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Abstract: This work highlights new insights into the performance of TiO2 doped with noble metal
catalysts for the photocatalytic degradation of organic water pollutants. Different samples of titanium
dioxide doped with noble metals (Au and Pd) were successfully synthesized via incipient wet
impregnation (IWI) and ultrasound-assisted impregnation (US) methods. X-ray diffraction, scanning
electron microscopy and UV-Vis reflectance spectroscopy were used for the characterization of the
obtained materials. Their photocatalytic efficiency was investigated in aqueous suspension thorough
a series of laboratory tests performed under ultraviolet (UV-A) irradiation conditions using 2,4
dinitrophenol (2,4 DNP) as a target molecule. The results clearly show that the method used for the
catalyst synthesis affects its photocatalytic activity. It was found that the samples prepared by the IWI
method exhibited high photocatalytic activity, and the removal rate obtained with TiO2-Pd/IWI was
higher than that found for TiO2-Au/IWI. Furthermore, for the best catalyst, some extra photocatalytic
experiments were conducted with rhodamine 6G (R6G), a highly stable molecule with a very different
chemical structure to 2,4 DNP, in order to check the reactivity of this material. Moreover, the recycling
experiments carried out with TiO2-Pd/IWI clearly demonstrated the high photocatalytic stability
of this material for the degradation of 2,4 DNP. All of the collected data confirmed the interesting
photocatalytic potential of the selected catalyst in the elimination of organic pollutants with no
obvious change in its reactivity after four reaction cycles, which is very promising for promoting
future applications in water depollution.

Keywords: degradation; noble metal doping; persistent organic pollutants; photocatalysis; titanium
dioxide

1. Introduction

Fast industrial development and human activities cause major damages to the envi-
ronment because of the release of harmful organic pollutants. Most of these pollutants
are recognized for their toxicity, mutagenicity and carcinogenicity, representing a major
ecological concern [1]. In this context, over the last decades, an increasing interest among
scientists has emerged regarding the development of new technologies in the area of water
and wastewater treatment with the aim of enhancing the elimination of organic compounds
and, thus, reducing their impact on the aquatic system.

Heterogeneous photocatalysis is an advanced oxidation process that has many ap-
plications for the pollution abatement. This oxidation process is recognized today as a
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very promising, green and easy-to-apply strategy regarding the effective degradation
of stable organic molecules from wastewater and industrial effluents [2–4]. Briefly, in a
photocatalytic reaction, a semiconductor interacts with photons that have sufficient energy
in order to promote an electron from the valence band to the conduction band, followed
by the generation of reactive oxidizing species (often hydroxyl radicals) from water. In
many studies, hydroxyl radicals, HO·, are typically reported as very reactive species which
are able to degrade and mineralize organic pollutants, transforming them into harmless
products, such as CO2 and H2O [5–7]. Among these semiconductor materials, titanium
dioxide (TiO2) was widely used in many photocatalytic applications because of its low
toxicity, chemical stability, availability, convenient physical and optical properties, and low
cost [8,9]. Numerous works recognized TiO2-based heterogeneous photocatalysis as an
efficient technology for the elimination of different organic pollutants from water [10–12].
However, an important drawback in its use is related to the high recombination rate (within
nanoseconds) of charge carries, which limits its photocatalytic efficiency [13]. A possible
way to overcome it is to promote the charge carrier separation, reducing the recombina-
tion rate of the photo-generated electrons and holes, thus improving its photocatalytic
efficiency [14]. One of the strategies considered as useful for improving the TiO2 activity is
doping with noble metals [15–17]. The effect of noble metal loading (Au, Ag and Pt) on
the surface of different commercial TiO2 was investigated in some previous studies for the
photodegradation of different organic molecules [16,18–21]. For example, for TiO2 doping
with platinum, the photocatalytic effect does not always cause an increase in the activity.
Furthermore, the detailed procedure of doping significantly influences the photocatalyst
efficiency.

A detailed literature study was performed in order to investigate the roles and the
performance enhancements caused by noble metal doping of titanium oxide supports by ap-
plying different preparation methods. The literature mentions various doping procedures,
such as the sol–gel method [22], ultrasound treatment followed by UV irradiation [23], dif-
ferent versions of impregnation techniques of commercial titania [24,25], photodeposition
from noble metal salt solutions [26,27], and radiolysis [28]. Some examples of noble metal-
doped TiO2 by various preparation techniques with applications in the photocatalytic
decomposition of organic molecules are displayed in Table 1.

Table 1. Photocatalytic performance of noble metal-doped TiO2.

