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Degradation of ibuprofen by photo‑based advanced oxidation 
processes: exploring methods of activation and related reaction routes

S. Adityosulindro1,2  · C. Julcour1  · D. Riboul3 · L. Barthe1

Abstract
Several homogeneous photo-based advanced oxidation processes-namely photolysis, photo-oxidation, and photo-Fenton oxida-
tion—were investigated for the elimination of ibuprofen in water. The effects of several operating parameters, such as the lamp
type (low or medium pressure mercury, xenon-arc), the concentration of hydrogen peroxide (0.5 to 7 times the stoichiometric 
amount required for mineralization), and the concentration of Fenton reagent, were quantified. Photo-Fenton oxidation was also 
combined with low-frequency sonication to investigate possible synergistic interactions. Ibuprofen degradation under ultra-
violet photolysis and ultraviolet/hydrogen peroxide oxidation followed pseudo-first-order kinetics with respect to the pollutant 
concentration and the apparent rate constant increased with lamp power (6–10 W) and oxidant concentration. Photo-Fenton 
oxidation under ultraviolet light (L1 lamp, 254 nm, 6 W) and visible light (L2 lamp, 360–740 nm, 150 W) led to complete 
ibuprofen removal after 3 h, but the mineralization yield of the L1/Fenton process (82%) was higher than that of the L2/Fenton
process (59%) because of the effects of ultraviolet/hydrogen peroxide oxidation in the former. Coupling L2/Fenton with sonica-
tion improved the degradation rate of the molecule at low Fenton reagent concentration, but the beneficial effect of ultrasound
on ferrous iron regeneration vanished when the iron to ibuprofen molar ratio was close to 1. An overall reaction scheme for 
ibuprofen degradation is proposed based on the transformation products detected during these processes.

Keywords Emerging contaminants · Energy demand · Pharmaceuticals · Photo-Fenton · Degradation pathways · Synergy 
index · Ultrasound activation

Introduction

Clean water is a fundamental human need. Nevertheless, pro-
viding sufficient and affordable drinking water to communi-
ties worldwide remains a serious challenge. The diversifica-
tion of industrial and agricultural activities has contributed 
to the contamination of water resources by anthropogenic 
compounds. Personal care products, plasticizers, pesticides, 

contrast media, food additives, wood preservatives, and 
pharmaceuticals are just a few examples of anthropogenic 
compounds recognized as emerging contaminants (Petrie 
et al. 2015; Sophia and Lima 2018).

Interest in pharmaceuticals has recently increased
because they are regularly released by a variety of sources, 
both domestic and industrial, including in agriculture and by 
livestock (Rehman et al. 2015). Pharmaceuticals are also a
particular concern because of their intrinsic biological activ-
ity and acute and potentially chronic toxicity (Carlsson et al.
2006; Gadipelly et al. 2014; Lindim et al. 2019). Numerous
studies have demonstrated the presence of pharmaceuticals 
in various environmental matrices around the world, such
as wastewater, sludge, rivers, groundwater, soil, and even 
drinking water (Syakti et al. 2013; Burns et al. 2018; Fekadu 
et al. 2019; Li et al. 2019; Lindim et al. 2019).

The ubiquitous presence of pharmaceuticals highlights 
the ineffectiveness of conventional wastewater treatments
for these compounds, but also their high stability under sun-
light. Conventional biological treatments such as activated
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sludge processes are known to be cost-effective, but anti-
biotic concentrations as low as 1 mg/L have been reported 
to have toxic effects on activated sludge bacteria (Välitalo 
et al. 2017). Previous studies have also found that activated 
sludge processes only partially remove analgesics, anti-
inflammatory drugs, and antibiotics (Deblonde et al. 2011; 
Tiwari et al. 2017).

Membrane-based separation processes are highly effi-
cient, but they generate pollutant-concentrated streams 
that then need to be treated in turn (Rosman et al. 2018). In 
addition, pharmaceuticals are poorly photodegraded under 
sunlight in water because their maximal spectral absorbance 
is usually in the ultraviolet range (Packer et al. 2003; Wang 
and Lin 2014). Whatever the process furthermore, partially 
degraded pharmaceuticals may be dangerous and interme-
diates may be even more toxic than the parent compounds 
(Quero-Pastor et al. 2014).

