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Abstract: An innovative “domino” process, based on an arene hydrogenation followed by a pho-
tocatalytic step, was designed for the remediation of endocrine disrupting compounds, in highly
concentrated aqueous effluents. The novelty relies on the use of TiO2-supported zerovalent Rh
nanoparticles as multicatalytic materials (MCMs) for this two-step treatment, applied on diethyl
phthalate, which is a model aromatic pollutant frequently present in aquatic environments. This
nanocomposite advanced material, which was easily prepared by a green, wet impregnation method-
ology, proved to be active in the successive reactions, the reduction in the aromatic ring, and the
photodegradation step. This sustainable approach offers promising alternatives in the case of pho-
toresistive compounds.
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1. Introduction

Owing to their intensive use as plasticizers in polyvinyl chloride plastics, or as addi-
tives in personal care products or printing inks, and with a world production of several
million tons per year [1,2], phthalate esters (PAEs) are present at very high concentrations
in many surface waters and sediments [3,4]. These ubiquitous pollutants are known as
endocrine disruptors [5,6] and/or suspected as carcinogenic compounds [7,8]. The release,
and the persistent presence in water and wastewater of these PAEs, considered as priority
pollutants by the United States Environmental Protection Agency (US EPA) and some of its
international counterparts [9], have become a societal concern over the past few years.

In that context, the development of fast and efficient treatment processes for the re-
mediation of these harmful endocrine disrupting compounds is highly required. Various
approaches have been used to improve the removal of phthalates during water treat-
ment, including biotransformation [10,11], adsorption [12–14], and advanced oxidation
processes [15–17]. Although the biodegradation of phthalates by activated sludges has
been demonstrated, under either aerobic or anaerobic conditions [18,19], this approach still
suffers from long reaction times to transform these pollutants into harmless compounds, as
well as incomplete degradation. In the same way, adsorptive removal proves to be effective
for PAEs remediation, but presents high costs and requires further treatment. Finally,
advanced oxidation processes (AOPs) have been considered as pertinent methodologies
to remove phthalates from wastewaters [20,21], including the photochemically enhanced
Fenton reaction [22,23], the combinations of TiO2 or H2O2 with ultraviolet (UV) light
irradiation [20,24], ozonation reactions [25,26], and catalytic ozonation processes [27–29].

Among the various oxidation approaches [30], TiO2-mediated photocatalytic decomposi-
tion is considered as a relevant technology to convert complex organic pollutants present in
water into simple, non-toxic, and environmentally acceptable constituents [31–34], ideally car-
bon dioxide and water [35]. The key advantages of this methodology include its operation
at ambient conditions, as well as the use of an inexpensive, commercially available, and
photochemically stable catalyst [36]. Some examples of the photocatalyzed degradation of
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phthalates have been reported with aqueous suspensions of titanium dioxide [37,38], TiO2
pillared montmorillonites [39], or titania-coated magnetic composites [40,41]. Moreover,
doping through incorporation or decoration with transition metal cations or noble metals
has also been reported to extend the spectra response of this photocatalytic material to
the visible region, and thus to achieve higher photocatalytic activity [42–44]. In the last
decades, nanometer-sized particles have been considered as pertinent and green catalysts,
owing to their unique surface properties, thus affording relevant activities and original
selectivities [45]. In that context, we have developed the eco-responsible synthesis of
aqueous suspensions of metal nanoparticles as active catalytic species, [46,47] and their
easy deposition without a calcination step on various supports, including TiO2 [48].

In the drive towards alternative and faster wastewater treatments, we describe a
“domino” process [49] (Figure 1), based on hydrogenation of the aromatic structure of
diethyl phthalate into hydrocarbons, as saturated and less toxic products, which could then
be converted into CO2 and H2O through a photocatalytic step, using a single composite
material, by co-immobilization of two catalytic species within the same matrix. For that
purpose, zerovalent rhodium nanoparticles (NPs), which are known to be active in the
reduction in aromatic rings under mild conditions [50], are deposited on a TiO2 anatase
support, which is the most often used photocatalyst, due to its relevant activity, high
stability, non-environmental impact, and low cost. The feasibility of this wastewater
treatment was investigated on diethyl phthalate (DEP), an aromatic endocrine disrupting
compound, using Rh(0)NPs@TiO2 as the sole catalytic material, combining two different
catalytic properties for these successive molecular transformations [43]. This short-chained
phthalate [51], which has been frequently identified in diverse aquatic environments [52,53],
owing to its easy leaching from plastics [54], is among the most highly suspected endocrine
disrupting compounds that interfere with the hormonal system of wildlife [15]. Obviously,
this two-step treatment process will be particularly adapted for the removal of phthalates
in low volumes of aqueous effluents, but also in high concentrations, more particularly,
wastewaters coming from the plasticizer industry or vat bottom residues (~200 mg·L−1).
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Figure 1. Removal of diethyl phthalate (DEP) through a pertinent “domino” process.