Material Preparation Procedure Reaction Conditions Elimination Efficiency Ref

Mesoporous TiO2
doped with Pd and Au Sol-gel

Simulated wastewater with
8.71 mg/L Total Organic
Carbon (TOC), 15 W UV

lamp

93% (Au/TiO2) [22]

Pd-, Pt-, Ag- or
Cu-doped TiO2 (P-25)

US treatment and UV light in
water-propanol

2,2′,4,4′-tetrabromodiphenyl
ether, 300 W UV lamp 100% on 5%Pd-TiO2 [23]

0.5% Pt/P-25 10%
Ag/P-25

Impregnation from polyol
solutions under reflux

Dichloroacetic acid (DCA),
150 W UV lamp 70%, 62% t-BuOH in 5 h * [24]

1%Pt/TiO2/SiO2
(a)1%Pd/TiO2/SiO2
(b)1%Ag/TiO2/SiO2

Photodeposition in acetic
acid suspensions of

TiO2/SiO2 containing PdCl2
or H2PtCl6·6H2O under UV

(8 W lamp) for 15 h

Brilliant red (K-2G), cationic
blue (CBX), 300 W UV lamp

K-2G 280% rate increase on
(a), 30% rate increase on (b) [26]

0.5% and 1% Ag and
Pt/P-25

Photodeposition in methanol
(Ag) and oxalic acid solution
(Pt) under UV-C (4W lamp)

for 5 h

Oxalic acid, 9 W UV-A lamp 70–85% on doped samples,
40% on P-25 [27]

0.1% Ag and/or 0.1%
Pd and Pt/P-25 Radiolysis Toluene phenol, 63 mW

UV-LED, or Vis-LED
50–97% or 60–100%

depending on the doping [28]

TiO2 and Pd/TiO2
Sol-gel method (Ti

isopropoxide and Pd nitrate)
Methylene blue, methyl
orange, 100 W UV lamp

83.4 and 75.3%
mineralization after

180 min
[29]

* Best yields were obtained in t-BuOH decomposition.
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The information gathered in Table 1 reveals the large diversity of materials and their
tremendous versatility as photocatalytic materials. Simple organic compounds, such as
alcohols, acids, and quinones, as well as dyes, and even complex mixtures of dissolved
organic compounds simulating real wastewater have been subjected to photocatalytic
processes to obtain the deep cleaning thereof. We must underline that in most cases, the
reactions are possible due to the use of considerably powerful UV lamps that are necessary
in the processes, thereby causing electrical energy consumption and limiting application at
a larger scale. Therefore, in most research on the topics of photocatalytic water cleaning,
irradiation durations of up to of 120 min are considered reasonable for a reaction in order
to be taken into account as a convenient time value for a practical process.

In this work, two different preparation methods, the incipient wet impregnation (IWI)
and the ultrasound-assisted (US) impregnation, were employed for the preparation of the
doped TiO2 samples. Our study aimed to apply two simple and cheap methods to obtain
bulk materials with enhanced properties for photocatalysis, as we observed that there is a
considerable scarcity of available literature on these topics.

The incipient wet impregnation (IWI) method has been previously reported as a
convenient strategy for catalyst doping with various transition metals, but it has not been
much considered as a valuable strategy for noble metal loading. IWI has been reported as
an interesting technique for the preparation of supported catalysts due to its simplicity and
the good dispersion of the dopant solution inside the internal porosity of a solid support,
thus obtaining doped catalysts with very small dopant grains (even nanoparticles) well
dispersed on the support.

These small areas, where the junction between the support and the doping metal
occurs, provide a high number of sites with slightly different alignments of the electrons
energy levels [30], leading to stabilization of the electron–hole separation and generation
enhancement of active radicals with photocatalytic effects [31]. Furthermore, no noble metal
loss during the photo-reactions was reported [32]. Moreover, this method has an economic
and green catalyst preparation fingerprint, as there is no waste during the procedure.

The ultrasound-assisted impregnation method is a technique based on the acoustic
cavitation phenomenon using ultrasonic waves. An important effect of the ultrasonication
is the high dispersion of the agglomerated particles from powders dispersed in liquid
media. Thus, the particles separated from each other are well exposed to the dopant from
the solution, and its immobilization on the whole solid is facilitated [33]. By using this
procedure, the solid is contacted with a solution volume much higher than in the IWI
method. However, the uniform distribution of the dopant on the support is expected, since
its dispersion in the liquid is high, and the use of volatile solvents for the procedure allows
the ultrasonication to occur since the evaporation of most of the liquid is observed [34].

The fact that incipient wet impregnation and ultrasound-assisted deposition of noble
metals are not often mentioned as doping procedures in the literature motivated us to apply
these procedures for the improvement of a commercial titania. We chose in this respect a
pure anatase product and focused our attention on its doping by using gold and palladium
salts and applying the fore-mentioned techniques. Their structural characterization was
performed by powder X-ray diffraction (XRD), scanning electron microscopy (SEM), Energy
Dispersive X-ray Analysis (EDAX) of the surface species and ultraviolet-diffuse reflectance
spectroscopy (UV-Vis/DR) to calculate the band gap values.

Then, after proving that the doping induced changes in the morphology of the solids
and band gap values, their efficiency as photocatalysts with high activity towards an
enhanced degradation of persistent organic water pollutants was compared. The photocat-
alytic activity was investigated with regard to the degradation of 2,4-dinitrophenol (2,4
DNP) as target molecule under UV-A irradiation conditions. This organic compound is a
phenol derivative, well known for its carcinogenic potential and widely used as a precursor
for dyes and pesticides. Being a very toxic compound with low biodegradability and
hardly transformed during the conventional wastewater treatment, 2,4 DNP is often use
as a test compound for the investigation of the photocatalytic activity of new synthesized
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semiconductive solids [4]. The photocatalytic activity of the doped catalysts is expected
to largely depend on the synthesis method and on the species of the noble metal. An
enhanced elimination of 2,4 DNP was observed in the case of the TiO2-Pd system obtained
by the IWI method.

