MW = 86), which was also detected experimentally. Reductive cleav-
age is a likely reaction in all sample solutions, due to the presence of 
excess air bubbles and nitrogen species, as NOx. Moreover, thermolysis 
of water results in the formation of •OH as well as •H, which may also 
promote redox reactions. 

The reaction mechanisms proposed in Fig. 11 are in good agreement 
with the corresponding LCMS analyses of the samples. The intermediate 
product P1 forms with a reasonable barrier by the reaction of caffeine 
with water. The product was also detected in all process samples at high 
intensity, indicating the resistance of the compound to oxidation, most 
likely due to its unique cyclic structure. The formation of P3 and P4 via 
reaction with •OH was much easier, as they proceeded with lower energy 
barriers. Moreover, these products were detected in all samples except 
those at t = 0 at lower intensities than that of P1, signifying their ease of 
oxidation by reaction with •OH. More significantly, the intensity of both 
products was reduced in hybrid operations of AOPs, by which the 
abundance of OH radicals was increased via additional routes and/or 
sources of generation. 

4. Conclusions 

The study described herein has shown that the emerging water 
contaminant caffeine is easily decomposed by singly applied ultrasonic 
irradiation (577 kHz) and photolysis with H2O2 at optimized conditions, 
but with insufficient mineralization. The efficiency of the degradation 
reactions was significantly improved via hybrid applications, particu-
larly when operated at a heterogeneous mode using commercial TiO2 
(P25) as the catalyst. It was found that under equivalent conditions, the 
percentage of TOC decay increased from 21.7 by single photolysis (UV- 
H2O2) to 35.4 by US-assisted photolysis. The result was attributed to the 
formation of excess •OH and H2O2 (via cavitation collapse), and 
enhanced mixing of the solution, that facilitated the transmission of UV- 
light. Similarly, mineralization increased from 60% by TiO2-photo-
catalysis to 66% by US-assisted photocatalysis, owing mostly to the 
mechanical actions of ultrasound for cleaning and disintegrating of solid 
particles, thus increasing the number of fresh adsorption sites. Assess-
ment of all hybrid processes for their synergy in TOC decay showed that 
the best was UV-H2O2/TiO2 with a synergy index of 65 (as opposed to an 
index of 0.25 in US/UV hybrid). It was also found that further hybridi-
zation by adding ultrasound to the above process drastically reduced the 
synergy to 2.8, mostly due to the presence of excess H2O2 that scavenged 
some of the OH radicals, and the formation of cavity clouds and high 
density particle layers that inhibited the transmission of UV light. 
Finally, the addition of strong OH radical scavengers (as carbonates and 
humic acid) sto the sample solutions considerably reduced the rate of 
caffeine degradation, signifying the role of OH radicals in the elimina-
tion of the compound. The reaction mechanisms proposed using the 
computational technique described in the text were consistent with the 
experimental data, as many of the byproducts predicted were detected 
by LCMS analysis of the samples. 
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