Another possibility attracting increasing attention in 
wastewater treatment, especially for the removal of toxic 
and recalcitrant compounds such as pharmaceuticals, 
is advanced oxidation. Advanced oxidation processes 
(AOPs) differ from conventional procedures in that they 
are based on the generation of reactive oxygen species, 
chief among them the hydroxyl radical (•OH). This power-
ful and non-selective oxidant degrades organic compounds 
into innocuous by-products relatively rapidly (within a 
few minutes) or may even completely mineralize them, 
with water, carbon dioxide, and inorganic salts as final 
products. Nevertheless, although the parent compounds 
are often substantially removed, complete mineralization 
is in some cases difficult to achieve because of (i) the for-
mation of more recalcitrant by-products (Mrowetz et al. 
2003; Jakimska et al. 2014; Quero-Pastor et al. 2014; Li 
et al. 2015); (ii) the presence of radical scavengers (Toku-
mura et al. 2016; Adityosulindro et al. 2018); (iii) catalyst 
deactivation and/or the formation of catalytically inactive 
complexes (Babuponnusami and Muthukumar 2014; He 
et al. 2016). Combining several AOPs (creating what are 
known as hybrid AOPs or HAOPs) is a promising solu-
tion to overcome these drawbacks. The basic objective of 
combining AOPs is to enhance the generation of free radi-
cals, but other synergistic effects have also been reported 
including (i) the in situ generation of hydrogen peroxide 
(Torres et al. 2008; Madhavan et al. 2010a; Dükkancı et al. 
2014); (ii) the acceleration of a rate-limiting step (Mad-
havan et al. 2013; Xu et al. 2013; Adityosulindro et al. 
2017); and (iii) the destruction of specific compound(s) 
(Torres et  al. 2008; Papoutsakis et  al. 2015). In other 
cases, conversely, combining AOPs has been shown to 
have only marginal synergistic effects or none at all (Xu 
et al. 2009; Méndez-Arriaga et al. 2009; Madhavan et al. 
2010b, a; Chakma and Moholkar 2014). Numerous binary 
and ternary combinations of AOPs have been examined in 

the literature, for example: sono-ozonation, UV-ozonation, 
and ozone-Fenton, photo-Fenton, sono-Fenton, electro-
Fenton, ozone-photo-Fenton, ozone-sono-Fenton, sono-
electro-Fenton, and sono-photo-Fenton processes (Bagal 
and Gogate 2014; Mirzaei et al. 2017; Zhang et al. 2019).

The model contaminant in this study, ibuprofen (IBP), 
a non-steroidal anti-inflammatory drug (NSAID), was 
chosen for its toxicity and refractory behavior (Tayo et al. 
2018; Parolini 2020). For instance, IBP concentrations of 
1–200 mg/L can immobilize Daphnia Magna (Du et al. 
2016), while its enzyme activity, gene expression, and 
reproduction can be altered at concentrations as low as 
0.5-50 μg/L (Wang et al. 2016). Various AOPs such as 
ozonation (O3) (Zwiener 2000), O3/H2O2 (Zwiener 2000), 
photo-H2O2 (Shu et  al. 2013), photo-peroxydisulfate 
(Kwon et al. 2015), TiO2 photocatalysis (Jallouli et al. 
2018), sonolysis (Adityosulindro et  al. 2017), Fenton 
(Adityosulindro et al. 2018), sono-Fenton (Adityosulindro 
et al. 2017), photo-Fenton (Loaiza-Ambuludi et al. 2014; 
Tokumura et al. 2016), and sono-photo-Fenton (Méndez-
Arriaga et al. 2009; Madhavan et al. 2010c) processes have 
been applied to remove IBP from water. Although AOPs 
are difficult to compare, the most effective seems to be 
the coupling of ozone and hydrogen peroxide treatments, 
which complete eliminates IBP in 10 min (Zwiener 2000). 
However, since ozone-based AOPs are expensive (Gon-
zalez-Olmos et al. 2011), water treatment developments 
tend rather toward a better use of sunlight (whose spectral 
power lies mostly in the visible domain, λ = 400–800 nm) 
(Gonzalez-Olmos et al. 2012; Funai et al. 2017; Foteinis 
et al. 2018; Cabrera Reina et al. 2020).

The effects of the power and wavelength of light irra-
diation were therefore investigated on the effectiveness of 
photolysis, photo-H2O2, and photo-Fenton processes for the 
removal of IBP. A possible enhancement of the photo-Fen-
ton reaction by low-frequency ultrasound was also evaluated, 
as were the reaction intermediates formed during the differ-
ent oxidative treatments.

Materials and methods

Chemicals and solvents

Ibuprofen (C13H18O2; purity 99.99%) was purchased from 
BASF Corporation and used as received. Hydrogen peroxide 
(30% w/w H2O2 in water), sulfuric acid (1 M H2SO4), mono-
potassium phosphate (KH2PO4), sodium phosphate dibasic 
dehydrate (Na2HPO4·2H2O), potassium iodide (KI), titanium 
tetrachloride (0.09 M TiCl4 in 20% HCl), sodium sulfite 
(Na2SO3) and iron sulfate heptahydrate (FeSO4·7H2O) were 
obtained from Sigma-Aldrich.



Experimental setup

Experiments were performed in a batch reactor assembly 
consisting of a photochemical reactor (0.5 L capacity) and 
a sono-reactor (1 L capacity), unless otherwise specified. 
Ibuprofen solution was circulated between the two using a 
peristaltic pump (with a flow rate of 150 mL/min). The reac-
tors were connected to a thermostatic bath to maintain a 
constant temperature (25 °C). The degradation of ibuprofen 
was evaluated under four different light sources placed in 
a quartz immersion well: two low pressure mercury lamps 
(L1 and L1′), a xenon-arc lamp (L2), and a medium pres-
sure mercury lamp (L3). The interesting features of L1 (a 
6 W LP Hg lamp) are its low capital and operating costs, 
while the emission spectrum of L2 (a 150 W xenon-arc 
lamp) mimics sunlight. The sono-reactor was a cup-horn 
sonicator, equipped with an impeller, a temperature probe, 
and sampling tubes (Fig. S1 in supplementary information). 
The characteristics of the lamps and the ultrasound device 
are given in Table S1 (in supplementary information).