Afterwards, the photocatalytic activity of the best doped catalyst was also evaluated
for the degradation of rhodamine 6 G (R6G) to determine its efficiency over an organic water
pollutant with a completely different chemical structure, because this factor is recognized to
affect the catalyst photoactivity. R6G is a fluorescent dye with a xanthene structure, and it
is very stable in aqueous solutions. It is mainly used in the textile industry as a dyestuff, in
medicine as an analogue in the P-glycoprotein (Pgp) efflux assays, as a leukocyte marker to
study the interaction between leukocytes and the vascular endothelium, in Enzyme-linked
immunosorbent assay—ELISA biochemical analysis and in biotechnology applications
for fluorescence microscopy [35–37]. This complex molecule has considerable stability in
aqueous solutions, and while its fluorescent pink color makes it easy to see even with
the naked eye at concentrations as low as 1 ppm, it also makes it undesirable in the
environment; thus, it is recommended as a probe molecule for the investigation of new
photocatalysts. Excellent investigations regarding this dye decomposition mechanism by
photocatalytic degradation are available in the literature [38,39].

With the aims of delivering a material superior to the initial TiO2 (Across) after doping
and running a process with energy consumption as low as possible, calculations of the
electric energy per order were carried out to classify the photocatalysts also from this point
of view.

The results of this study reveal that doping with palladium gave better results in
terms of photocatalytic activity and energy consumption than both the raw material and
gold-doped material for both 2,4 DNP and R6G degradation.

2. Materials and Methods
2.1. Chemicals

The commercial TiO2 (anatase >98%) used in this work was purchased from Across
Organics (Across Organics, Vienna, Austria). Palladium chloride (PdCl2) and gold (I)
chloride (AuCl), used as precursors for Pd and Au, were acquired from Sigma-Aldrich
(Sigma-Aldrich, St. Louis, MO, USA). Hydrochloric acid (technical grade, 37%) and abso-
lute ethanol (EtOH) were purchased from Silal Trading SRL (Silal Trading SRL, Bucharest,
Romania) and Sigma-Aldrich, respectively. 2,4 DNP and R6G of analytical grade were
provided by Sigma-Aldrich. All reagents were used without further purification. The 2,4
DNP and R6G working solutions were prepared by diluting stock solutions in distilled
water.

2.2. Preparation of Doped TiO2

TiO2-Au and TiO2-Pd were obtained by using the ultrasound method (US) (device
Sonics VCX-750 Vibra Cell Ultra Sonic Processor (Sonics & Materials, Inc., Newtown, PA,
USA), using pulse/pause cycles of 2/2 s) and by incipient wet impregnation (IWI). The
doping degree was of 1% metal (by weight). The dopant precursors were prepared by
dissolving PdCl2 and AuCl in concentrated HCl using acid-to-salt ratios close to those
giving saturated solutions. The samples were denoted as TiO2-Pd/US, TiO2-Au/US,
TiO2-Pd/IWI and TiO2-Au/IWI.

When the US procedure was employed, 4 g of TiO2 was mixed with 50 mL of EtOH,
and the suspension was subjected to ultrasonication for 1.5 h at room temperature. Subse-
quently, the volume of the dopant solution corresponding to the desired doping extent was
added. The same ultrasonication procedure was continued for one more hour, and then
the mixture was dried at 100 ◦C overnight for the total evaporation of the ethanol.

For the doping procedure using the IWI technique, the initial TiO2 sample (4 g) was
dehydrated at 200 ◦C for two hours in a crucible introduced in an oven. Afterwards, the
dopant solution prepared by diluting the corresponding dopant hydrochloric solution with
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ethanol to reach a volume of 4 mL was suddenly poured on the hot solid, and the crucible
was immediately covered with a cap.

All doped samples, as well as a pure TiO2 sample, were calcined in a furnace at 600 ◦C
at a heating rate of 2◦/min for 4 h to decompose the initial salts and obtain the noble metal
dispersed on TiO2. Figure 1 summarizes the main steps of both of the methods used for
the synthesis of catalysts.

Figure 1. Flow chart of the main steps for the protocols used in this study for catalyst preparation.

2.3. Characterization

The XRD patterns were obtained on a Shimadzu D6000 device (Shimadzu Corporation,
Tokyo, Japan) (2 theta range 5–80◦) using CuKα radiation (λ = 1.5406 Å). The SEM images
and EDAX composition measurement were obtained on a JEOL JSM 7100 F EDS EBSD
Oxford microscope (JEOL JSM-7100, Jeol Ltd., Tokyo, Japan). The pure nitrogen adsorption
measurements at 77 K (by submerging the sample cell in liquid nitrogen), performed on a
Nova 2200 apparatus (Quantachrome Instruments, Graz, Austria), allowed the determi-
nation of the specific surface area using the BET (Brunauer-Emmett-Teller) equation. The
UV–DR spectra on solid samples were traced on a Shimadzu 1700 device, preparing the
sample with MgO as blank and dilution solid material.