2. Results and Discussion

Rh(0)NPs supported on TiO2 anatase were easily synthesized by a sustainable method-
ology, based on the wet impregnation of the inorganic active matrix, by an aqueous suspen-
sion of rhodium (0) colloids under mild conditions, in air, without any drastic treatments,
such as calcination [48,55]. The N,N-dimethyl-N-cetyl-N-(2-hydroxyethyl) ammonium
chloride (HEA16Cl)-prestabilized rhodium NPs, [56] fully characterized and possessing
sizes of around 2.4 nm, [57,58], were easily deposited on the titania photocatalytic support,
as shown by the color change from black to colorless. After filtration, the multicatalytic
material was washed several times with water and dried overnight (Figure 2). The metal
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loading, which was determined by inductively coupled plasma (ICP) analysis, was around
0.09 wt.%, as expected. The presence of Rh(0) NPs possessing an average size of 3–4 nm,
very close to the size of anatase, was checked by high-resolution transmission electron
microscopy (HRTEM micrograph Figure 3a—contrasted zone) and confirmed by energy-
dispersive X-ray (EDX) spectrometry (Rh signals at 2.696 and 2.834 keV in Figure 3c) [55].
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planes of TiO2 anatase. (c) EDX spectrum of Rh(0) particles proved by deconvolution analysis (red vs. blue curves).

Furthermore, interplanar distances of 0.352 and 0.233 nm, corresponding to the (101)
and (112) lattice planes of anatase, were also observed (Figure 3b magnification).

X-ray photoelectron spectroscopy (XPS) measurements were also performed on the
multicatalytic materials, to determine the chemical environment of the deposited Rh species
(Figure 4). The survey spectra of the Rh(0)NPs@TiO2 catalyst (Figure 4a) contain Ti 2p
photoelectron peaks at a binding energy, Eb, of 459 eV, and those of O 1s at Eb = 531 eV. The
Ti 2p1/2 and Ti 2p3/2 spin-orbital splitting photoelectrons are located at binding energies
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of 464.6 eV and 459.0 eV, respectively, as observed in Figure 4b. The position of Ti 2p3/2
is assigned to the presence of a Ti4+ oxidation state. The peak separation of 5.596 eV
between the Ti 2p1/2 and Ti 2p3/2 signals is in good agreement with the reported literature
values [59–61]. The O 1s spectrum (Figure 4c) shows a contribution at 530.34 eV, attributed
to Ti–O bonds, and a peak at 532.81 eV, which could be assigned to OH groups on the
surface [59]. On the other hand, no specific core-level peaks related to N 1s and C 1s, relative
to the presence of residual protective surfactant (HEA16Cl), which was used for the NPs
stabilization, were observed. These results suggest that the particles were well adsorbed
on the support during the wet impregnation methodology, and that the surfactant was
totally removed after the washing step. Although double-checked, the Rh species and their
3d peak positions could not be clearly detected by this technique, owing to the very low
loading, inferior to 0.1%, as assigned by ICP analysis, but the presence of the Rh species has
clearly been assigned by the EDX experiments. Moreover, as indirect proof of the presence
of Rh in the catalyst, such TiO2-supported Rh0 nanoparticles have proved to be highly active
and reusable in the hydrogenation of mono- or di-substituted and/or functionalized arene
derivatives, including chloroanisoles (chloromethoxy benzenes), which were investigated
as model substrates for endocrine disruptors [48,55].
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In the first set of experiments, the photocatalytic activity of the nanocomposite
Rh(0)NPs@TiO2 material was investigated in the decomposition of an aqueous solution
of diethyl phthalate (DEP), in a 1 mM concentration. The results were compared to the
activities of the following three semiconductor materials: (i) the commercial anatase TiO2
from Sigma-Aldrich (99% anatase, 325 mesh); (ii) the commercial rutile TiO2 from Sigma-
Aldrich; and (iii) a TiO2 anatase form doped with Au(0) NPs, following the same procedure
as for Rh(0) NPs. This Au(0) NPs@TiO2 nanocomposite, with 0.1 wt.% metal loading, was
evaluated as a reference, since gold NP-loaded TiO2 materials have already proved their
efficiency in the photocatalytic degradation of various pollutants [62,63], owing to their
strong visible light absorption, due to localized surface plasmon resonance [64,65]. The aim
of this study was to check the effect of rhodium nanospecies on the photoactivity of TiO2
support, and to compare the obtained results to Au doping. Prior to the photodegradation
experiments, a series of adsorption tests on the target compound, diethyl phthalate, were
performed in the dark, with the different catalytic materials, over 16 h. Whatever the cata-
lyst (TiO2 anatase or rutile forms, Rh(0)NPs@TiO2 or Au(0) NPs@TiO2) was, the adsorption
capacities were negligible, with a similar concentration observed after 16 h. These results
prove the absence of strong interactions between the substrate and the matrix.