Experimental procedure

AOPs are known to be well-suited for the treatment of waste-
waters containing recalcitrant and toxic contaminants at low 
to moderate concentrations, typically from less than 5 ppb 
to several hundred ppm, avoiding the consumption of large 
amounts of expensive reagents (Andreozzi 1999; Munter 
2001). Nonetheless, they are usually more economically via-
ble in the upper loading range, because the oxidant is used 
more efficiently (Miralles-Cuevas et al. 2013). In this study, 
therefore, a synthetic solution with 20 mg/L or 0.1 mM IBP 
(equivalent to about 15 mg/L of total organic carbon) was 
prepared by dissolving 40 mg of ibuprofen powder in 2 L of 
distillated water. The solution was stirred for 14 h at 25 °C 
using a magnetic stirrer (600 rpm) to ensure complete dis-
solution of the IBP. The resulting pH was 4.3.

The solution (1.5 L) was poured and circulated between 
the reactors for about 5 min, before a first sample was with-
drawn once the desired temperature had been reached (defin-
ing the start of the reaction, t = 0). The lamp was then turned 
on for 2 min before adding H2O2 to achieve constant irradia-
tion prior to oxidation. For the Fenton reactions, the IBP 
solution was mixed with iron salt (FeSO4.7H2O) and the 
pH was adjusted to 2.6 with a 1 M solution of H2SO4 before 
being circulated.

Aliquots were withdrawn throughout the reaction (at t = 5, 
10, 30, 60, 120, and 180 min). Before chromatography anal-
ysis of the Fenton-treated samples, 1 mL of the sample was 
immediately treated with 1 mL of phosphate solution (a mix-
ture of 0.05 M KH2PO4 and 0.05 M Na2HPO4.2H2O), then 
passed through a 0.45 µm RC syringe filter to remove the 
resulting iron precipitate and stop the reaction. In addition, 

before total organic carbon (TOC) measurements, 8 mL of 
the sample was treated with 3 mL of a quenching solution (a 
mixture of phosphate buffer, 0.1 M KI and 0.1 M Na2SO3 to 
reduce residual H2O2), filtered (using a 0.45 µm RC syringe 
filter) and diluted twofold with ultrapure water.

Analytical techniques

The evolution of the ibuprofen concentration during the 
experiments was monitored by high-performance liquid 
chromatography (HPLC) with UV detection at λ = 222 nm 
(PDA detector, Thermo Finnigan). Separation was carried 
out on a C18 reverse phase column (ProntoSIL C18 AQ 
5 μm, 250 × 4 mm) at 40 °C. The mixture of acetonitrile and 
acidified water (with 0.1% v/v phosphoric acid) was fed in 
isocratic mode (60/40) at 1 mL/min.

Total organic carbon (TOC) concentrations were calcu-
lated based on total carbon (TC) and inorganic carbon (IC) 
measurements performed using a TOC analyzer (TOC–L, 
Shimadzu Corp.). The injection volumes for the TC and IC 
measurements were 50 µL and 400 µL, respectively.

Residual concentrations of hydrogen peroxide at the end 
of each experiment were measured using the titanium tet-
rachloride method (O’Sullivan and Tyree 2007). Samples 
(5 mL) were diluted to 25 mL, then mixed with 1 mL of 
TiCl4 solution and 1 mL of H2SO4 solution (1 M). The for-
mation of pertitanic acid (yellow color) was detected using 
a spectrophotometer at 410 nm.

The transformation products during the reaction were 
identified by high-performance liquid chromatogra-
phy–high-resolution mass spectrometry (HPLC–HRMS). 
These analyses were carried out using an ACCELA LC 
system coupled to an Exactive™ Orbitrap Mass Spectrom-
eter (Thermo Fisher Scientific, San Jose, the USA). Sepa-
ration was performed using a PFP column (Phenomenex 
Luna PFP2, 150 mm × 2 mm, 3 µm) at 40 °C. The mobile 
phases, (A) ultrapure water acidified with 0.1% v/v formic 
acid and (B) acetonitrile, were eluted in gradient mode: 3% 
B for 5 min, 3 to 95% B over the following 20 min, 95% 
B for t = 25–30 min, 95 to 3% B within 1 min and 3% B 
for t = 31–37 min. The injection volume and flow rate were 
5 µL and 0.2 mL/min, respectively. The HRMS analysis 
was performed with electrospray ionization (ESI) in both 
positive and negative ion modes. The source parameters 
were as follows: sheath gas flow rate and auxiliary gas flow 
rate = 50 and 20 arbitrary units, respectively; capillary tem-
perature = 350 °C; spray voltage =  + 3 kV (positive polarity) 
and − 3 kV (negative polarity). The m/z scan range was 50 
to 1000, and the resolution was set to 100,000 full width at 
half maximum (FWHM) at 1 Hz. The automatic gain con-
trol (AGC) target was set to a high dynamic range (3 × 106), 
and the maximum injection time was 100 ms. The instru-
ment was calibrated every 24 h using the manufacturer’s 



calibration protocol. The formulas of the intermediate 
products were predicted based on the exact mass of the 
monoisotopic peak and the relative abundances of the iso-
tope peaks using the software programs Xcalibur (version 
2.0, Thermo scientific Inc.) and MetAlign (version 041011, 
Arjen Lommen).