2.4. Photocatalytic Tests

The photocatalytic activity of the synthesized solids was investigated in a glass cylin-
drical reactor with a total volume of about 500 mL and with internal irradiation using an
Osram UV-A lamp of 9W (OSRAM GmbH, Garching, Germany) (emitting in the range of
350–400 nm with a maximum at 370 nm), hosted in a central quartz tube, using a solution
with a volume of 250 mL for each test. These photocatalytic reactions were performed
under magnetic stirring at room temperature and at the native pH of the solutions, using
2,4 DNP and R6G as test molecules. Stock solutions of 300 ppm were prepared from
precisely weighted amounts of 2,4 DNP and R6G in volumetric flasks of 500 mL. The
working solutions were prepared by properly diluting the stocks in volumetric flasks of
250 mL with distilled water. Prior to irradiation, the test solution mixed with 1 g/L of the
photocatalyst was stirred in the dark to establish the adsorption-desorption equilibrium;
then, the UV lamp was turned on. Samples were withdrawn at established time intervals
from the reactor and filtered through a 0.45 µm syringe filter to retain the solid. The solution
concentrations were measured by spectrophotometry.

2.5. Analytical Determination

The residual concentration of the pollutant was measured by spectrophotometry, using
a Shimadzu UV-1700 spectrophotometer. The absorbance values were recorded at 360 nm
for 2,4 DNP and at 526 nm for R6G, the corresponding absorption wavelength maxima for
the analyzed molecules. For quantification purposes, Lambert-Beer law was considered.
The calibration curves for each target molecule were calculated within the linear ranges of
0–15 mg/L (for 2,4-DNP) and 0–10 mg/L (for R6G) with high correlation coefficients of
0.997 and 0.994, respectively. If necessary, samples dilutions in distilled water were made
before spectrophotometric analysis.
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Degradation efficiency was calculated with the following equation:

D, % =
C0 − Ct

C0
·100 (1)

where C0 is the initial concentration of the solution before the photocatalytic reaction, and
Ct is the solution concentration at time t of irradiation.

3. Results and Discussions
3.1. Material Characterization

The TiO2 parent material, after calcination at 600 ◦C, consisted of pure anatase, as
the XRD pattern shows (Figure 2). The main peaks in the powder XRD patterns indicate
the presence of the characteristic planes for anatase TiO2: (101), (004), (200), (105), (211),
(204) and (116) corresponding to maxima at 2θ = 25.4◦, 37.8◦, 48.1◦, 53.9◦, 55.1◦, 62.7◦

and 68.8◦, respectively [40]. The XRD pattern indicates a highly crystalline material, with
excellent anatase phase purity. The XRD patterns of the doped samples, TiO2-Au/IWI and
TiO2-Pd/IWI, have very similar shapes, showing the presence of low intensity maxima
assigned to the (111) and (200) planes of Pd metal nanoparticles at 39.8◦ and 49.3◦ [41–43],
respectively, and to the (111) plane of Au nanoparticles at 33.9◦ [44,45].

Figure 2. XRD pattern of TiO2 support, TiO2-Pd/incipient wet impregnation (IWI) and TiO2-Au/IWI,
calcined at 600 ◦C.

The position and width of the most intense peak corresponding to the (101) plane of
TiO2 were used to calculate the size of the particles using the Debye–Scherrer relation:

Dcryst =
0.94 λ

(h1/2 cos θhkl)
(2)

where h1/2 is the width at the half-peak height.
The values of the particle size calculated by this method for our samples were 55.66

nm for genuine TiO2, 55.98 nm for TiO2-Pd/IWI and 55.83 nm for TiO2-Au/IWI.
The values of the specific surfaces of the samples were 10.35 m2/g for genuine TiO2,

11.57 m2/g for TiO2-Pd/IWI, 11.04 m2/g for TiO2-Pd/US, 10.1 m2/g for TiO2-Au/IWI and
9.95 m2/g for TiO2-Au/US.

The SEM images (Figure 3) show that the morphology of the doped samples is very
similar, regardless of the species of the noble metal. For the images on the left side, the
detection is based on the capture of the secondary electrons issued during the sample
bombardment with incident electrons (SEI), while the images on the right are obtained
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from the capture of the retro-diffused electrons, providing a specific contrast according to
the sample composition (the sample with the presence of gold provides a lighter image
than the sample doped with palladium, as it is a better electronic conductor).

Figure 3. SEM micrographs: (a,b) of TiO2-Pd/IWI) and (c,d) TiO2-Au/IWI.

The noble metal mapping indeed indicates the uniform spread-out of the dopant on
the support surface.

The surface composition of the TiO2-Pd/IWI sample was highlighted by the elemental
mapping (EDX) connected to SEM analysis. The images (Figure 4) indicate the presence
of a small amount of Pd grains on the surface (appearing as bright spots). Furthermore,
the presence of Pd nanoparticles on the surface is proved by the values of the Pd/Ti ratio
measured on a surface area without Pd grains (spots 1,2 and 3 in Figure 4a).

