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Faculty of Chemistry, University of Warsaw, Pasteura 1, 02-093 Warsaw, Poland; ebiadun@chem.uw.edu.pl (E.B.);
sylwia.gajewska@student.uw.edu.pl (S.G.)
* Correspondence: kmiecz@chem.uw.edu.pl (K.M.); bekras@chem.uw.edu.pl (B.K.-O.);

Tel.: +48-22-552-6340 (K.M.); +48-22-552-6357 (B.K.-O.)

Received: 30 October 2019; Accepted: 5 December 2019; Published: 7 December 2019
����������
�������

Abstract: This study describes the utilization of hierarchical photoactive surface films for the
decomposition of surfactants in water samples (with different pH). Photoactive films, containing
tungsten (VI) oxide and iron (III) oxide (hematite), were deposited in a systematic and controlled
manner using a layer-by-layer method. Physicochemical properties of the photoactive materials
were developed and characterized using XRD analysis, Raman spectroscopy, water contact angle,
voltammetry, and microscopic (SEM) techniques. The resulting multilayer films showed attractive
performances in the photodegradation of the anionic surfactant sodium dodecyl sulfate (SDS) and
the nonionic surfactant (1,1,3,3-tetramethylbutyl)phenyl-polyethylene glycol (Triton™ X-144) under
solar light irradiation. The efficiency of the surfactants’ photodegradation was evaluated with a “test”
based on a method, which is extremely sensitive to surfactants’ interference, with trace analysis of
Pb using anodic stripping voltammetry on mercury electrodes (recovery study). The usefulness of
hierarchical photoactive systems in the photodegradation of both surfactants is demonstrated in the
presence and absence of the applied bias voltage. The maximum decomposition times were 2–3 h
and 30 min, respectively. Furthermore, a properly designed layer system may be proposed, matching
the pH of the water sample (depending on the treatment on the sampling side).

Keywords: tungsten trioxide; iron oxide; photocatalysts; stripping voltammetry; solar light
decomposition; surfactants

1. Introduction

Some organic compounds with varying degrees of biodegradability used in various industries, as
well as in everyday life by consumers, should be removed from wastewater due to their toxicity and
their mutagenic and carcinogenic properties [1]. Especially dangerous are the surfactants from the
textile, metallurgical, chemical, cosmetic, pharmaceutical, and household product industries. Directly,
they are not so dangerous to humans and the environment, but these compounds can reduce the surface
tension of water [2–5], allowing insoluble or hardly soluble compounds to be dissolved. Monitoring
of the content of such pollutants is certainly required. Moreover, the presence of a high content of
surfactants in water interferes with the ability to obtain a reliable analytical result using a variety of
techniques. It impairs the stage of nebulization in inductively coupled plasma mass spectrometry (ICP
MS) and inductively coupled plasma optical emission spectrometry (ICP OES) measurements (due
to surface tension change), while high total organic carbon (TOC) interferes with atomic absorption
spectrometers (AAS) detection and ICP ionization (torch clogging). Most of the organic compounds are
electroactive, making it virtually impossible to use one of the inexpensive electrochemical methods [6].
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Usually, determination of trace elements in water samples does not require any sample pretreatment
before graphite furnace atomic absorption spectrometry (GFAAS) or ICP MS analysis. However,
surfactants present in high concentrations, especially in wastewater, need previous decomposition (or
at least a significant reduction in their levels) [6,7]. Reproducible results can be obtained after complete
decomposition of the organic matter or decomposition to a form that does not interact with the analyte.

The photocatalysis process is a useful method for removing resistant organic compounds from
water that are difficult to remove by conventional methods, e.g., coagulation, sedimentation, and
filtration [8–10]. The application of semiconductors as photocatalysts offers an environmentally
friendly way of using solar energy to remove different organic compounds in the presence of various
catalysts, such as TiO2 [1,6,11–16], ZnO [17,18], CdS [19,20], ZnS [21], Fe2O3 [22–24], Cu2O [25],
ZrO2 [26], WO3 [27,28], V2O5 [29], and CdSe [30]. In the case of environmental analytical studies, TiO2

has favorable semiconductor photocatalytic properties, due to its high photocatalytic activity upon
irradiation with UV, high stability in a wide range of pH (modified and non-modified water samples),
and low price [11], but its major drawback compared to other semiconductors is its relatively low (only
3–5%) utilization of solar light irradiation. In this context, tungsten trioxide seems to be a good choice
for the photodegradation of organic compounds. Tungsten oxide is a semiconductor characterized by
a relatively low energy band gap of 2.4–2.8 eV and, importantly, it absorbs a quantum of radiation
from the visible range of the solar spectrum (wavelength 480 nm) [31,32]. For this purpose, and also its
high stability in acidic conditions and good charge-carrier transport properties, this semiconductor is a
very attractive material-purifying complex for environmental water samples [8,33,34]. An intensely
studied metal oxide semiconductor for the photodegradation of organic matrices is iron (III) oxide,
Fe2O3 (hematite), as it is fairly stable in aqueous solutions (except in strongly basic or acid conditions),
and also due to its high availability, nontoxicity, and chromatic characteristics. Hematite has a narrow
band gap value of 2.1 eV, causing an effective absorption of the solar spectrum when compared to
those of TiO2 and WO3 [35]. However, a small hole diffusion length of 2 to 4 nm in Fe2O3 is seen as
an important reason for the lower practical conversion efficiencies, in addition to the slow kinetics
of oxygen evolution in water splitting, as reported in the literature. This induces interest in using
this material as a photocatalyst, due to its effective operation and low cost; it is also considered an
environmentally friendly compound.

