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Abstract: This work presents the evaluation of the photocatalytic activity of P25 TiO2 particles,
coated with SiO2, using atomic layer deposition (ALD) for the photocatalytic removal of methylene
blue, oxidation of methanol and inactivation of Escherichia coli bacteria in water and its comparative
evaluation with bare P25 TiO2. Two different reactor configurations were used, a slurry reactor with
the catalyst in suspension, and a structured reactor with the catalyst immobilized in macroporous
foams, that enables the long-term operation of the process in continuous mode, without the necessity
of separation of the particles. The results show that the incorporation of SiO2 decreases the efficiency
of the photocatalytic oxidation of methanol, whereas a significant improvement in the removal of
methylene blue is achieved, and no significant changes are observed in the photocatalytic inactivation
of bacteria. Adsorption tests showed that the improvements, observed in the removal of methylene
blue by the incorporation of SiO2, was mainly due to an increase in its adsorption. The improvement
in the adsorption step as part of the global photocatalytic process led to a significant increase in
its removal efficiency. Similar conclusions were reached for bacterial inactivation where the loss
of photocatalytic efficiency, suggested by the methanol oxidation tests, was counteracted with a
better adherence of bacteria to the catalyst that improved its elimination. With respect to the use of
macroporous foams as support, a reduction in the photocatalytic efficiency is observed, as expected
from the decrease in the available surface area. Nevertheless, this lower efficiency can be counteracted
by the operational improvement derived from the easy catalyst reuse.

Keywords: atomic layer deposition; water treatment; photocatalysis; TiO2-SiO2; immobilized
photocatalyst; methylene blue adsorption

1. Introduction

Among the photochemical processes, heterogeneous photocatalysis stands out as one of the
most attractive processes for the treatment of effluents with contaminants that cannot be eliminated
by conventional water treatment technologies. Photocatalysis has the advantage of having simple
operating conditions since it can be carried out at ambient temperature and pressure, using the oxygen
from the air as an oxidizing agent.

The commercial material Evonik P25 (before Degussa P25), is by far the most used photocatalyst.
It is constituted by a 3:1 ratio between the phases of TiO2 anatase and rutile [1] and has the advantage
of its low toxicity, high active area, stability and low cost. However, one of the main disadvantages of
TiO2 is the necessity of use light in the UV range for its activation. This makes energy consumption the
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main expense of the process when using artificial light, or makes the process rather inefficient when
using sunlight.

Nowadays, new methods are being used to extend the range of wavelengths, in which the TiO2

is able to absorb light and thus make the ultraviolet and visible spectra usable. Some of the ways to
achieve this are sensitization with dyes or coupling of semiconductors [2–5], synthesis of mesoporous
TiO2, the use of different morphologies of TiO2 at the nanometric level, reduction of agglomeration in
TiO2 nanoparticles or treatments to modify its surface. Another process for achieving improvements
in TiO2 activity consists of doping the TiO2 with metallic and non-metallic elements. To achieve
this, various processes have been successfully used, such as mechanochemistry [6,7], centrifugation
coating methods [8], or wet chemistry methods [9]. However, these methods of deposition have some
limitations among which are included: Long processing times, low product homogeneity and the
necessity to incorporate additional stages for the separation of impurities [10,11].

One technique for doping TiO2 that avoids the aforementioned problems is atomic layer deposition
(ALD) [12]. This technique uses two gas-phase reaction stages directly on the surface of the product
(in this case the TiO2 nanoparticles) to deposit the material layer by layer [13]. First, a first reactant
or precursor is passed through the system that adheres to the TiO2 surface until it reaches saturation.
Subsequently, a purge of the excess precursor is carried out, thus, ensuring that only a thin film remains
on the surface. Subsequently, the second reactant or precursor that reacts with the first one is dosed.
Again, the system is re-purged, ensuring that only precursors remain attached to thin films on the
surface. This cycle is repeated the desired number of times to control the thickness reached. Because
each stage of precursor exposure saturates the surface with a monomolecular layer of that precursor,
the reactions are self-limited, allowing controlling the deposition at the atomic level, giving rise to
several very advantageous characteristics, such as excellent formability and uniformity, and thickness
control of the film.