Figure 4. Elemental mapping by EDAX for the TiO2-Pd/IWI sample: (a) overall aspect, (b) average elemental composition
on the selected areas.
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The analysis shows that the Pd/Ti ratio is 1.28%, which is higher than the amount
introduced in the preparation (1%), indicating that the diffusion of Pd inside the porous
structure of TiO2 is quite poor: a big proportion of the Pd used in the preparation remains
on the outer surface of TiO2, where the EDAX analysis allows their detection.

The semi-conductive properties of the samples were analyzed by UV-DR spectroscopy,
allowing the calculation of the band gap either by the extrapolation of the linear portion of
the UV-DR curve or, even better, by tracing the Tauc plots (Figure 5) [46,47].

Figure 5. Tauc plots for the TiO2-derived samples prepared by the IWI method.

The method supposes tracing the graphical dependence between the energy (h × ν)
versus Tauc function (α × h × υ)2 and helps to obtain the value of the band gap by the
extrapolation of the linear portion of the curve since it crosses the x-axis; the value in the
crossing point gives the band gap energy in eV.

The values of the band gaps for the samples are 3.2 eV (TiO2), 3.08 (TiO2-Au/IWI) and
2.98 eV (TiO2-Pd/IWI). The doping procedure slightly decreases the band gap, potentially
improving the photocatalytic performance of the solid. The band gap values for the samples
prepared by the US method did not produce band gap changes with regard to initial TiO2.

3.2. Effect of the Method Used for Catalyst Synthesis on Its Photocatalytic Performance

Numerous studies regarding the photocatalytic properties of TiO2 indicate that the
fast recombination rate of the Photogenerated e−/h+ pair is a major drawback. A promis-
ing strategy to overcome this limitation is noble metal doping [48]. Indeed, the use of
noble metals (such as Pt, Pd, Ag and Au) as dopants represents a valuable option for
the stabilization of TiO2 due to their high Schottky barriers, avoiding the recombination
of e−/h+ pairs or promoting the interfacial charge transfer processes [49]. According to
this paper, doping with noble metals causes not only an enhancement of photocatalytic
efficiency, but also an easier recovery of the metal from the solution and a reduction of the
energy consumption and surface corrosion, as well as modifications of the semiconductor
properties (mechanical, optical, magnetic and electronic) [49]. As previously stated, differ-
ent methods were employed in the literature for noble metal doping of TiO2, indicating
their versatility in relation to photocatalyst performance.

In this context, the impact of the method used for TiO2 doping on its photocatalytic ac-
tivity was first investigated. Two methods, namely, ultrasound-assisted impregnation and
incipient wet impregnation, were considered in this work, and the photocatalytic activity
of the as-prepared gold-doped TiO2 (TiO2-Au) catalysts was studied in the degradation
of 2,4 DNP (as model reaction) in order to determine the optimal doping method. The
present preliminary study was performed under UV-A irradiation conditions in model



Water 2021, 13, 19 9 of 18

solution (distilled water) after a pre-equilibration period of 30 min. Preliminary blank
adsorption–desorption tests were carried out in the dark in the presence of catalyst for
10 h. For illustration purposes only, the data corresponding to a contact time period of
120 min are presented in Figure 6. As shown in this figure, for 2,4-DNP the adsorption
equilibrium is obtained in both cases within a contact time of 30 min, and less than 10% of
pollutant elimination by immobilization on the solid by adsorption was observed under
these conditions. In addition, photolysis assays were performed under UV-A irradiation
without a catalyst, and only very slight degradation (about 2%) of the target molecule
was observed. According to the results shown in Figure 6, both UV-A and the catalyst
are necessary to enhance the photocatalytic reaction. Moreover, these results show that
the method used in the photocatalyst preparation influences its photocatalytic activity. In
the case of the catalyst doped by the IWI method, a higher elimination yield (50%) was
observed after 120 min of irradiation, while only 37% was removed with that obtained by
the US method.

Figure 6. 2,4 dinitrophenol (2,4 DNP) degradation (20 mg/L) in the presence of the TiO2-Au (1 g/L)
catalysts, obtained by US and IWI methods.

Such behavior is due to the fact that the incipient wet impregnation method, by
occurring at a high rate of contact between the support and the dopant, prevents the
dopant penetration by solution diffusion into the bulk of TiO2 and, thus, creates double
phase regions on the outer surface, in which the electron–hole pair recombination rate
is decreased by the refuge of the electron from the conduction band of one phase on the
conduction phase of the other phase. This phenomenon is widely documented in the
literature [5,7,43] and occurs on the portion of the surface accessible for the irradiation
and adsorption, where the adsorbed pollutant easily interacts with the active oxidizer
radicals issued from the interaction between the water molecules and promoted electrons,
thus enhancing the photocatalytic performance of the doped catalyst. Indeed, Zhou et al.
(2020) [50] reported that the redox reactions occurring on the catalyst surface complete the
charge carrier recombination, maintaining the photocatalytic activity.