In recent years, various research groups have focused on improving the performance of
pristine photocatalytic materials by combining both metal oxides to obtain binary heterojunction
systems which absorb a large fraction of solar light irradiation and have photoactive properties for
water splitting [36–40], as well as aiding the decomposition of various organic compounds [41,42].
The favorable energy band positions of both semiconductors allow the transfer of electrons from the
conduction band of Fe2O3 to WO3 and holes from the valence band of WO3 into Fe2O3, which reduces
the recombination of the electron–hole pair and results in an efficient charge separation and better
photocatalytic efficiency. Several systems composed of Fe2O3 and WO3 have been proposed with
various configuration, including mixed films [43,44], host–guest structure [38,45,46], and nanostructure
modified nanowires [47,48]. In the literature, there are a few examples utilizing a Fe2O3/WO3 system
in photodegradation of organic matter, e.g., methylene blue dyes [49–51], phenol [52,53], rhodamine
B [23], and antibacterial activity [54]. The process often had to be accelerated with addition of hydrogen
peroxide [23,53]. Senthi et al. showed that photocatalysts composed of Fe2O3/WO3 obtained by
a simple mixing of both pristine compounds exhibited higher photocatalytic activity towards the
decomposition of dye (methylene blue) under solar light irradiation [50]. Moshfegh et al. investigated
the optical and surface properties of WO3 and Fe2O3 films with a varying ratio of both metal oxides
for the photocatalytic processes [55]. The outcomes exhibited that increasing the content of hematite
in the binary system led to a reduction in the optical band-gap and then, a rise in optical constants.
Furthermore, Sivula et al. observed that the deposition of Fe2O3 onto WO3 scaffolds allows for an
increase in electron charge collection [38]. Recently, we showed that the fabrication of mesoporous
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WO3 admixed with the borotungstic-acid-stabilized hematite is capable of generating anodic current
associated with the oxidation of water to oxygen.

The aim of this study is to develop a reagent-free decomposition methodology for simplifying the
organic matrix (limitation of interferences) before trace metal analysis in water samples containing
large amounts of surfactants. From the advanced environmental analysis point of view, e.g.,
speciation analysis, it is important not to introduce additional reagents that are usually used for
decomposition of surfactants. Furthermore, depending on the complexity of the water samples
(e.g., acidic or non-modified samples of water), we are able to design a dedicated hierarchical
photoactive system suitable for decomposing surfactants in various environmental samples of
different pH. For this purpose, we have developed hierarchical active surface films containing
tungsten (VI) oxide and iron (III) oxide (hematite), deposited in a systematic and controlled
manner (layer-by-layer), as well as mixtures of both oxides. The arrangements of the films
utilized as photocatalytic systems in this study of surfactant photodegradation were labeled as:
(1) WO3/Fe2O3BW12/WO3—W/Fe/W, (2) Fe2O3BW12/WO3/Fe2O3BW12—Fe/W/Fe, and (3) admixed
WO3 and Fe2O3BW12—m-WFe. The resulting multilayer films show attractive performances towards
photodegradation of the anionic surfactant sodium dodecylsulfate (SDS) and the nonionic surfactant
(1,1,3,3-tetramethylbutyl)phenyl-polyethylene glycol (Triton™ X-114) following illumination with solar
light and in the presence and absence of the applied bias voltage. Herein, we propose an approach
that can be viewed as a visible light photodegradation alternative to the well-known (commonly
used) concept of the UV digestion method. The efficiency of the photodegradation of surfactants in
the presence of the hierarchical films was evaluated by the following testing methods: The water
contact angle of surfactant solutions and the recovery study of Pb (content at ppb level) using stripping
voltammetry with a mercury electrode as a working electrode (highly sensitive to traces of organic
matter in the analyzed sample). The latter approach is sensitive to interference originating from
surfactants; therefore, it is a suitable analytical method for evaluating the efficiency of photodegradation
of these types of interferents. Application of light in the range of 380–800 nm for decomposition of
organic compounds can be the core of cheap photomineralizers—without mercury lamps and expensive
quartz glass, as an alternative to the “UV stations” currently used in the treatment of drinking water,
and a good starting point for the development of a simple technology for using solar light irradiation
to support treatment of water and wastewater directly in the contaminated reservoirs.

2. Results and Discussion

2.1. Morphology and Physicochemical Identity of Photocatalytic Systems

The structure and morphology of the proposed photoactive materials were investigated using X-ray
diffraction (XRD) spectroscopy. Figure 1 displays the XRD pattern of all proposed photoactive materials,
and the results indicated that the materials had a crystalline structure. In the XRD measurements,
a pure and highly crystalline monoclinic WO3 phase was detected (Figure 1), with no diffraction
signals associated with added compounds, showing three distinct diffraction signals in the region
2θ = 23◦–25◦ corresponding to the (1 1 0), (0 0 2), (0 2 0) lattice planes; these were consistent with
the values described in the literature [56–59] (JCPDS 72-0677). Some diffraction signals ascribed to
tetragonal SnO2 were also detected (JCPDS 46-1088). The average crystal size of the WO3 samples,
evaluated by utilizing Scherrer’s equation on the main intense signal, was of the order of 50 nm.
In the hierarchical systems (W/Fe/W—Figure 1, Fe/W/Fe—Figure 1) and admixed (m-WFe—Figure 1)
catalyst films, the XRD pattern demonstrated the main orientation of the WO3 crystallites appearing
at around 25 degrees; otherwise, the lattice planes ((1 0 4), (1 1 0), and (0 1 2)) attributed to hematite
were in good agreement with the JCPDS 89-0597 standard cards. This indicated that both compounds
could influence the identity of the crystalline phase. Furthermore, the positions of the respective
diffraction peaks were practically the same as those typical for the single main components. Bearing
in mind that the ionic radii of Fe3+ and W6+ atoms are practically similar, and that they are both six
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coordinated in structure, it can be seen that tungsten atoms may insert into the hematite structure and
that the replacement of iron by tungsten atoms to form Fe–O–W bonds can occur because of the strong
interaction. These results do not confirm the formation of ferric tungstate, but such a situation could
not be excluded on the interface between the tungsten oxide and hematite layers.
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Figure 1. X-ray diffraction pattern of bare WO3, mixed m-WFe, and hierarchical systems Fe/W/Fe,
W/Fe/W films on the fluorine-doped tin oxide (FTO) conducting glass electrode. Attributes associated
with the FTO substrate (SnO2) are marked by * in the XRD pattern.