In this work, P25 particles were coated with SiO2 using ALD carried out in a fluidized bed,
in order to improve the photocatalysis efficiency. Once the modified P25 (P25-SiO2) was obtained,
its efficiency in bacterial inactivation and in the removal of methylene blue and methanol from the
water was compared with that obtained for the use of commercial P25. Additionally, as the synthesis
of the catalyst P25-SiO2 supposes an increase in the total costs of the process, its immobilization in
macroporous foams was carried out with the aim of enabling the reuse of the catalyst. The use of these
foams has already been shown to lead to comparable efficiencies to those achieved with the use of
suspended catalysts [5].

2. Results and Discussion

2.1. Catalyst Characterization

The incorporation of SiO2 to the TiO2 material was confirmed by elemental analysis of the materials
using ICP-AES (Table 1). The results showed an average percentage of Si of 1.3 wt % (2.78 wt % of SiO2).

On the other hand, with the aim of achieving a better understanding of the results, the optical
properties of the catalysts were studied. Figure 1 shows the extinction coefficients obtained for P25 and
P25-SiO2 catalysts for different wavelengths in the 300 to 450 nm wavelength range. It can be observed
that P25-SiO2 shows an extinction coefficient 25% lower than P25 at 365 nm but maintaining the same
trend in relation to wavelength. Although, the extinction coefficient is not a direct measurement of the
photonic absorption, because it also includes the scattering of radiation, it can reasonably assumed that
both materials would behave similarly from the scattering point of view, and therefore the absorption
of the P25-SiO2 is significantly lower. Consequently, considering that the absorption of radiation is
the triggering step of the photocatalytic process, the incorporation of SiO2 can potentially reduce the
reaction rate.
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Figure 1. Napierian extinction coefficients for P25 and P25-SiO2.

On the other hand, in order to check if the addition of SiO2 produces a variation in the energy that
is able to absorb the catalyst, the bandgap was obtained for the two catalysts. Figure 2a shows the
diffuse reflectance spectra (DRS) of the three catalysts. Considering the proportionality between F(R)
and the absorbance, it is possible to obtain the bandgap by extrapolation from the linear part of the
reflectance spectrum represented as (F(R) × E)1/2 vs. E (Figure 2b), as described in bibliography [14].
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Figure 2. (a) DRS spectra; and (b) plot of transformed Kubelka–Munk function versus the energy of
light for P25 and P25-SiO2.

As shown in Table 1, bandgap values of 3.05 and 3.04 eV were obtained for P25 and P25-SiO2,
respectively. The values obtained are similar and agree with the bandgap values of the phases of TiO2

anatase (3.2 eV) and rutile (3 eV), so it can be concluded that the addition of SiO2 does not produce a
significant change of the bandgap of the catalyst.

The textural properties of the catalysts were studied using the N2 adsorption-desorption isotherms
and are shown in Figure 3. How the obtained isotherms can be assimilated to an IUPAC type II isotherm
can be observed, indicating the reduced porous character of the materials. The BET surface was
calculated (Table 1) and values of 53.3 and 48.7 m2/g were obtained for P25 and P25-SiO2, respectively.
The slightly smaller surface area of the modified catalyst can be easily explained considering that the
addition of SiO2 reduces the available surface.
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Figure 3. N2 adsorption-desorption isotherms of P25 and P25-SiO2.

The zeta potential value obtained for the P25 catalyst at natural pH was 18.1 mV, similar to values
found in the literature [15]. However, in the case of the P25-SiO2 catalyst, due to the negative potential
of the silica [16], a final negative potential value of −3.7 mV was obtained. This fact is important,
given the different zeta potential of both catalysts can concur in different ways of interacting with the
pollutants to be degraded and therefore in different efficiencies in their removal. Moreover, the lower
absolute value of the potential of the P25-SiO2 facilitates the agglomeration of the catalyst particles,
reducing the optical density of the suspensions and therefore the light absorption. Table 1 summarizes
the main features of for both catalysts.

Table 1. Summary of the main features of P25 and P25-SiO2.

Feature TiO2 SiO2-TiO2

SiO2 (%) 0 2.78
β365nm (cm2/g) 48,700 36,300
Bandgap (eV) 3.05 3.04
SBET (m2/g) 53.3 48.7
Zeta Potential (mV) 18.1 −3.7