The photocatalytic performances of the Rh(0)NPs@TiO2 as multicatalytic materials
for diethyl phthalate photodegradation are presented in Figure 5, and compared to the
activities of the commercial anatase and rutile TiO2 polymorphs, and the Au(0)-doped
material. First, as a blank experiment, poor degradation was observed in the absence of a
catalyst after 6 h with the same concentration. Concerning the TiO2 allotropic forms, as
already reported in the literature [66,67], the anatase form presents higher photocatalytic
activity than the rutile one, showing a 2 mg·L−1 concentration in DEP after only 5 h, while
the rutile form led to a 100 mg·L−1 ppm concentration after 24 h (Figure 5). Compared with
pure anatase TiO2, the photocatalytic efficiencies of the metallic nanoparticle-doped anatase
materials (Rh(0)NPs@TiO2 and Au(0)NPs@TiO2) are superior, with a concentration in the
endocrine disrupting compound that is inferior to the UV detection limits (<0.2 mg·L−1)
after 5 h. This result proves the absence of poisonous effects of the active sites, which could
have been induced by the presence of zerovalent metallic species at the semi-conductor
surface. Moreover, the improved photocatalytic activities, in the case of doped materials,
could be explained by an inhibition of electron-hole recombination, owing to the presence
of metallic particles at the TiO2 surface, as already reported in the literature, with silver
species [68,69] or gold nanoparticles [62,63].

In the second step, since Rh(0) nanoparticles did not disturb the photocatalytic activity
of the anatase support, and have already proved to be reference catalysts for the reduc-
tion in arene derivatives [55,70], hydrogenation of the endocrine disruptor possessing an
aromatic ring was performed as a pre-treatment, to reduce the aromatic structure before
photocatalytic degradation. First, the hydrogenation of diethyl phthalate into diethyl
hexahydrophthalate was studied at room temperature, and several hydrogen pressures (40,
30, and 1 bar H2) were considered. The results are gathered in Table 1.

Table 1. Hydrogenation of diethyl phthalate with Rh(0) NPs@TiO2 nanocatalyst 1.

Entry H2 Pressure (Bar) t (h) TOF 2 (h−1)

1 3 40 0.18 1670
2 30 0.18 1670
3 1 3.5 90

1 The reaction conditions were as follows: Rh(0)NPs@TiO2 (1g, 0.09 wt.%), diethyl phthalate/metal = 100,
10 mL H2O, room temperature. 2 Turnover frequency defined as the number of H2 mol per mol Rh per hour.
3 Non-optimized.
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Figure 5. Kinetic photodegradation of aqueous diethyl phthalate solution with different catalysts
(TiO2 anatase or rutile polymorphs, Rh(0)NPs@TiO2 and Au(0)NPs@TiO2). The reaction conditions
were as follows: T = 20 ◦C, C0 = 222 mg·L−1, unregulated pH and an incident light flux of 16 W·m−2.

In all cases, the reduction in the aromatic ring is observed with complete conversion
in 0.18 to 3.5 h, according to the dihydrogen pressure. A higher turnover frequency of
1670 h−1 was achieved under 30 bar H2 (entry 2). The use of milder pressure conditions
(atmospheric hydrogen pressure) also leads to the formation of diethyl hexahydrophthalate
with a TOF of 90 h−1 (entry 3). Moreover, it is worth mentioning that under mild conditions
(1 bar H2, room temperature), neither the TiO2 anatase support nor the Au-doped TiO2
material were able to reduce the aromatic ring.