The photoactive materials were also analyzed using X-ray fluorescence (XRF), giving the following
chemical ratios: The WO3 samples were pure tungsten trioxide, and the Fe:W atomic ratios for W/Fe/W,
Fe/W/Fe, and the admixed m-WFe were 1:100, 10:1, and 1:50, respectively.

To gain insight into the nanostructured morphology of the investigated photoactive material
films, scanning electron microscopy (SEM) measurements (Figure 2) were performed on WO3, W/Fe/W,
Fe/W/Fe, and m-WFe, which were obtained by the layer-by-layer method. Figure 2 shows the surface
structure of the pristine WO3 film before forming the BW12-modified Fe2O3 film. It is noteworthy that
the pristine photoactive film was composed of grains of WO3 in a size range of 30–50 nm with porous
morphology. More specific changes in morphology were observed in the case of WO3@Fe2O3BW12

(Figure 2b), and these were probably related to the presence of three-dimensional structures consisting
of Fe2O3 and WO3 crystals of different sizes, typically in the range of 40–80 nm. In the case of the
hierarchical system, where bare BW12-modified Fe2O3 has formed on top of the WO3 film (Figure 2c),
on the observed surface, small hematite particles with a size of 20 nm can be clearly distinguished
from the bigger particles of 30–50 nm, which correspond to monoclinic WO3 particles. In contrast,
in the situation where the pristine WO3 film was fabricated on the surface of BW12-modified Fe2O3

(Figure 2d), no clear hematite grains can be seen; only the typical images of monoclinic WO3 films
are present. This means that the top layer of pristine WO3 was able to fully cover the intermediate
BW12-modified Fe2O3 layer.
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Figure 2. SEM micrographs showing morphology of (a) bare WO3, (b) admixed m-WFe, and hierarchical
systems of (c) Fe/W/Fe, (d) W/Fe/W films.

Additionally, Raman analysis of the proposed photocatalytic materials revealed that the order of
the layers was important for the film structure. Significant changes were observed for the intensities of
the Raman signals (Figure 3), as well as the appearance of additional peaks concerning the presence of
hematite. All of these samples exhibited evidence of two well-defined and strong WO3 Raman bands at
around 715 and 805 cm−1, in addition to two weaker bands around 270 and 325 cm−1, originating from
the monoclinic WO3 structure. These peaks were attributed to the O–W–O stretching and bending
modes [56–59], and indicated that peaks from WO3 nanostructures were present in the spectra of all
samples. The noticeable difference between the spectra recorded for the layer-by-layer system and
the admixed photoactive materials was related to whether hematite was on top of or inside the films.
As observed in Figure 3, all of the films revealed bands around 400 and 1300 cm−1 that are mainly
attributed to the presence of a certain amount of hematite. Furthermore, when the location of the
hematite layer in the photoactive material changed, the intensity of the sharp peaks that originated
from hematite at 400 and 1300 cm−1 were observed as follows: W/Fe/W (Figure 3a) was less than
Fe/W/Fe (Figure 3b) and m-WFe (Figure 3c). In addition, the Raman spectra (Figure 3) did not show
the presence of any other iron oxide structure (magnetite or wüstite).
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Figure 3. Raman spectra showing changes in the structure of hierarchical systems (a) W/Fe/W,
(b) Fe/W/Fe, and (c) admixed m-WFe films on the FTO conducting glass electrode.

The optical absorption spectra of pristine WO3 and hematite, along with the admixed and
layer-by-layer structures, are compared in Figure 4. These samples absorb in the visible range of
the solar spectrum. The absorbance of the admixed Fe2O3 and WO3 photoactive material—not only
than that of pristine WO3 and hematite, but also than that of layer-by-layer W/Fe/W—was higher at
the longer range of wavelengths. In the case of the Fe/W/Fe system, the observed absorbance signal
exceeded that of pristine hematite and the W/Fe/W layer-by-layer structure at all wavelengths.
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Figure 4. Absorbance spectra of (a) bare WO3, (b) W/Fe/W, (c) Fe2O3BW12, (d) admixed m-WFe, and (e)
Fe/W/Fe films on the FTO conducting glass electrode.

The photoelectrochemical performances of the hierarchical tungsten oxide and hematite
photoactive materials were also determined. Figure 5 illustrates linear sweep voltammetry (the
photocurrent density as a function of the applied potential (E) upon sweeping the potential from
400 to 1400 mV vs. reversible hydrogen electrode (RHE)) under chopped simulated solar AM
1.5 G (100 mW cm−2, spectrally corrected) illumination for each sample in 0.5 mol dm−3 H2SO4.
The conditions of this experiment led to the determination of the onset potential, the maximum
photocurrent generated while applying bias to the electrodes, giving insight into the surface
recombination events. The control anodic photocurrent density for all samples increased with
the growing of the applied voltage. In the case of bare hematite and WO3, the onset potentials of
the photocatalytic processes were determined by examination of the recorded photocurrent during
illumination, which was continually switched on and off. The values determined were 0.56 and 0.60 V,
respectively, for WO3 and hematite. The observed onset potential was only slightly negatively shifted
for WO3 in comparison with hematite. The maximum photocurrent density values at 1.2 V were
1.1 and 1.0 mA for pristine WO3 and Fe2O3, respectively. Compared to the hierarchical photoactive
materials containing WO3 and Fe2O3, as well as admixed oxides, the hierarchical system with WO3 on
top and an admixed composition caused a negative shift of the onset potential for the anodic process
of ca. 80 mV. On the other hand, the hierarchical system with hematite located on top caused a positive
shift of the onset potential for the anodic process of ca. 40 mV. The maximum photocurrent density
values of the photoactive films, W/Fe/W, Fe/W/Fe, and m-WFe, were much more similar because they
showed saturation current densities (at 1.2 V) equal to 1.6, 1.7, and 1.5 mA, respectively.
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Figure 5. Photocurrent recorded as a function of the electrode potential under chopped simulated solar
AM 1.5 G illumination of (a) bare WO3, (b) W/Fe/W, (c) Fe/W/Fe, and (d) admixed m-WFe, films on the
FTO conducting glass electrode. Electrolyte: 0.5 mol dm−3 H2SO4. Scan rate: 10 mV s−1.