Results and discussion

Photolysis

The degradation mechanism of IBP was first evaluated under 
ultraviolet (UV) photolysis.

Ibuprofen can be degraded by UV light through several 
mechanisms:

(i) direct photo-degradation, producing excited IBP
(IBP*), which then undergoes bond cleavage
(Eqs. 1–2) (Oppenländer 2003; Li et al. 2015);

(ii) photosensitization, in which IBP* transfers its energy
to dissolved oxygen, generating a high energy form
of oxygen (singlet molecular oxygen (1O2)), which
subsequently attacks IBP (Eqs. 3–4) (Oppenländer
2003; Li et al. 2015) or produces active radicals
(Eqs. 5–8) (Parsons 2004; Na et al. 2012);

(iii) UV-driven homolysis of water, which produces •OH
radicals that then react with the IBP (Gonzalez et al.
2004; Son et al. 2009; da Silva et al. 2014).

The latter mechanism can be excluded given the emission 
spectrum of the lamps, as water photolysis occurs only with 
wavelengths shorter than 200 nm.

(1)IBP + hv(�=200−280) → (IBP)∗

(2)(IBP)∗ → Degradation products

(3)(IBP)∗ + 3O2 → IBP + 1O2

(4)(IBP) +1 O2 → Degradation products

(5)(IBP)∗ + O2 → (IBP)∙+ + O∙−
2

(6)2O∙−
2
+ 2H+

→ H2O2 + O2

(7)H2O2 + hv(�=185−300 nm) → 2 ∙OH

(8)∙OH∕O∙−
2
+ IBP → Degradation products

To separate the contributions of direct photo-degradation, 
radical attack and singlet molecular oxygen, preliminary 
photolysis experiments were conducted as follows: (i) with-
out a scavenger, (ii) with methanol as a radical scavenger, 
and (iii) with nitrogen gas bubbling to prevent the forma-
tion of radicals or singlet molecular oxygen. Since metha-
nol transmits more than 95% of radiation with wavelengths 
longer than 250 nm, it can safely be assumed that adding 
it had no effect on IBP photon absorption during photoly-
sis and did not quench the effects of 1O2 (Li et al. 2015). 
These experiments were carried out in the photochemical 
reactor (0.5 L) irradiated by lamp L1 for 180 min. The IBP 
removal yield was lower (47% versus 69%) in the presence 
of 50 mM methanol, and likewise around 50% under anoxic 
conditions. These results indicate that the main degradation 
mechanism of IBP under UV light irradiation is direct pho-
tolysis (Eq. 1–2), with a smaller contribution from radical 
attack (Eq. 5–8), while the effect of singlet molecular oxygen 
seems to be negligible.

In addition, Fig. 1 shows that while substantial photolysis 
of IBP occurred under ultraviolet light (L1, L1′, and L3), the 
pollutant concentration remained stable under visible light 
irradiation (L2). The degradation of IBP under UV light 
can be attributed to its high spectral absorption in the UV-C 

Fig. 1   Effect of lamp type on the photo-degradation of IBP: evolu-
tion of a IBP and b TOC concentration ([IBP]0 = 20 mg/L, pH0 = 4.3, 
T = 25 °C, irradiated volume = 500 mL, total volume = 1500 mL)



region (λ = 200–280 nm). An improvement in IBP degrada-
tion at 254 nm (40% vs. 73% of the initial concentration after 
180 min) was observed when the power of the lamp was 
increased from 6 to 10 W. With lamp L3 (a 150 W MP Hg 
lamp), the reaction was much faster, with complete conver-
sion occurring in just 1 h (k = 0.0567  min−1, R2 = 0.9969; 
Fig. 1a). This result is in agreement with those of Shu and 
coworkers (Shu et al. 2013), who found that IBP was effi-
ciently degraded (k = 0.0970  min−1, R2 = 0.9980) under MP 
Hg lamp (1000 W/60 mL volume). The better performance 
of the MP Hg lamp can be ascribed to both its higher power 
and larger emission band in the UV-C region (up to 21% of 
the spectral power). Conversely, as expected from its absorp-
tion spectrum, IBP was negligibly degraded under visible 
light (L2, 360–740 nm). This result also indicates that the 
photo-degradation of IBP under sunlight in the natural envi-
ronment is likely to be very limited.

In terms of mineralization efficiency, TOC removal was 
45% after 3 h of irradiation with L3 versus 19% with L1 
(Fig. 1b). Note that in the latter case, increasing the lamp 
power to 10 W had only a marginal effect, probably because 
the photoactive intermediates formed were less photoactive 
(Szabó et al. 2011; da Silva et al. 2014).

Photo‑H2O2 process

Hydrogen peroxide  (H2O2) is known to be an effective pro-
moter of photo-initiated oxidation reactions (Klavarioti et al. 
2009; Wols and Hofman-Caris 2012). The O–O bond can 
be cleaved under UV irradiation, producing highly reactive 
hydroxyl radicals (Eq. (7)) (Oppenländer 2003; Babupon-
nusami and Muthukumar 2014). The effect of  H2O2 addi-
tion was first studied with L1. As expected, IBP removal 
was better with  H2O2 than when light irradiation was used 
alone (Fig. 2a). For instance, adding 6.4 mM  H2O2 led to 
an increase in the apparent first-order rate constant for IBP 
degradation under L1 from 0.0028  min−1 to 0.0664  min−1 
(i.e., a 24-fold increase).