2.2. Photocatalytic Experiments

Photocatalytic experiments of methanol and methylene blue oxidation under solar irradiation
with the catalysis in suspension were carried out in a reactor couple to a compound parabolic collector
(CPC) (Figure 4). In the case of the methanol reaction test, no photolytic oxidation takes place [17].
Regarding methylene blue, it could present photolytic removal values of up to 10% [18,19], but this
effect would be equivalent for both P25 and P25-SiO2 materials, and therefore can be neglected
for comparative purposes. On the other hand, methylene blue has been extensively studied under
irradiation, and shows a certain generation of ROS [20,21] that would increase photocatalytic efficiency.
However, again, this behavior is expected to be similar for the two catalysts used, so it can be ignored
in this comparative study. Regarding E. coli inactivation, a comprehensive study of the analogies
and differences between photocatalytic oxidation of chemicals and photocatalytic inactivation of
microorganisms, using methylene blue and E. coli as target models can be found elsewhere, including
the kinetic analysis of the process [22]. The results obtained for methylene blue were fitted to a
first-order kinetic model with respect to the accumulated solar incident radiation, usual way of
reporting the photocatalytic activity in solar processes [23]. On the other hand, results for methanol
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oxidation were fitted using the formaldehyde production throughout the reaction following zero-order
kinetics as detailed elsewhere [24]. The initial reaction rate for methylene blue was obtained by
multiplying the calculated first-order kinetic constant by the initial concentration, whereas in the case
of methanol oxidation the initial reaction rate was directly calculated from the fitting to a zero order
kinetics of the formaldehyde concentration. The results show an improvement in methylene blue
removal when using P25-SiO2 with respect to the commercial P25. However, in the case of methanol
oxidation, the opposite behaviour is observed: The methanol oxidation rate decreases (Figure 4).
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Figure 4. (a) First-order kinetic plot of methylene blue removal; (b) zero-order kinetic plot of
formaldehyde formation; and (c) initial reaction rates for both reactions in a CPC reactor under solar
irradiation. Error bars calculated from at least three replicate experiments.

Figure 1 shows how the addition of SiO2 to the P25 catalyst did not modified the spectral response
of the catalyst, and only an attenuation in the extinction coefficient was observed (Table 1).In addition,
in Figure 2, the non-existence of clear differences in the bandgap values between both catalysts could
be confirmed. Therefore, the difference in the results obtained for each catalyst, observed in Figure 4,
seems to indicate the existence of different behavior of the catalysts when interacting with the two
pollutants, and not the existence of differences in photonic absorption.

In order to find an explanation for the different behavior of the catalysts with each pollutant,
similar photocatalytic reactions were carried out in an up-flow reactor, in which photocatalytic foams
prepared with both catalysts could also be used. In this case, the light source was a lamp with 40 LEDs
of 365 nm. Additionally, the application of the materials to bacterial inactivation processes was also
studied to provide new insights. E. coli inactivation kinetics were calculated from the logarithmic
inactivation profiles using the mechanistic model developed by Marugán et al. [25].

Figure 5a,b shows that results similar to those previously observed when using the CPC reactor
under solar irradiation (Figure 4) were obtained, with an improvement in the removal of methylene
blue with P25-SiO2 catalyst, which was not observed in the methanol oxidation. These results confirm
that the addition of SiO2 to P25, do not lead to an amplification in the absorption spectra of the catalyst
since the kP25/kP25-SiO2 ratio was similar for both solar and artificial 365 nm irradiation. On the other
hand, in the case of bacterial inactivation, it could be observed (Figure 5c) that similar values were
obtained for both catalyts.

The results of methanol oxidation tests show a reduction of approximately 25% of the efficiency
when using P25-TiO2 in comparison with the bare P25. This value is similar to the reduction of the
extinction coefficient at 365 nm (Table 1), indicating that the decrease in the photocatalytic efficiency is
due to the lower photon absorption rate upon incorporation of the SiO2.

In contrast, in the case of methylene blue removal and E. coli inactivation it seems that the global
efficiency is not exclusively limited by the photocatalytic process, suggesting that the adsorption and
interaction with the catalyst could play a significant role.
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kinetic constant bacterial inactivation (fitted from the logarithmic inactivation profiles according to
Marugán et al. [23]) in an up-flow reactor under artificial 365 nm light. Error bars calculated from at
least three replicate experiments.
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Some studies have shown the efficiency of SiO2 to carry out the removal of methylene blue from
water by adsorption [26]. Furthermore, it has been demonstrated that the addition of SiO2 to TiO2 can
improve the adsorption of contaminants [27]. On the other hand, the loss of photocatalytic efficiency
that can result from the addition of SiO2 to the TiO2 surface, as observed in methanol oxidation, has also
been revealed [28].