The enhanced performance of photoelectrodes composed of various linkages of WO3 and hematite
could be attributed to the lower position of the conducting band of hematite in comparison to that of
WO3. Moreover, in this condition, it could not be excluded that the decreasing recombination rates of
electron–hole pairs enhanced the photo-generated electron transfers.
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2.2. Decomposition of SDS and TritonTM X-114

It is commonly known that the surfactants present in solutions during voltammetry measurements
change the electrochemical processes occurring on the surface of the electrode, significantly reduce
the surface tension of mercury, and could additionally be adsorbed at the electrode surface by their
hydrophobic tails and form a hydrophobic layer at the surface of the electrode [60].

2.2.1. Photodegradation without Application of Potential Difference

Sodium dodecylsulfate interferes with the recorded signal of Pb mostly by forming an electroactive
complex (Pb-SDS) which is adsorbed on the electrode. Therefore, the Pb oxidation peak was utilized
to indicate the efficiency of the surfactants’ photodegradation. In the case of SDS, voltammetric
measurement was carried out on the samples taken after 2, 3, and 4 h of irradiation. A total of 20 ng
of Pb was added to the voltammetric cell. The recovery of Pb was a measure of the degree of the
surfactants’ decomposition. As a rule, the recovery range of Pb was calculated based on four to six
experimental measurements (two to three replications for each of two plates for each composition of
the active layer), the correlation coefficient (R2), and the mean value of the slope of the line. The results
obtained are shown in Table 1. After 2 h of irradiation, the resulting voltammograms had a typical
voltammetric Gaussian shape, with a well-defined analytical signal associated with lead oxidation
(Figure 6). The lead oxidation peak was recorded at −0.420 V. The analytical signal for lead oxidation
increased after subsequent additions of standard solution. Longer mineralization time did not cause a
shift in the peak potential of lead oxidation, which was constant and did not depend on the irradiation
time or the additions of standard solution of lead. At higher potential values, the appearance of
additional signals due to the generation of an electroactive complex of SDS and lead can be expected
(Figure 6). In the case of the admixed m-WFe photoactive system, the range of recoveries obtained
for samples after 3 h of irradiation was practically the same as that obtained after 4 h of irradiation.
The recovery range obtained after different digestion times overlapped. A similar trend was observed
when the W/Fe/W photoactive material was utilized. A different situation was observed when the
Fe/W/Fe photoactive system was utilized; with increasing irradiation time, higher recovery values were
obtained. In this case, the best efficiency of surfactant digestion was obtained after 4 h of irradiation time
(Table 1). The lowest dispersion of recovery values was obtained in the presence of the Fe/W/Fe active
layer after 4 h of irradiation (7%). It is important to note that, for Fe/W/Fe samples, photodegradation of
the surfactants was performed at a higher pH (pH = 5) in comparison to previous samples. The results
are promising in the context of speciation analysis [61]. In each sample, the coefficient of correlation
was close to 100%, and the relative standard deviation of the triple measurements did not exceed 1%,
which was fully predictable. The calibration curve based on the height of electrochemical signals as a
function of the concentration of lead showed a linear dependence within the full range of investigated
Pb concentration, with slopes of 0.047, 0.015, 0.042, and 0.036, respectively. The results regarding the
slopes provided good evidence of the sensitivity of the method, and the best sensitivity in the process
of photodegradation of SDS was shown by the Fe/W/Fe system.
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Figure 6. Differential pulse anodic stripping curves of the water sample recorded using HMDE in
the solution containing 20 ng of Pb and 1.67 × 10−4 mol L−1 of sodium dodecylsulfate (SDS) after
decomposition in the presence of (a) Fe/W/Fe (pH = 5), (b) m-WFe (pH = 2), and (c) W/Fe/W (pH = 2)
assisted with solar light irradiation over 3 h after 75 s of deposition at −0.9 V.

In the next experiment, the model anionic surfactant SDS was replaced by the nonionic surfactant
TritonTM X-114. Generally, the nonionic surfactants are significantly more resistant to photodegradation
than other groups of surfactants, and they significantly reduce surface tension. In this case,
a reproducible voltammetric signal was recorded in a potential range from −0.420 to −0.430 V.
The peaks obtained after the second and third addition of Pb standard solution completely overlapped
with the peak recorded after addition of the first portion of the 20 ng of Pb. With all of the studied
photoactive materials utilized for the photodegradation of Triton after 2 h of irradiation by solar light,
the signal originating from the interferent was not observed, whereas longer irradiation time allowed
us to obtain a higher recovery of Pb (Table 1). In the case of the hierarchical Fe/W/Fe photoactive
materials, increasing the irradiation time to 4 h gave higher recovery values, while increasing the
irradiation time to 6 h did not cause any further increase. The average recovery values reached 85%,
90%, and 91% for 2, 4, and 6 h, respectively. The application of W/Fe/W with Triton made it possible to
obtain an approximately 100% recovery of Pb after 2 h of irradiation with solar light. For the admixed
m-WFe photoactive system, it can be clearly seen from Table 1 that the recovery value of Pb after 2 h of
irradiation was slightly lower in comparison to that of the W/Fe/W photoactive system. When the
irradiation time was increased to 4 h, the recovery of Pb was practically the same as for the W/Fe/W
system, and further increasing of the irradiation time did not lead to a higher recovery of Pb. Extension
of the irradiation time for an additional 2 h in the presence of admixed m-WFe photoactive material
led to an improvement in the photodegradation efficiency of TritonTM X-114 and in the sensitivity of
the method.
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Table 1. Recovery of 20 ng of Pb in the presence of SDS and TritonTM X-114 before and after illumination
of the samples in the presence of various active layers. Sample volume: 46 mL.