The overall photocatalytic activity of TiO2-Au/IWI was highlighted by the UV-Vis
spectra recorded at different irradiation times between 0–120 min in the range 200–800 nm
(Figure 7). The maxima from the UV range of the spectra at about 227 nm are due to
the nitrate group, and their intensities remain almost constant. This is an indication
that the nitrate groups from the solution remain unchanged, while the aromatic portion
gradually disappears: the wide peak situated between 240–210 nm becomes asymmetrical
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and narrower as the reaction advances (inset Figure 7). A constant and significant decrease
in the characteristic absorbance maximum at 360 nm, as well as in the shoulder from 400
nm, occurs overs time, indicating the high degradation efficiency of the target molecule
in the photocatalytic system. This fact suggests that the carbon-based part of 2,4 DNP
is readily mineralized to carbon dioxide and water and is not only splinted in smaller
fragments, as reported earlier [51].

Figure 7. Temporal changes in UV-Vis absorption spectra for 2,4 DNP measured at the end of the
adsorption reaction and during the photodegradation (20 mg/L) in aqueous solution in the presence
of TiO2-Au/IWI (1 g/L).

Data of several studies indicate that the ultrasound-assisted TiO2 synthesis allows for
the obtention f materials with high photocatalytic activity [52,53]. In our study, however,
the results illustrate that the IWI technique provides better results than the US method.
This statement is in line with other references indicating the better efficiency when IWI
was used for TiO2 doping with the aim of obtaining active solids for the photocatalytic
degradation of different organic pollutants [54–57].

On the basis of these preliminary results, the IWI method was employed for the
synthesis of noble metal-doped TiO2 used in the further experiments.

3.3. Investigation of the Photocatalytic Activity of Palladium- and Gold-Doped Titania
Nanoparticles Synthesized by the IWI Method

In this work, TiO2 was doped with noble metals such as gold and palladium by
the incipient wet impregnation procedure, and their photocatalytic performance was
investigated under UV-A irradiation in order to define the better-performing catalyst. The
degradation experiments were conducted with 2,4 DNP as target molecule for an initial
concentration of 20 mg/L at a catalyst load of 1 g/L. For comparison purposes, experiments
using the corresponding undoped catalyst were also conducted under similar operating
conditions. Figure 8 shows the evolution in time of the 2,4 DNP degradation using Au-
and Pd-doped titanium dioxide in comparison with pure TiO2, as well as the obtained
results for the dark adsorption experiments. Accordingly, it was found that the extent
of the 2,4 DNP adsorbed at the surface of TiO2-Pd/IWI (10%) is slightly higher when
compared to TiO2-Au/IWI and the undoped material. The results from the dark tests also
confirm that adsorption–desorption equilibrium is reached after a contact time of 30 min.
In addition, it was observed that TiO2 doped with Pd exhibits the highest photocatalytic
activity, performing a 2,4 DNP elimination yield of 70% after 120 min of irradiation. On the
contrary, gold doping reduces the photoactivity compared with undoped TiO2, decreasing
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its activity by more than 10%; the TiO2-Au/IWI catalyst shows only 50% of elimination
during the same reaction time. Such behavior has been previously observed in some earlier
studies, implying the use of Au-doped TiO2 for the photodegradation of other organic
pollutants [58,59]. The decrease in the photocatalytic activity observed in our study for
TiO2-Au/IWI may be due to the preparation method associated with the modification
of the TiO2 surface having a harmful effect on the photocatalytic activity because of the
shadowing effect of the dopant of the TiO2 active sites [16].

Figure 8. 2,4 DNP degradation in aqueous solution in the presence of the TiO2-Acros, TiO2-Pd and
TiO2-Au catalysts obtained by the IWI method.

The beneficial effect of Pd as a dopant on the photocatalytic efficiency was reported
for the degradation of different water pollutants. Various studies confirmed that Pd ions
can improve the photocatalytic activity by enhancing the generation of charge carriers and
suppress the e−/h+ recombination [60,61]. Thus, the formation of reactive species responsi-
ble for the degradation of organic pollutants increases, resulting in a higher photocatalytic
activity [58,62,63].

It should be noted that noble metals such as Pt or Au are quite expensive. Thus, TiO2
metallization with cheaper metals such as palladium has a practical application potential,
because it is cheaper and a lot more abundant (50 times) on Earth than platinum [16].
Combining the good results concerning the strong photocatalytic activity with the accept-
able cost of palladium and its abundance, the preliminary data obtained in our study
are very promising. On the other hand, one of the most relevant factors that illustrate
process efficiency is economic performance. According to literature data, the electric energy
spent for the advanced oxidation processes (AOP) processes is one of the main operating
costs [2,63]. Given the fact that heterogeneous photocatalysis is an energy intensive process,
the calculation of the electrical consumption is of practical interest. For a low initial pollu-
tant concentration, as is the case of our study, a useful parameter that could be considered
is the electrical energy per order (EE0). In their earlier studies, Cardoso et al. (2016) [2]
and Urkude et al. (2014) [64] defined EE0 as the electrical energy expressed by the number
of kilowatt hours (kWh) consumed to reduce the pollutant concentration by 1 order of
magnitude per unit volume of contaminated water.

For a batch reactor EE0 (kWh/m3/order), the following equation can be obtained:

EE0 =
P·t·100

V·60· log
(

Ci
C f

) (3)
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where P is the rated power (kW) of the UV-A lamp used for the photocatalytic oxidation
reaction, t is the irradiation time (min), V is the working volume of the reactor (L), and Ci
and Cf are the initial and the final concentration of the pollutant, respectively.