In the final step, photocatalytic remediation of the pre-hydrogenated compound
(diethyl hexahydrophthalate) was performed, with the same composite materials as pre-
viously described, and was compared with that of diethyl phthalate (Figure 6). Based on
previous results on DEP (Figure 5), we presume that the Rh(0)NPs had no negative influ-
ence on the photocatalytic activity through a poisoning effect. From the photodegradation
curves, higher photoreactivity could be observed for the hydrogenated diethyl phthalate,
showing the pertinence of this “domino” process. More than 99% of an aqueous solution
of diethyl hexahydrophthalate (222 mg·L−1) was rapidly transformed in 2 h, compared to
5 h for diethyl phthalate.
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Figure 6. Photodegradation of diethyl phthalate and pre-hydrogenated diethyl phthalate in aqueous
solution in the presence of Rh0 NPs@TiO2. The reaction conditions were as follows: T = 20 ◦C,
C0 = 222 mg·L−1, unregulated pH and an incident light flux of 16 W·m−2.

3. Materials and Methods
3.1. General

RhCl3.3H2O and HAuCl4.3H2O were obtained from Strem Chemicals (Bischheim,
France). All the organic compounds were purchased from Acros Organics (Illkirch, France)
or Sigma-Aldrich-Fluka (Saint-Quentin-Fallavier, France) and used without further purifi-
cation. The titania anatase and rutile allotropic forms were obtained from Sigma-Aldrich
(Saint-Quentin-Fallavier, France). Water was distilled twice before use by conventional
method. The N,N-dimethyl-N-cetyl-N-(2-hydroxyethyl) ammonium chloride (HEA16Cl)
used as a protective agent for the metallic NPs in aqueous solution, was synthesized as pre-
viously described in the literature and fully characterized [56,71]. All gas chromatography
analyses for catalytic hydrogenation reactions were performed using a Carlo Erba GC 6000
(Val de Reuil, France) with an FID detector equipped with a Thermo Fisher TR-5 (Illkirch,
France) column (30 m, 0.25 mm i.d.).

3.2. Preparation of Metal NPs@TiO2

The catalyst was prepared according to a previously described methodology [48].
Titania (19 g) in deionized water (40 mL) was stirred vigorously for two hours. Furthermore,
50 mL of HEA16Cl surfactant-stabilized suspension (1.9 × 10−4 mol of metallic NPs, 2 equiv.
of HEA16Cl) were added under vigorous stirring. The system was kept under stirring for
two hours. After filtration and three consecutive water washing steps, the grey powder was
dried overnight at 60 ◦C and in air. The ICP analysis gave a metal loading around 0.09%.

3.3. General Procedure for Hydrogenation under Atmospheric Hydrogen Pressure

Reactions were carried out under standard conditions (20 ◦C, 1 bar H2). A 25 mL
round-bottom flask, charged with Rh(0)NPs@TiO2 catalyst (1 g in 10 mL of water) and
a magnetic stirrer, was connected with a gas burette (500 mL) to a flask to balance the
pressure. The flask was closed by a septum and the system was filled with hydrogen. The
diethyl phthalate ([Substrate]/[Metal] = 100) was injected through the septum and the
mixture was stirred at 1700 min−1. The reaction was monitored by gas chromatography
analyses.
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3.4. General Procedure for Hydrogenation under Hydrogen Pressure

The stainless-steel autoclave was charged with the Rh(0)NPs@TiO2 catalyst (1 g in
10 mL of water) and a magnetic stirrer. The diethyl phthalate ([Substrate]/[Metal] = 100)
was added into the autoclave and dihydrogen was admitted to the system at constant
pressure (up to 40 bars). The conversion was determined by gas chromatography analyses.
Based on the amount of introduced rhodium, the TOFs values were calculated.