Active Layer Irradiation Time [h] Recovery [%] R2 [%] Slope

SDS

no irradiation 80.4–86.1 99.62 0.0179

m-WFe
2 98.0–127.5 99.54 0.0148

3 94.5–136.6 99.81 0.0529

4 99.1–124.9 99.84 0.0163

Fe/W/Fe
2 92.8–108.0 99.99 0.0423

3 86.4–98.8 99.98 0.0451

4 99.4–106.1 99.98 0.0453

W/Fe/W
2 70.9–91.7 99.75 0.0358

3 85.9–103.3 99.02 0.0436

4 93.1–106.0 99.99 0.0375

TritonTM X-114

no irradiation 75.3–86.3 99.95 0.0429

m-WFe
2 82.4–91.5 100.00 0.0465

4 96.5–104.1 100.00 0.0426

6 98.5–119.6 99.06 0.0417

Fe/W/Fe
2 84.5–85.1 99.99 0.0393

4 88.5–91.5 99.99 0.0455

6 90.1–91.3 100.00 0.0410

W/Fe/W
2 97.0–106.2 100.00 0.0439

4 97.9–100.0 99.90 0.0398

6 98.8–105.8 100.00 0.0408

This work has also been expanded to determine the influence of the sample volume on
the photodegradation efficiency of TritonTM X-114. Additional photoelectrochemical diagnostic
experiments were performed in smaller sample volumes, but with the same concentration of the
surfactant. For this purpose, samples containing 23 mL of 11 µg mL−1 of TritonTM X-114 were irradiated
for 4 h, and these samples were analyzed after 2, 3, and 4 h of irradiation with solar light. Depending
on the nature of the applied photoactive materials, the solution was adjusted to pH = 2 using nitric
acid. It is important to note that, for all of the utilized photoactive materials, no signal originating from
interference was recorded, and the signals from the addition of standard solutions of Pb were repeatable;
peak positions and shapes were not affected. The results obtained after 2, 3, and 4 h of irradiation are
presented in Table 2. The highest recovery values were obtained after 4 h of photodegradation for the
admixed active layers m-WFe. The two remaining photoactive systems showed slightly lower values
of recovery in comparison to that of the admixed photoactive layer of tungsten oxide and hematite,
m-WFe. Moreover, the ranges of recovery obtained after 3 h of illumination with solar light, for both
W/Fe/W and the admixed m-WFe photoactive systems, overlapped with the ranges of recovery found
after 4 h under simulated solar light irradiation. Hence, prolongation of the illumination time to more
than 3 h did not influence the efficiency of photodegradation of TritonTM X-114. In other words, after
just a 3 h period of mineralization, recovery results similar to those of after 4 h were obtained.
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Table 2. Recovery of 20 ng of Pb in the presence of TritonTM X-114 after illumination of the samples in
the presence of various active layers. Sample volume: 23 mL.

Active Layer Irradiation Time [h] Recovery [%] R2 [%] Slope

m-WFe
2 95.7–96.8 99.99 0.052

3 95.7–101.8 99.92 0.049

4 97.5–100.7 99,68 0.051

Fe/W/Fe
2 89.8–91.5 99.93 0.051

3 89.7–92.2 99.97 0.048

4 96.2–98.1 99.96 0.051

W/Fe/W
2 91.2–94.1 99.97 0.048

3 92.9–99.4 99.85 0.052

4 96.6–97.9 99.78 0.054

2.2.2. Influence of Bias Voltage on the Photodegradation of Surfactants

The influence of applied bias on the photodegradation of surfactants on the prepared photoactive
materials was studied. The presence of an electrical field (photoelectrocatalytic process) reduces
the electron–hole recombination, improving quantum efficiencies and thus the photoelectrocatalytic
activity of the hierarchical layers towards the decomposition of surfactants. The results obtained for
the admixed active layers m-WFe are displayed in Figure 7. A well-defined peak for lead oxidation
appeared at a potential of around −0.43 V. The recovery rates for sample mineralization in runs with Pb
and TritonTM X-114 are summarized in Table 3, confirming the enhanced effect of parallel irradiation
treatment and applied bias in the presence of the examined hierarchical photoactive materials on the
amount of detectable Pb (II) and the efficiency of decomposition of organic species in the samples. After
0.5 h of photoelectrochemical degradation of samples containing TritonTM X-114, the highest recovery
of lead (around 99%) was obtained in the presence of the Fe/W/Fe photoactive system. Prolongation
of the illumination time for an additional 0.5 h caused the increase of Pb recovery to 100%. When
the W/Fe/W photoactive system was utilized for photoelectrochemical degradation of TritonTM X-114,
the recovery of lead approached 90% after 0.5 h of illumination with solar light. In order to achieve a
100% recovery of lead, the illumination time had to be extended for an additional 0.5 h, or even slightly
more, up to 1.5 h in total (Table 3). The admixed tungsten oxide and hematite m-WFe photoactive
system showed around 94% recovery of lead occurring within 0.5 h of illumination with solar light.
In this case, even after 2 h of irradiation with applied bias, the recovery of lead did not reach 100%.
The better photoelectrochemical degradation capacity of the photoactive material with hematite as
its outer layer in comparison with the other two photocatalysts examined here may be due to the
combined effects of its well-developed surface area and heterojunction nanostructure.
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Figure 7. Differential pulse anodic stripping curves of the water sample recorded using the hanging
mercury drop electrode (HMDE) in the solution containing 20 ng of Pb and 1.97 × 10−5 mol L−1

of TritonTM X-114 after decomposition in the presence of m-WFe (pH = 2) assisted with solar light
irradiation with applied bias voltage (1.2 V) over 0.5, 1, 1.5, and 2 h; deposition time: 75 s at −0.9 V.

Table 3. Recovery of 20 ng of Pb in the presence of TritonTM X-114 after different illumination times
with applied bias voltage (1.2 V) and in the presence of three various active layers.