As stated above, the interest in noble metal doping is not only to extend catalyst
photoactivity, but also to reduce energy consumption required for the photocatalytic reac-
tion. Hence, for this reason, we focused our attention on the evaluation of this parameter
with regard to the considered catalysts. Such an evaluation will give us more insights
regarding their practical interest. Indeed, the economical factor is often dominant for the
implementation of future processes. Thus, the EE0 values for the degradation of 2,4 DNP
under UV irradiation using TiO2-Acros, TiO2-Au/IWI and TiO2-Pd/IWI were calculated
for a reaction time of 120 min, accordingly to Equation (3). The EE0 values were determined
for the considered operating conditions by using these three photocatalysts, which are
displayed in Figure 9.

Figure 9. Energy consumption for the obtained catalyst.

An significant decrease in energy consumption was achieved using the TiO2-Pd/IWI
catalyst due to the doping in comparison with the undoped material. When calculating
the ratios between the energy consumption, the value for the TiO2-Pd/IWI sample is
lower by a factor of 1.75 when compared to TiO2-Au/IWI and by 1.25 when compared
to the undoped TiO2. These results demonstrate that the TiO2-Pd system obtained by
incipient wet impregnation represents an interesting option for the elimination of this
organic pollutant due to both its efficiency in photocatalytic degradation and the substantial
reduction of the energy requirement.

3.4. Evaluation of TiO2 and TiO2-Pd/IWI Nanoparticle Efficiency on the Elimination of 2,4 DNP
and R6G

The photocatalytic activity of a catalyst strongly depends on the chemical structure of
the considered pollutant [29,65]. In this context, in order to study and compare the ability
of undoped TiO2 and TiO2-Pd/IWI to decompose different organic pollutants, additional
photocatalytic tests using R6G were conducted under the same experimental conditions
(initial pollutant concentration of 20 mg/L, catalyst loading of 1 g/L and use of UV-A
irradiation). 2,4 DNP is a model molecule with two nitro groups and one aromatic ring.
It is considered a precursor for pesticides and is often used for testing the photocatalytic
potential of a solid due to its chemical stability and noticeable intrinsic toxicity, therefore
being filed as a refractory compound with respect to its removal from diluted aqueous
solutions. R6G is an xanthene derivative with a molar mass of 442.5. It contains two amino
groups, one of them coordinated by HCl, and an aromatic ring bonded to an ester group
(Figure 10 inset), has remarkable stability in aqueous solutions, and generates high color
intensity, even at concentrations as low as 1 ppm [66].
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Figure 10. 2,4 DNP and rhodamine 6G (R6G) degradation in the presence of TiO2-Pd/IWI and TiO2.
Experimental conditions: photocatalyst dose = 1g/L; pollutant = 20 mg/L.

The evolution of R6G removal by photocatalysis for the two organic species on the
two catalyst samples is depicted in Figure 10 for selected reaction time durations from
0 to 120 min. The results reveal that there are substantial differences between the two
catalysts on one part, and on the degraded species on another. The highest removal
yield for this series of experiments was achieved for R6G on the TiO2-Pd/IWI sample
(96% decolorization degree) at 120 min of irradiation, while on the genuine TiO2, the
decolorization reached about 88% in this time duration. It indicated a more active catalyst
after the doping procedure. Regarding the degradation of 2,4 DNP, the decomposition
of this compound proved to be more difficult, both on Pd-doped and genuine TiO2: the
maximum decomposition yield was around 67% on TiO2-Pd/IWI and 60% on the genuine
TiO2. The superiority of the photocatalytic activity was exhibited on the whole explored
time duration. Therefore, a series of catalyst reuse was performed on the TiO2-Pd/IWI
sample. Blank experiments carried out on TiO2-Pd/IWI in the dark with R6G, under
similar experimental conditions excluding the irradiation, indicated an elimination degree
of about 8%.

It must be pointed out that the catalyst investigated here prepared by using the incipi-
ent impregnation method displays good photocatalytic reactivity for both of the organic
pollutants. The evolution of the decomposition yield of these two organic species in time
suggests their similar behaviors in the sense of a substantial increase in the decomposed
amount of the test molecule every 30 min, despite their huge differences in chemical com-
position and structure: R6G is readily soluble in water and its aqueous solution of 20 ppm
has a native pH of 4.24, while 2,4 DNP is soluble in water only after adding diluted NaOH
to induce molecule ionization.

Furthermore, the evolution of photocatalytic efficiency of TiO2-Pd/IWI and TiO2 over
time was evaluated by the calculation of the degradation kinetics of 2,4 DNP and R6G by
applying the pseudo-first-order kinetic model using the following equation:

− ln
(

Ct

C0

)
= Kappt (4)

where C0 is the initial concentration of the pollutant, Ct is the concentration at time t, and
Kaap and t are the apparent reaction rate constant and the irradiation time, respectively.

According to Equation (4), Kapp can be determined as the slope of the plot of−ln(C/C0)
versus the reaction time (Figure 11).
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Figure 11. Reaction kinetics profiles for the degradation of 2,4 DNP and R6G in the presence of
TiO2-Pd/IWI and TiO2. Experimental conditions: photocatalyst dose = 1g/L; pollutant = 20 mg/L.