Figure 2a shows the results of a set of experiments in 
which the  H2O2 concentration was varied between 1.6 and 
22.4 mM (corresponding to 0.5 to 7 times the stoichiomet-
ric amount required for complete mineralization). The IBP 
oxidation rate increased with the  H2O2 concentration up to 
6.4 mM before leveling off, indicating that •OH scavenging 
occurs at high  H2O2 excess (Eq. 9) (Cruz González et al. 
2018; Adak et al. 2019).

The optimum concentration of H2O2 for TOC conver-
sion was similarly found to be 6.4 mM (Fig. 2b). However, 
measurements of residual H2O2 concentrations showed 

(9)H2O2 +
∙OH →

∙OOH + H2O

that the LP Hg lamp only partially converted the oxidant 
(with decomposition rates ranging from 13% at 1.6 mM 
H2O2 to 15% at 22.4 mM H2O2) within 3 h.

The effect of H2O2 addition (6.4 mM) was also assessed 
for the three other lamps. This led to a fivefold increase 
in the apparent degradation rate constant with L3 (from 
0.0567 to 0.2610  min−1; Fig.  3a). However, since the 
photolysis of IBP with L3 was already very effective, the 
relative contribution of H2O2 decomposition was less than 
observed for L1 and L1′. Weak IBP degradation was also 
observed under L2/H2O2, which was not expected given 
the negligible absorbance of IBP and H2O2 in the visible 
light region.

In terms of TOC removal, photo-H2O2 oxidation with 
the MP Hg lamp led to almost complete mineralization 
(97%) after 3  h, compared with mineralization yields 
of just 30%, 46%, and 5% with L1, L1′, and L2, respec-
tively (Fig. 3b). Analysis of the residual H2O2 showed 
that almost all the oxidant was consumed with L3, which 
thus induced rapid photolysis of IBP and effective photo-
decomposition of H2O2, enabling high TOC removal.

Fig. 2   Effect of H2O2 dose on the photo-assisted degradation of 
IBP: a IBP and b TOC concentration: ([IBP]0 = 20 mg/L, pH0 = 4.3, 
T = 25  °C, irradiated volume = 500  mL, total volume = 1500  mL, 
[H2O2]0 = 0–22.4 mM)



Photo‑Fenton process

Photo-Fenton oxidation experiments were conducted using 
L1 and L2. Fenton reagent was prepared with 6.4 mM H2O2 
and 0.134 mM Fe2+ (i.e., Fe:H2O2 = 1:48 mol/mol). A Fen-
ton experiment was also carried out without light irradiation 
for comparison.

Figure 4 shows that the IBP and TOC oxidation rates 
in the photo-Fenton experiments were much higher than 
observed with the other processes, highlighting the expected 
synergistic interaction. The L2 lamp was also found to be 
very efficient in the photo-Fenton process, although it did 
not outperform L1. Both lamps enabled much higher H2O2 
consumption (80% for L2 and 99% for L1) than when Fenton 
oxidation was used alone (13%).

Given that L1’s nominal power is much lower than L2’s, 
the remarkable mineralization efficiency with the former can 
be attributed to the additional •OH groups formed by H2O2 
photolysis (Eq. 7), but also to the photo-reduction of ferric 
ions and of H2O2-iron(III) complexes (Eqs. 10–12), whose 
yields are higher with UV-C rather than UV-A or visible 

irradiation (Safarzadeh-Amiri et al. 1997; Pérez 2002). On 
the other hands, the irradiation from L2 probably enhanced 
the photo-decarboxylation of the complexes formed by ferric 
ions with the short-chain organic acids produced during the 
reaction (Eq. 13) (Waite and Morel 1984; Safarzadeh-Amiri 
et al. 1997; Rodríguez et al. 2009; Nichela et al. 2015).

Sono‑photo‑Fenton processes

Low-frequency sonication (at 20 kHz) is known to be effective 
for the sono-oxidation of IBP (Adityosulindro et al. 2017). 

(10)
Fe3+ + H2O + hv(𝜆<300 nm,𝜆max=240 nm) → Fe2+ + ∙OH + H+(pH < 4)

(11)
Fe(OH)2+ + hv(�=200−400 nm, �max=205;297 nm)

→ Fe2+ + ∙OH(pH = 2 − 4)

(12)Fe − OOH2+ + hv(�=180−550 nm) → Fe2+ + ∙OOH

(13)
[

FeIII
(

RCO2

)]2+
+ hv(�=365−600 nm) → Fe2+ + RCOO∙

Fig. 3   Effect of lamp type on the photo-oxidation of IBP: a IBP and 
b TOC concentration: ([IBP]0 = 20 mg/L, pH0 = 4.3, T = 25 °C, irradi-
ated volume = 500 mL, total volume = 1500 mL, [H2O2]0 = 6.4 mM)

Fig. 4   Effect of lamp type on the photo-Fenton oxidation of IBP: 
a IBP and b TOC concentration: ([IBP]0 = 20  mg/L, pH0 = 2.6, 
T = 25  °C, irradiated volume = 500  mL, total volume = 1500  mL, 
[H2O2]0 = 6.4 mM, [Fe] = 0.134 mM)



The effects of sonication on the photo-Fenton oxidation of 
IBP were evaluated for the previous concentration of Fen-
ton reagent (0.134 mM  Fe2+, 6.4 mM  H2O2) and a lower one 
(0.033 mM  Fe2+, 1.6 mM  H2O2) with the same Fe/oxidant 
molar ratio (Fe:H2O2 = 1:48). The lower concentration was 
investigated to minimize the post-reaction iron concentration 
and highlight possible interactions between ultrasound and 
light irradiation.