Active Layer Irradiation Time [h] Recovery [%] R2 [%] Slope

m-WFe

0.5 92.8–94.1 99.99 0.049

1 90.6–93.6 99.60 0.050

1.5 93.0–95.1 99.98 0.051

2 95.8–97.3 99.88 0.049

Fe/W/Fe

0.5 97.7–99.1 99.88 0.038

1 99.2–101.3 100.00 0.045

1.5 102.1–103.8 99.95 0.049

2 104.7–107.4 98.45 0.047

W/Fe/W

0.5 85.4–87.9 99.98 0.062

1 92.7–98.2 99.94 0.048

1.5 100.9–106.5 100.00 0.055

2 100.3–109.1 100.00 0.050

To confirm the results of photodecomposition of surfactants described above, additional water
contact angle measurements were performed for the samples containing TritonTM X-114 before and
after illumination with solar light, both with and without an application of potential. The data in
Figure 8 shows representative pictures of water droplets relating to the illumination time, both with
and without an applied bias. The water contact angle values for the samples containing TritonTM

X-114 after 0, 2, 4, and 6 h of illumination in the presence of the W/Fe/W photocatalyst were found to
be equal to 84◦, 80◦, 75◦, and 70◦, respectively (Figure 8A). For comparison, the water contact angle
measurements were also performed for the samples containing TritonTM X-114 after illumination in
the presence of the W/Fe/W photocatalyst upon application of the potential. The values determined
were 78◦, 72◦, and 66◦ for 0.5 h, 1 h, and 2 h, respectively. In both cases, the gradual decrease of the
water contact angle with the illumination time that was recorded for W/Fe/W both with and without
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an applied bias voltage may result from the photodecomposition of surfactants present in the water
sample. This result is in good agreement with the measurements of Pb recovery.Catalysts 2019, 9, x FOR PEER REVIEW 14 of 22 
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2.2.3. Spectrophotometric Analysis

In the context of elemental analysis, total decomposition of surfactants is not required;
simplification of the organic matrix is sufficient enough to minimize their interference. The UV-Vis
measurements were used to monitor the characteristic signals for the studied surfactants during
the photodegradation process. Figure 9a displays the UV-Vis spectra of TritonTM X-114 after
photodegradation over m-WFe, W/Fe/W, and Fe/W/Fe photocatalysts under different illumination
times with solar light, with and without bias potential. The photodegradation of Triton X-114 was
monitored during this time by its UV-Vis spectrum by following the changes to the two characteristic
maximum absorbance bands for TritonTM X-114 at 230 and 250 nm. The latter absorbance band
originates from the π–π transition relating to the presence of an aromatic system. Both maximum
absorbance bands of TritonTM X-114 gradually decreased, but there was no shift in the bands’ positions
during the photodegradation process in the presence of any of the investigated systems. These
results indicated that the photodegradation of TritonTM X-114 had already occurred within 2 h in the
presence of two of the photoactive systems (W/Fe/W and m-WFe; Figure 9b). Furthermore, the same
experiments were performed with applied bias potential (Figure 9c), which provides another driving
force for the accelerated oxidation of surfactants at the surface of the photoactive materials. What
is interesting is that the characteristic absorbance band of TritonTM X-114 decreased totally during
its photoelectrochemical degradation after 0.5 h of solar light illumination in the presence of the
hierarchical W/Fe/W and Fe/W/Fe photoactive layers. In other words, the application of potential
to the photoactive layers allows for the irradiation time to be significantly reduced in the presence
of hierarchical photoactive materials composed of tungsten oxide and hematite. It is noteworthy
that the proposed hierarchical photoactive system exhibited higher photodegradation efficiency and
lower decomposition time (after 30 min under a bias voltage) in comparison with that of the other
reported systems [62–64]. For instance, the mineralization rate of TritonTM X-114 reached up to 26%
using TiO2 under UV irradiation after 120 min, but with an additional oxidizing reagent (hydrogen
peroxide), the degradation rate achieved 67% after 120 min [63]. High efficiency of photodegradation
of some organic compounds in water [23,53] could be reached after some addition of an oxidizing
reagent. However, the proposed layers work in reagent-free options. Furthermore, Barreca at al. [52]
showed the high potential of applicability of high-purity WO3 dispersion on Fe2O3 deposit systems
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prepared by a two-step vapor phase process in photodegradation of organic compounds (e.g., phenol)
in water. They also show the high usefulness of this type of hierarchical photoactive system for the
photodegradation of organic compounds.
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Figure 9. Changes in the UV-Vis absorption spectra of the TritonTM X-114 solution before (black curve)
and (a) after 4 h of illumination with solar light in the presence of three various active layers: Fe/W/Fe
(green curve), m-WFe (red curve), and W/Fe/W (blue curve); (b) in the presence of the Fe/W/Fe active
layer after different solar illumination times: 2 h (blue curve), 3 h (red curve), and 4 h (green curve);
(c) in the presence of the Fe/W/Fe active layer under simulated solar illumination with applied bias
voltage (1.2 V) for 0.5 h (blue curve), 1 h (red curve), 1.5 h (violet curve), and 2 h (green curve).

According to the energy diagrams for both semiconductors, the electrons located in the conduction
band (CB) in hematite (Fe2O3) can be easily transferred into the CB in tungsten oxide (WO3),
a semiconductor with a smaller band gap, thus making the charge separation more effective,
and additionally contributing to the increase in the concentration of electrons in the conducting
band of the WO3; these are able to reduce dissolved oxygen into peroxide (—O2

•) or hydroxyl (•OH)
radicals. Simultaneously, the photogenerated holes in the valence band of WO3 can be injected into the
valence band of Fe2O3 through heterojunction, and react with water to produce •OH radicals. Lastly,
the surfactants are effectively decomposed to create a simpler form by the •OH radicals originating
from both processes [23,52,53,65].
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3. Materials and Methods

3.1. Chemicals

The following chemicals were of analytical grade quality and were utilized as received
without further purification: Ultranal 68% HNO3 (Cheman, Poland), sodium dodecylsulfate—SDS
M = 288.38 g mol−1 (Sigma Aldrich, St. Louis, MO, USA), polyethylene glycol, polyoxyethylene-
7.5-octylofenyloeter (TritonTM X-114) M = 536.0 g mol−1 (Sigma Aldrich, St. Louis, MO, USA), sodium
tungstate (Fluka), Dowex 50WX2 cation exchange resin (Fluka Analytical), iron (III) oxide (hematite,
98%, 325 µm, Alfa Aesar, Kandel, Germany), borododecatungstic acid (H5BW12O40 xH2O – BW12)
(99%, City Chemical LLC, West Haven, CT, USA), and ethanol (99.8%, Aldrich, St. Louis, MO, USA),
standard solutions of 1 g L−1 Pb (Merck). The doubly-distilled water from a Milli-Q water purification
system (18 MΩ-cm resistivity) was used to prepare all solutions. Fluorine-doped tin oxide on glass
substrates (FTO—10 Ohm per sheet) were purchased from Sigma Aldrich.