The good plot linearity demonstrates that the photocatalytic kinetics for both organic
test species follow the pseudo-first-order kinetic model. Furthermore, according to the data
in Figure 11, the high values of the correlation coefficients (R2 > 0.93) confirm the validity
of the pseudo-first order model.

The calculated values for Kapp were of 8.6× 10−3 1/min (2,4 DNP) and 2.41× 10−2 1/min
(R6G) on the TiO2-Pd/IWI sample and 7.2 × 10−3 1/min (2,4 DNP) and 1.76 × 10−3 1/min
(R6G) on undoped TiO2. They indicate that the TiO2-Pd/IWI photocatalyst exhibits a faster
and slightly higher degradation activity for both R6G and 2,4 DNP than the undoped
sample, and that R6G is decomposed to a higher extent by both solids. These findings
indicate that the molecule breakage of R6G is easier in the sense of chromophore group
distruction; the spectrophotometric analysis shows only the color disapearance and does
not provide indications regarding the mineralization of the organic species.

In summary, it is important to note that these results indicate strong evidence regarding
the ability of TiO2-Pd/IWI to degrade organic pollutants from water and, therefore, to be
an efficient catalyst that can be successfully used in heterogeneous photocatalytic processes.

3.5. Investigation of Catalyst Recyclability

Another aspect examined in this study was the potential of catalyst recyclability. This
evaluation represents a critical issue for future practical application of a photocatalyst in
an advance oxidation process. For this reason, four photocatalytic consecutive runs were
carried out in the presence of fresh prepared solutions of 2,4 DNP (initial concentration
of 20 mg/L) and a catalyst of 1 g/L. After each experiment, the aqueous suspension was
filtered in order to separate the TiO2-Pd/IWI catalyst. Before its use in a new photocatalytic
experiment, the collected material was washed several times with ultrapure water and
afterwards dried in an oven at 100 ◦C for 24 h.

It should be noted that each cycle was performed using the same experimental pro-
cedure, and the pollutant elimination efficiency was monitored for a reaction duration
of 120 min. According to Figure 12, the photocatalytic activity of the synthesized mate-
rial was mostly unchanged. Only a slight decrease in removal of 2,4 DNP of about 7.6%
was observed at the end of the fourth photocatalytic run. This result confirms the reuse
potential of the TiO2-Pd/IWI catalyst within its photocatalytic successive operation. The
slight drop recorded for the elimination of the target molecule can be due to a possible
catalyst loss within the filtration or rinsing steps, or it can be a result of the absorption of
reaction intermediates at the catalyst surface or in its pore channels [61]. Similar results
were previously reported in terms of photocatalytic stability for other catalysts or for noble
metal-doped titanium dioxide for the degradation of other organic pollutants [23,62,67,68].
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Figure 12. Variation of 2,4 DNP photodegradation efficiency within four consecutive reaction cycles
on TiO2-Pd/IWI.

The results obtained in our study clearly demonstrate the good physico-chemical
stability of the used material, providing clear evidence regarding its promising potential
for future practical photocatalytic applications.

4. Conclusions

The noble metal doping of TiO2 is a versatile method for improving the photocatalytic
activity, especially when the dopant is accessible and has a reasonable price. In the present
study, the doping of a commercial titania (Across Chemicals, Vienna, Austria) containing
anatase phase has only been performed with gold and palladium, by either applying the
impregnation under ultrasound treatment in alcoholic suspension (US) or by employing
the incipient wet impregnation technique (IWI).

The materials were characterized by XRD, SEM, EDAX, BET adsorption of pure
nitrogen and UV–DR spectroscopy and revealed the formation of small dopant particles
on the support.

Preliminary tests of 2,4 DNP degradation by photocatalysis highlighted that the IWI
technique provides better photo-active materials than those obtained by the US method.
The energy consumption for the UV irradiation was calculated, and a decrease of 25% is
observed in the case of TiO2-Pd/IWI in comparison with the TiO2 support.

The photocatalytic potential of the TiO2 sample doped with Pd was evaluated by
using two organic species, 2,4-dinitrophenol (and 2,4 DNP) and rhodamine 6G (R6G).
Despite its bulk and complex molecule, R6G was degraded deeper and faster than 2,4
DNP; within 120 min of photocatalyst action under UV irradiation, 96% of elimination
was found for the R6G dye. The obtained results also show that the reaction kinetics for
both 2,4 DNP and R6G were well fitted to a pseudo-first model. Moreover, the obtained
data clearly demonstrated the high photocatalytic stability of the synthesized TiO2-Pd/IWI
catalyst, showing good reactivity in the degradation of 2,4 DNP after a few repeated cycles
of degradation/regeneration, which is very promising for a future practical application.

To conclude, the present study provides new evidence that the IWI method represents
a promising option for the synthesis of palladium-doped titanium dioxide with high photo-
catalytic activity for the oxidation of persistent organic pollutants under UV-A irradiation
conditions. Furthermore, we hope that the results reported in our study will certainly
stimulate future research on the optimization of the synthesis conditions for IWI protocol in
order to design optimized TiO2-Pd systems with enhanced photocatalytic activity suitable
for environmental applications.
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