In Fig. 5a, the effects of the ultrasound treatment are clearer 
at the lower reagent concentration. With this combined pro-
cess, IBP was fully converted after 180 min of oxidation, while 
the conversion rate with the photo-Fenton (L2/Fenton(-)) pro-
cess was 76%.

To highlight the benefits of combining AOPs, a synergy 
factor (SF) was calculated using Eq. (14), as proposed by vari-
ous authors (Weavers et al. 1998; Dükkancı et al. 2014):

(14)SF =
kCombined process

(

kprocess 1 + kprocess 2 + kprocess i +…+ kprocess n

)

where k refers to the apparent first-order rate constant for 
pollutant degradation.

The hybrid process can thus be considered synergistic 
if SF > 1.

Since the degradation of IBP by Fenton-related pro-
cesses was very rapid in the first 5 min, the apparent reac-
tion rate constants were calculated from that time onward 
(see Tables 1 and 2). The synergistic effect of combining the 
Fenton process with visible light (SF = 8.1) was much higher 
than when it was combined with ultrasound (SF = 2.0). The 
superior activation performance of visible light over ultra-
sound can be ascribed to its higher efficiency in ferrous 
iron regeneration. Nonetheless, at the low Fenton reagent 
concentration (Fe/IBP molar ratio of ~ 0.3), the competition 
for photons between ferric ions/complexes and IBP (and its 
intermediates) may impede the photo-reduction of the for-
mer. This phenomenon has already been reported elsewhere 
and is referred to as the “inner filter effect” (Andreozzi 1999; 
Xu et al. 2013).

Thus, while the rate constant for the ternary process (US/
L2/Fenton) was higher than the sum of the k values for each 
process separately (US, L2, Fenton), this is actually due to 
an additive effect of the two activated Fenton processes (US/
Fenton + L2/Fenton).

Fig. 5   Comparison of photo-Fenton and sono-photo-Fenton oxida-
tions of IBP: a IBP and b TOC concentration: ([IBP]0 = 20  mg/L, 
pH0 = 2.6, T = 25  °C, irradiated volume = 500  mL, sonicated 
volume = 1000  mL, total volume = 1500  mL, fUS = 20  kHz, 
DUS = 50  W/L, [H2O2]0 = 1.6–6.4  mM, [Fe] = 0.033–0.134  mM, low 
concentration of Fenton reagent denoted as ( −))

Table 1   First-order degradation rate constant of IBP for the separate 
and combined processes

a Based on IBP concentration–time profile after 5 min of reaction
b Cited from a previous study (Adityosulindro et al. (2017))
c Low concentration of Fenton reagent ([H2O2]0 = 1.6  mM, 
[Fe] = 0.033 mM)

Process ka (min−1) R2

USb 0.0035 0.9787
L2 Negligible N/A
Fentonc 0.0008 0.9940
US/Fentonc 0.0088 0.9940
L2/Fentonc 0.0065 0.9955
US/L2/Fentonc 0.0130 0.9975

Table 2   Synergy factor (SF) of the combined processes (based on the 
apparent first-order rate constants of (Table 1)

Process Equation SF

US/Fenton kUS/Fenton/(kUS + kFenton) 2.0
L2/Fenton kL2/Fenton/(kL2 + kFenton) 8.1
US/L2/Fenton kUS/L2/Fenton/(kUS + kL2 + kFenton) 3.0

kUS/L2/Fenton/(kUS/Fenton + kL2) 1.5
kUS/L2/Fenton/(kUS + kL2/Fenton) 1.3
kUS/L2/Fenton/(kUS/Fenton + kL2/Fenton) 0.9



For TOC removal on the other hands, combining the three 
processes had little benefit, with 17% TOC removal with the 
sono-photo-Fenton process versus 15% with the photo-Fenton 
process (Fig. 5b). At the reference reagent concentration more-
over (0.134 mM Fe2+, 6.4 mM H2O2), the performances of the 
sono-photo-Fenton and photo-Fenton processes were similar 
in terms of both IBP and TOC removal.

Evaluation of electric energy and oxidant 
consumption

Despite their recognized efficiency, UV/H2O2-based processes 
are rarely implemented on an industrial scale because of the 
potentially high operating costs associated with inefficient oxi-
dant use and the lamp’s energy consumption.