3.2. Preparation of the Photoactive Layer of the Semiconductors

Photoactive WO3 films were prepared by the sol-gel method described by Santato et al. [66,67].
Briefly, a colloidal solution of tungstic acid, the precursor of mesoporous WO3, was prepared by
introducing an aqueous solution of 0.5 mol L−1 Na2WO4 into an ion-exchange column containing
proton exchange resin. During the passage of the sodium tungstic through the column, sodium
cations were exchanged with protons on the stationary phase of the column, yielding tungstic acid;
this was collected in a flask containing ethanol and polyethylene glycol (PEG300) as an organic
structure-directing agent. A colloidal solution of the precursor of BW12 stabilized hematite (Fe2O3)
particles was produced according to the following recipe, also described in our previous publication [68].
In the preparation process, a known amount (32 mg) of Fe2O3 particles was added to an aqueous
solution of borododecatungstic acid and treated in an ultrasonic bath for 15 min in order to form a
homogeneous suspension of hematite. The use of polyoxometalate (i.e., borododecatungstic acid)
overlayers on the hematite surface was intended to improve the stability of the hematite in acidic
conditions. In other words, the presence of borododecatungstic acid on the hematite surface protects it
against corrosion or leaching of the Fe2O3 constituent. Moreover, photoactive materials composed of a
mixture of the Keggin-type borododecatungstic acid (BW12) modified hematite cluster with a tungsten
oxide matrix were also produced and described (m-WFe). The hierarchical photoactive systems
were created through three subsequent depositions of proper precursor solutions on pre-cleaned
FTO glass substrates, employing the doctor blade technique and exposing each layer to annealing
in an oven (Nabertherm-B180) with a controlled temperature (450 ◦C) and in oxygen atmosphere
for 30 min. To evaluate the coating thicknesses of the photoactive materials (at a 1 mm level),
measurements using profilometry were performed (Talysurf 50, Rank Taylor Hobson, Middlefield, CT,
USA). For comparison purposes, as well as for the determination of the best photocatalytic system for
photodegradation of surfactants at various pH levels, the effects of the order of deposition of single
layers were examined. The arrangements of the films utilized as photocatalytic systems in this study
of surfactant photodegradation were labeled as: (1) W/Fe/W, (2) Fe/W/Fe, (3) m-WFe, and (4) 3 layers
of solely WO3. The thicknesses of photoactive films deposited on FTO were ca. 1 µm. The ratios of
tungsten to iron in the photoactive materials were determined by X-ray fluorescence (XRF) analysis
(Rigaku RIX-3000, Austin, TX, USA).

3.3. Apparatus

The electrochemical measurements were carried out using a µAutolab type II (Eco-Chemie B.V.,
The Netherlands) with a 663 VA Stand electrode system, using a hanging mercury drop electrode
(HMDE) and Ag/AgCl (3 mol dm−3 KCl) as the reference electrode (Metrohm, Switzerland) for the
stripping voltammetry experiments, and a CH Instruments (Austin, TX, USA) 750A workstation in a
conventional three-electrode cell configuration for the photoelectrochemical experiments. All potentials
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in the case of the photoelectrochemical measurements were registered versus an Hg/HgSO4 saturated
K2SO4 reference electrode and expressed versus the reversible hydrogen electrode (RHE) scale according
to the following equation: ERHE = EO

Hg/HgSO4 + 0.059·pH + Eexperimental, where ERHE is the converted
potential vs. RHE, EO

Hg/HgSO4 = 0.640 V at 25 ◦C, and Eexperimental is the experimentally measured
potential versus a Hg/HgSO4 reference; a carbon rod was utilized as the counter electrode. Photocurrent
density values were determined with regard to the geometric surface area of the working electrode
(0.2 cm2). As a rule, photochemical measurements were conducted utilizing a Solar Light, Xe 150 W
solar simulator under simulated AM 1.5 solar light irradiation, causing an illumination intensity
on the photoelectrode surface of 100 mW cm−2 (a calibrated reference cell Oriel, 91150V). The UV
photodegradation processes were carried out in a stationary UV-mineralization device using an LS0308
solar lamp (LOT-QuantumDesign, Germany). All experiments were performed in a thermostated cell
at a temperature of 22 ± 0.5 ◦C.

The photoactive systems were systematically characterized to obtain information on their
morphology, homogeneity, composition, and crystal structure by various techniques, such as scanning
electron microscopy (SEM), energy dispersion X-ray spectroscopy (EDS), X-ray diffraction (XRD),
Raman spectroscopy, and UV-Vis spectrophotometry. The SEM experiments were performed using a
Carl Zeiss Merlin instrument equipped with EDS analysis (Bruker Quantax 400, SEM-EDS, Germany.
UV-Vis absorption spectra were recorded with a double beam spectrometer operating between 195 and
375 nm (UV-Vis Spectrometer, Perkin Elmer Lambda 20. The crystal structure determination and phase
analysis of the proposed photoactive films were carried out by XRD using a Bruker D8 Discover system
operated with a Cu–Kα1 source (λ = 1.5406 Å) and a Vantec (linear) detector (k = 1.5406 Å) in an angle
range from 10◦ to 100◦ with a step size of 0.02◦s−1. The lattice parameter value and particle size were
obtained from the position and the full width at half-maximum (FWHM) of the appropriate peak.

Raman spectra measurements were performed using the backscattering configuration with a
LabRAM HR800 (Horiba Jobin Yvon) confocal microscope system, a Peltier-cooled CCD detector
(1024 × 256 pixel), and a 150 mW He–Ne diode-pumped and frequency-doubled Nd:YAG laser (532 nm).
The equipment calibration was done utilizing a silicon wafer at the 520 cm−1 Raman signal. For each
sample, the spectra were collected at various places on the surface in order to evaluate the uniformity
of the samples, but also to provide typical characterization of the layers.