Taking into account the above, and trying to explain the obtained results, it was decided to carry
out methylene blue adsorption experiments. Methylene blue solutions with different concentrations of
both P25 and P25-SiO2 were prepared and the evolution of methylene blue concentration was followed
over time. The results shown in Figure 6 indicate that, due to the addition of SiO2 to the catalyst
structure, there is a considerable increase in the adsorption of the methylene blue, which increases the
efficiency of its removal from water, arising from the combined effect of adsorption and photocatalytic
decomposition. This behavior can be explained if we focus on the results obtained previously in
relation to the zeta potential. It was observed that the zeta potential of P25 was positively charged,
however, the addition of SiO2 produced an alteration of the zeta potential that becomes negative
(Table 1). Since methylene blue has a positive charge [29], it is easy to understand that it interacts much
more with P25-SiO2. Therefore, being the adsorption capacity of P25-SiO2 much greater than in the case
of P25. Thus, it is possible to explain the greater removal efficiency of methylene blue when using the
P25-SiO2 catalyst due to the synergistic combination of the adsorption and the photocatalytic reaction
processes. This synergism accelerates the reaction due to the higher concentration of dye molecules
on the catalysts surface, but also accelerates the adsorption due to the consumption of the adsorbed
molecules by the reaction, releasing the active sites for the adsorption of new dye molecules. Similar
results were obtained by Li et al. [30] in the removal of methylene blue using a P25-graphene composite.
They observed that the removal of methylene blue was enhanced by the combination of adsorption
and the photocatalytic process. The same conclusions were also reported by other research groups
working with different TiO2 modifications [31,32]. In any case, considering that the reaction time of the
photocatalytic experiments is 30 min, and that time is not sufficient to reach the adsorption equilibrium
(Figure 6), it cannot be discarded that long-term experiment could present a saturation effect.
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A similar behaviour may explain the higher efficiency obtained in the E. coli inactivation, compared
to that expected if only the photocatalytic efficiency is taken into account. Several studies have focused
on the adhesion of the bacteria E. coli on SiO2 materials [33,34], showing that the addition of SiO2 to P25
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makes the adhesion of E. coli bacteria on the surface of the catalyst became more thermodynamically
favorable. Additionally, a higher antibacterial activity was observed for adhered E. coli cells than
the suspended cells in aqueous phase, which was explained by the short half-life of reactive oxygen
species and slow diffusion in aqueous phase [35].

In relation to the use of photocatalytic foams, Figure 5 shows an inevitable reduction in the removal
efficiency of pollutants in comparison with the suspended catalysts, due to a reduction in the surface
area available for the reaction. However, the results show very similar removal efficiencies for both
catalysts and the loss in activity can be counteracted by the advantages of the use of the immobilized
photocatalyst. The deposition of commercial P25 and othersTiO2 materials on the foam template and
its stability through subsequent reaction cycles has been demonstrated in previous work [36].

3. Materials and Methods

3.1. Atomic Layer Deposition

The modification of P25 particles was carried out by adding SiO2 by ALD. ALD consists of
two gas-phase reaction stages directly on the surface of the product to deposit the material layer by
layer [37]. For this, a fluidized bed, consisting of a glass column of 25 mm in diameter and 500 mm in
length was used. A metal connection was placed in the lower part of the column and in the upper part
where the input and output lines were connected. This connection included a distributor plate SIKA-R
20 AX to avoid the exit of the particles to the outside of the reactor and to ensure homogeneous gas
distribution at the column entry. The column was placed on a vibrating table Straw PTL 40 / 40-24
(frequency: 35 Hz) to help fluidize the particles. The metal precursor used was SiCl4; it was kept in a
stainless steel bubbler (Strem Chemicals, Inc., Newburyport, MA, USA) under an inert gas atmosphere.
Pneumatic valves were used to control the flow of gas in and out of the column. The metal precursor
and the purge inlet flow contained nitrogen (N2, grade 5.0), while the oxidizer (precursor 2) inlet flow
contained wet N2. The glass column was heated to 100 ◦C with an infrared lamp.

To carry out the SiO2 deposition, 5 g of P25 was introduced into the interior of the column and
8 reaction cycles were carried out. Each reaction cycle consisted of a 30 s dosage of the metal precursor,
followed by 5 min of purging. Later, a 3 min dose of oxidant precursor followed by a purge with
nitrogen of 8 min. Both the reaction temperatures, the number of cycles and the dosing time of each
precursor were previously optimized [38].