The energy costs of AOPs can be compared using the elec-
trical energy per order (EEO). The EEO is the electrical energy 
per unit volume required to degrade a contaminant C by one 
order of magnitude (Eq. 15) (Bolton et al. 2001), and thus, a 
smaller value indicates lower energy consumption:

(15)EEO =
(P × t × 1000)

(

V × 60 × log
(

Ci

Ct

))

where EEO is the electrical energy per order of pollutant 
removal (kWh/m3/order), P is the power input (kW), t is the 
reaction time (min), V is the volume of solution in the reac-
tor (L), Ci is the initial pollutant concentration (20 mg/L), 
and Ct is concentration of pollutant at reaction time t.

Furthermore, the amounts of H2O2 consumed for pollut-
ant mineralization can be compared using the oxidant con-
sumption index (OCI) (Shahbazi et al. 2014). A smaller OCI 
indicates lower oxidant consumption (thus higher oxidant 
efficiency) as shown in the following equation:

where Δ[H2O2] and Δ[TOC] are the amount of H2O2 con-
sumed (mg/L) and TOC removed (mg/L) during 180 min 
reaction, respectively.

The EEO and OCI values calculated for the different pro-
cesses are presented in Table 3 and compared to the ones 
from previous works.

The most energy efficient UV lamp for photolysis was 
L1′. With L1 and L1′, the addition of H2O2 significantly 
reduced the energy required for pollutant abatement. 
Note that the EEO values calculated for the photo-H2O2 
process using the LP Hg lamp (1.9–2.4 kWh/m3/order) 

(16)OCI =
Δ[H2O2]

Δ[TOC]

Table 3   Electric energy and 
oxidant consumption of the 
tested processes

a [H2O2]0 = 6.4 mM
b [H2O2]0 = 6.4 mM and [Fe] = 0.134 mM
c Low concentration of Fenton reagent: [H2O2]0 = 1.6 mM and [Fe] = 0.033 mM
d Negligible IBP removal
e Miklos et al. (2018)
f Velichkova et al. (2016)

Processes kIBP (min−1) EEOIBP (kWh/
m3/order)

Δ[H2O2] (mg/L) Δ[TOC] (mg/L) OCI (mg-
H2O2/mg-
TOC)

L1 0.0028 54.1 0 2.9 0
L1′ 0.0074 35.2 0 2.9 0
L2 N/Ad N/A 0 0.0 N/A
L3 0.0567 66.9 0 6.8 0
L1/H2O2

a 0.0664 2.4 30.5 4.5 6.7
L1′/H2O2

a 0.1352 1.9 106.6 6.0 17.6
L2/H2O2

a N/Ad N/A 10.9 0.8 14.4
L3/H2O2

a 0.261 15.2 215.4 14.7 14.7
L1/Fentonb Initially fast N/A 215.4 12.4 17.4
L2/Fentonb Initially fast N/A 174.1 8.9 19.5
L2/Fentonc Initially fast N/A 8.2 2.3 3.6
US/L2/Fentonb Initially fast N/A 165.4 9.4 17.6
US/L2/Fentonc Initially fast N/A 13.6 2.6 5.3
UV/H2O2

e N/A 0.09–1.5 N/A N/A N/A
Photo/Fentone N/A 0.07–2.0 N/A N/A N/A
Photo/Fentonf N/A N/A 140 35.6 3.9



are comparable to the ones reported in previous studies 
(0.07–2.0 kWh/m3/order) and compiled by Miklos and 
coworkers (Miklos et  al. 2018). However, while  H2O2 
decomposition was more efficient under L1′ than under L1, 
this was not associated with improved TOC removal, and 
the OCIs of the L1′ and L3 lamps are similar (the energy 
consumption of the latter being much higher, however, 
with a much higher contribution from photolysis).

The Fenton-based processes could not be assessed in 
terms of EEO as the degradation rate was too fast in the 
initial stages of the reaction. Their OCI was lower at the 
lower reagent concentration, suggesting that adding Fen-
ton reagent in excess is not worthwhile. This interpretation 
is not straightforward, however, since the mineralization 
yields achieved in the two experiments differed and the 
relative importance of the competitive reactions consum-
ing the oxidant possibly changed in the course of the deg-
radation process (depending on the reactivity of the reac-
tion intermediates).

Overall degradation pathway

Oxidation intermediates were monitored during (i) photoly-
sis under L1, (ii) photo-H2O2 oxidation with L1 (L1/H2O2), 
and (iii) photo-Fenton oxidation with L2 (L2/Fenton). 
Results of the latter experiment were compared with those 
from a dark Fenton process. Samples collected at various 
time intervals during the corresponding experiments were 
analyzed by HPLC-HRMS, and product identifications were 
verified using standards when available.

Up to 15 transformation products (TPs) were detected 
during the selected photo-based processes (Table  4). 
According to the literature, the principal reactions involved 
in IBP degradation by AOPs are hydroxylation, decarboxyla-
tion, and cleavage of the C-C bond.