The contact angle was measured using optical tensiometer Theta Lite (Biolin Scientific, Gothenburg,
Sweden). All measurements were carried out using 4 µL droplets of surfactant solutions deposited on
a gold plate. These measurements were performed on three independent samples.

3.4. Photodecomposition Assisted by Semiconductors

Photodecomposition was performed in a glass tube containing 23 or 46 mL of aqueous surfactant
solutions (SDS or TritonTM X-114) irradiated with a simulated AM 1.5 solar light. Initially, surfactant
solutions were prepared by dissolving up to 48 µg mL−1 of SDS and 11 µg mL−1 of TritonTM X-114
in double-distilled water. Before irradiation, an FTO glass plate coated with the appropriate active
surface layers was located in the tube containing the surfactant solution. Depending on which metal
oxide was used as the top layer on the layer-by-layer systems, the surfactant solutions were adjusted to
a suitable pH value of 5 (hematite on top) or 2 (WO3 on top), using 68% nitric acid. It is noteworthy
that during the irradiation of both the SDS and TritonTM X-114 solutions, no increase in the solution
temperature was observed. In the case of the SDS solution, the samples were irradiated for 4 h, and for
TritonTM X-114, the irradiation time was increased to 6 h, due to the fact that the nonionic surfactant
is significantly more resistant to photodegradation than the anionic surfactant (i.e., SDS). As a rule,
all the samples were stirred during the irradiation time, and after every hour, 10 mL of each irradiated
sample were collected and stored at +4 ◦C until the analysis was performed. However, to increase the
efficiency of the decomposition of TritonTM X-114 and SDS, a bias voltage (1.2 V vs. RHE) was applied
to the samples during the irradiation (photoactive surface area of the electrode was 1 cm2). In these
cases, the irradiation times were limited to 2 h, while sampling for analysis was carried out every 0.5 h.
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3.5. Procedures of Pb Determination

The recovery of Pb was utilized to evaluate the degree of photodegradation of the surfactants, using
differential pulse anodic stripping voltammetry (DPASV), with a mercury drop electrode (HMDE) as
the working electrode. An electrode material such as mercury is especially sensitive to interference from
surfactants or their oxidated byproducts. The recorded signal of any depolarizer (e.g., Pb ethyl acetate)
in the presence of a surfactant is noticeably lower than recorded in the solution after decomposition or
without surfactants [68]. This effect is well known and commonly accepted as an indirect tensammetric
method of surfactant determination. HDME has been used for the trace analysis of Cd and Pb in
wastewater [69] and uranium (U (VI)) in water [70], as well as for Cd, Cu, Pb and Zn in biological
samples [71], only after UV mineralization. Therefore, an effective mineralization is required [72].
In this study, the Pb signal recorded at −0.48 V (versus the 3 mol dm−3 Ag/AgCl reference electrode)
using differential pulse anodic stripping voltammetry (modulation time of 0.05 s and amplitude of
50 mV) was utilized as the indicator of the efficiency of surfactant photodecomposition. As a rule,
the solutions were deoxygenated with argon for 15 min after every change in the sample and before
the preconcentration step (75 s at −0.9 V in a stirred solution). The Pb oxidation signals were recorded
at a scan rate of 10 mV s−1 after 5 s of resting time. The method of standard additions was employed as
the voltammetric method for the quantitative determination of Pb. The supporting electrolyte was
composed of DI water with HNO3 and 1 cm3 of the appropriate surfactant solution, as well as 20 ng of
Pb (II) (as the nitrate).

4. Conclusions

Based on the results, the following conclusions are drawn: Photoactive films utilizing hierarchical
and bicomponent admixtures of tungsten (VI) oxide and iron (III) oxide (hematite) have been
successfully fabricated using a sol-gel method; all described photoactive materials exhibited excellent
photocatalytic and photoelectrocatalytic activity towards the degradation of the anionic surfactant
sodium dodecylsulfate (SDS) and the nonionic surfactant (1,1,3,3-tetramethylbutyl)phenyl-polyethylene
glycol (Triton™ X-114)) under solar light irradiation. To evaluate the efficiency of decomposition
of surfactants, anodic stripping voltammetry was utilized by determining the recovery of standard
additions of Pb. The degradation rate of SDS and TritonTM X-114 reached 100% respectively after 2 and
3 h of solar light irradiation-assisted digestion, in the case of admixed WO3 and Fe2O3, as well as in the
hierarchical system with a hematite layer between tungsten oxide layers. Moreover, the application
of a bias voltage to the proposed photoactive system results in a significant enhancement in the
surfactant degradation under solar light illumination (reducing the photodecomposition time to 0.5 h).
The study of the water contact angle for the photodegradation product showed that they decreased with
prolongation of the irradiation time, indicating effective surfactants’ decomposition in the proposed
photoactive systems. Furthermore, depending on whether hematite is applied as the middle layer
of a “sandwich” between the WO3 layers or as the outer layer of the photoactive films, such films
can be used to decompose surfactants in acidic media of pH < 2 or in neutral media of pH > 4. It is
important to note that, to the best of our knowledge, this is the first time that a binary photoactive
system composed of WO3 and Fe2O3 and prepared in a systematic and controlled manner has been
utilized for the photodecomposition of surfactants (non-ionic and anionic) under solar light irradiation
in the absence of strong oxidizing agents (e.g., H2O2). High photocatalytic activity towards surfactant
degradation under solar light illumination can be explained in the context of a synergistic effect between
both semiconductors, arising from interfacial electron transfer from WO3 to Fe2O3 [65]. The utilization
of hierarchized nanosemiconductor layers as the photoactive systems for reagent-free decomposition
of surfactants is an alternative procedure to the methodology using digestion with the addition of
hydrogen peroxide; it can be also used in the treatment of drinking water, and is a good starting point
for the development of technology for solar light irradiation of contaminated reservoirs. The present
results imply that designing 3D hierarchical composites with a systematic and controlled manner of
the layering allows the production of more effective photocatalytic materials for the decomposition of
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surfactants under solar light irradiation in water samples with different pH, whilst maintaining a high
photostability of the hierarchical system.
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