3.5. Photocatalytic Experiments

Irradiations were performed in a cylindrical magnetically stirred batch reactor (vol-
ume: V = 4 L, diameter = 18 cm), fitted with a 25 W low-pressure fluorescent lamp (Philips
PL-L 24W/10/4P, maximal emission wavelength 365 nm) placed vertically in a plugged
tube. The water thickness between the tube and the inner wall was 0.05 m. The radiant flux
received by the solution was measured by means of a chemical actinometer (potassium
ferrioxalate), which was irradiated under similar conditions to those used during the degra-
dation studies. The incident photon flux was estimated as (8.1 ± 0.1) 10−6 Einstein·s−1.
Further, 222 mg of diethyl phthalate was stirred in 1 L of ultra-pure water for 2 h at room
temperature. Then, the aqueous solution was introduced in the photocatalytic reactor with
the desired amount of catalyst. Purified air was continuously bubbled into the suspension
throughout the experiment and a magnetic stirrer was used to ensure good solid–liquid
mixing in the reactor. During each run, samples were taken from the reactor at different
irradiation time intervals and filtered to remove the catalyst with a Minisart filter (Sartorius,
0.45 µm). DEP analyses were conducted by HPLC-UV-MS, using a Shimadzu LCMS-2020
UPLC coupled to a simple quadrupole mass spectrometer. The column used was a Thermo
Scientific Accucore C18 column (150 mm× 4.6 mm i.d. with 2.6 µm particle size). The
analyses were carried out with a flow rate of 0.5 mL·mn−1, with a binary mobile phase
composed of acetonitrile acidified with 0.1% formic acid (50%) and ultra-pure water (50%).
The detection was performed by mass spectrometry with 1.4 kV tension with an m/z
scan ranging from 150 to 550. The selected ion monitoring was adapted to the substrates
([M+H]+ = 223 or 229, respectively, for diethyl phthalate and diethyl hexahydrophthalate).

3.6. Adsorption Experiments

Dark adsorption experiments of both compounds (DEP and hydrogenated DEP) on the
photocatalytic media were carried out by mixing aqueous solution of the target compound
with the desired amount of catalyst, at 20 ± 2 ◦C. The reaction mixture was stirred for 16 h
before HPLC-UV-MS analyses.

3.7. Transmission Electron Microscopy (TEM) Analysis

After embedding of the sample in a resin (AGAR 100) and treatment at 70 ◦C for 48 h
for polymerization, the solid was cut into ultrathin lamellas (70 nm) with a diamond knife
(Leica Ultracut UCT, Nanterre, France). A TEM analysis was then realized after deposition
of the lamellas onto a carbon-covered copper grid using a microscope operating at 200 kV
with a resolution of 0.18 nm (JEOL JEM 2011 UHR) equipped with an EDX system (PGT
IMX-PC).

3.8. X-ray Photoelectron Spectroscopy Analysis

XPS measurements were performed with a Mg K X-ray source (hv = 1254 eV), using
a VSW HA100 photoelectron spectrometer with a hemispherical photoelectron analyzer,
working at an energy pass of 22 eV. The experimental resolution was then 1.0 eV. The
binding energy for the main C–C peak was taken at 285.0 eV as an internal reference level
for all measurements. Spectral analysis included a Shirley background subtraction and
peak separation using mixed Gaussian–Lorentzian functions.
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4. Conclusions

In conclusion, we demonstrated the efficiency of a “domino” process for the remedia-
tion of diethyl phthalate, a frequently observed aromatic endocrine disrupting compound
in aquatic environments. This original process relies on the use of a single nanocomposite
material in two combined reactions, the hydrogenation of the aromatic structure, followed
by its photocatalytic degradation, without modification of its structure and properties. This
innovative approach, based on multicatalytic materials, could also be very pertinent and
promising for photoresistive compounds, at high concentrations, in aqueous effluents. In
the process, the rhodium (0) nanoparticles, which were active in arene hydrogenation, were
immobilized on TiO2 anatase, a well-known photoactive support, offering the opportunity
to use a unique catalyst for these successive steps. This multi-site nanocatalyst was easily
prepared in the absence of organic solvent and a calcination step, and is highly active,
even at very low Rh loading, without any leaching during the catalytic process. Further
works are ongoing to combine reactions in the same reactor, to optimize manipulation as
well as the reaction time, and, finally, to determine the intermediates, and thus propose a
degradation pathway for 1,2-diethylphthalate. Although the scope of this work is limited
to a laboratory scale for diethyl phthalate remediation, this efficient and environmen-
tally friendly “domino” approach constitutes a promising alternative, particularly for the
removal of pollutants, which are refractory to classical oxidative processes.
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