The free-radical initiated degradation pathway starts 
with electrophilic attack by •OH of the aromatic ring or 
the side chains of the molecule (the methylpropyl moiety 
or the phenylpropionic moiety), forming various hydroxy-
lated IBP compounds, four of which having been found 
here (TP1A-D). These hydroxylated compounds can be 

Table 4   Detected compounds 
from HPLC-HRMS during 
selected photo-based AOPs

A minimum peak intensity of 1000 and a maximum mass deviation of 10 ppm were considered for detec-
tion threshold and molecule identification, respectively. “Elemental composition” refers to the unionized 
molecule, “ion” refers to the elemental composition of the detected ion possessing an exact mass of “m/z”
a Confirmed by standard
b Isomer of TP1A
c Isomer of TP2A
d Isomer of TP3A
e Isomer of TP4
D Detected, ND Not detected, L1 Photolysis using L1 lamp, L1/H2O2 Photo-H2O2 process using L1 lamp, 
L2/F Photo-Fenton process using L2 lamp, F Fenton process

Code Elemental composition tR (min) Ion m/z L1 L1/H2O2 L2/F F

TP1A C13H18O3
1-hydroxy-IBPa

19.75 [M − H]− 221.1183 ND D D ND

TP1Bb C13H18O3
2-hydroxy-IBPa

18.70 [M − H]− 221.1183 ND D D ND

TP1Cb C13H18O3 21.15 [M − H]− 221.1183 D D D D
TP1Db C13H18O3 22.15 [M − H]− 221.1183 D D D D
TP2A C13H18O4 19.8 [M − H]− 237.1132 ND D D D
TP2Bc C13H18O4 20.50 [M − H]− 237.1132 D D D D
TP3A C13H18O5 18.35 [M − H]− 253.1081 ND D D D
TP3Bd C13H18O5 18.65 [M − H]− 253.1081 ND D D D
TP3Cd C13H18O5 19.15 [M − H]− 253.1081 ND D D D
TP4 C12H16O

4-isobutylacetophenonea
25.1 [M + H]+ 177.1273 D ND ND ND

TP5e C12H16O 20.95 [M − H]− 175.1128 D D D D
TP6 C9H8O3 16.75 [M − H]− 163.0400 D D D D
TP7 C9H10O2

2-phenyl-propionic acid
16.8 [M − H]− 149.0608 D D D D

TP8 C9H10O 17.7 [M − H]− 133.0658 D D D D
TP9 C5H10O3  ~ 4.0 [M − H]− 117.0557 D D D D



further hydroxylated, forming TP2 (C13H18O4), then TP3 
(C13H18O5) isomers. In the investigated reactions, up to two 
di-hydroxylated and three tri-hydroxylated isomers were
observed, but their structure could not be identified in detail
with the mass spectrometer used.

Interestingly, only three hydroxylated transformation 
products (i.e., TP1C, TP1D, TP2B) were formed during 
photolysis (L1) compared with nine such products in the 
L1/H2O2 and L2/Fenton processes (i.e., TP1A-D, TP2A-B, 
and TP3A-C). This could be explained by either a lower 
mineralization efficiency or the contribution of non-radical 
mechanisms during photolysis (e.g., direct photo-degrada-
tion). The fact that 4-isobutylacetophenone (TP4)—a more 
toxic intermediate—was only found during photolysis is in 
line with the latter hypothesis. This compound can indeed be 
formed either by decarboxylation of hydroxylated IBP (Mén-
dez-Arriaga et al. 2010; Michael et al. 2014) or by direct 
photo-decarboxylation of IBP (Jacobs et al. 2011; Ruggeri 
et al. 2013). Its constitutional isomer TP5 (Méndez-Arriaga 

et al. 2010), however, was detected in all cases. Successive 
hydroxylations and the loss of TP4’s terminal propyl group 
can then lead to the formation of TP6 (C9H8O3) and TP8 
(C9H10O) (da Silva et al. 2014).

A parallel degradation pathway for IBP involves the 
cleavage of the isobutyl moiety, forming 2-phenyl-propionic 
acid (C9H10O2, TP7) (Illés et al. 2013; Michael et al. 2014).

Finally, ring opening leads to the formation of small ali-
phatic molecules, such as TP9 (C5H10O3), which was found 
in all the experiments.

The proposed IBP degradation scheme, based on the pre-
sent results and information from previous studies, is shown 
in Fig. 6. Note that dark Fenton oxidation produced all the 
above-described species, except for 1- and 2-hydroxy-IBP 
and TP4.

Fig. 6   Proposed IBP degradation scheme during photo-based AOPs



Conclusion

This paper describes the degradation of IBP in several 
photo-based AOPs, with different types of lamp. For pho-
tolysis, the MP Hg lamp (L3) was found to be much more 
effective than the LP Hg lamps (L1 and L1′) and the xenon-
arc lamp (L2). Adding  H2O2 or Fenton reagent in moderate 
excess significantly enhanced both the IBP degradation rate 
and the TOC removal yield, reducing the electric energy 
demand (EEO criterion) by at least one order of magnitude 
in terms of pollutant conversion. Coupling ultrasound with 
the photo-Fenton process was only found to be beneficial 
at a low Fe/IBP molar ratio (~ 0.3), and to a limited extent. 
(The improvement in the mineralization yield was negli-
gible.) High concentrations of oxidant  (H2O2/IBP > 50) or 
of Fenton reagent were required to obtain high mineraliza-
tion yields in all the processes. The different transformation 
products identified during photolysis and photo-oxidation 
(in the presence of  H2O2 or Fenton reagent) highlighted the 
contributions of radical attack with successive hydroxyla-
tions, but a non-radical pathway was also identified during 
photolysis, in keeping with the direct photo-degradation of 
the molecule observed when methanol was added as a radi-
cal scavenger.
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