3.2. Photocatalytic Experiments

Three different contaminants were tested throughout this study with the aim of having a clear vision
of the effects produced by incorporating SiO2 into commercial P25. On the one hand, chemical oxidation
experiments were carried out using both, methylene blue and methanol. The initial concentration
of methylene blue and methanol was 0.05 mM, and 100 mM, respectively and the solutions were
prepared in deionized water. Photocatalytic degradation of methylene blue was monitored by direct
measurement of the absorption at 664 nm in a spectrophotometer while methanol oxidation was
followed through the colorimetric determination of the formaldehyde produced throughout the
reaction, which is a quantitative oxidation product when methanol is in excess [24]. In addition,
bacterial inactivation experiments were carried out. Synthetic wastewater was prepared by adding
E. coli K12 (CECT 4624, corresponding to ATCC 23631) with an initial concentration of 106 CFU/mL.
Fresh liquid cultures of E. coli were prepared by inoculation in Luria-Bertani (LB) nutrient medium
(Miller’s LB Broth, Scharlab) and incubation at 37 ◦C for 24 h under constant stirring on a rotary shaker.
The concentration of viable bacteria was quantified throughout the reaction according to the standard
serial dilution procedure. Each decimal dilution was spotted 8 times on LB agar plates and incubated
at 37 ◦C before counting after 24 h.

Both the photocatalytic activity of P25 and P25-SiO2 was tested using two configurations: (i) in
suspension and (ii) supported onto three-dimensional (3D) foams (in order to avoid the loss of the
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photocatalyst). When using the suspensions in all cases, the catalyst concentration was 0.10 g/L and
the suspensions were sonicated for 30 min before the reaction.

3.3. Photocatalytic Reactors

A compound parabolic collector (CPC) reactor that operates under sunlight was used to check
whether the addition of SiO2 involved an improvement in the P25 absorption of the solar spectrum.
The CPC has two differentiated circuits, in which experiments were carried out simultaneously with
P25 and P25-SiO2 to ensure comparison under exactly the same sunlight conditions. Each circuit has a
borosilicate 3.3 Duran®glass tube placed in the focal line of the CPC collector with a length of 380 mm
and an inner diameter of 26 mm [39]. The reactor was operated in a closed recirculating circuit driven
with a reservoir tank, being the total working volume of 1 L. The experiments were carried in June 2019
at Universidad Rey Juan Carlos facilities in Mostoles, Spain (40.33◦ N, 3.88◦ W). The solar irradiance
was monitored during the reaction time with a spectrophotometer (Blue Wave, StellarNetInc., Tampa,
FL, USA).

An up-flow annular reactor (15 cm long, 3 cm inner diameter and 5 cm outer diameter) was also
used. The reactor operated in a closed recirculating circuit driven with a reservoir tank, being the
total working volume of 1 L. As illumination source, a 40 LED system (LedEngin Model LZ1-00UV00)
with maximum emission peak centered in 365 nm was placed in the axis of the reactor. This reactor
allows the operation not only with the catalyst in suspension but also with the photocatalytic foams,
as reported elsewhere [36].

3.4. Foams Coating

Macroporous ZnO foams supplied by Insertec SA (2.5 cm height, 3 cm inner diameter, 5 cm outer
diameter and a porosity of 10 ppi were coated with P25 and modified P25 (P25-SiO2) according to the
procedure described in a previous work [5]. First, catalyst solutions were prepared in distilled water at
a concentration of 10 g/L, and then the foam template was dipped in the solutions and removed after a
few seconds. The excess of catalyst was removed by the use of air. Then, the foams were dried for two
hours at 100 ◦C and subsequently calcined for two hours at 500 ◦C. The amount of catalyst deposited
in each foam was measured by weighing difference and the procedure was repeated until reach a
total weight in each foam close to 1 g as was previously established as optimum in a previous work
where it was also concluded that the foam templates does not show any photocatalytic activity [5].
The photocatalytic experiments for each catalyst were carried out using six foams being the total
working height 15 cm.

3.5. Characterization Techniques

The amount of Si deposited in the TiO2 was measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) using a Perkin Elmer Optima 4300DV instrument (nebulizer: PE /

injector: Al2O3). Approximately 30 mg of sample was dissolved in 4.5 mL 30% HCl + 1.5 mL 65%
HNO3 + 0.2 mL 40% HF using a microwave during 60 min. After dissolution the samples were diluted
to 50 mL with deionized water and analyzed by ICP-AES.

The specific extinction coefficients (β*) of the catalysts were obtained using the direct measurement
of the transmittance of suspensions with increasing concentration of the material in a UV/vis
spectrophotometer (UV-Vis-NIR Varian Cary 500).

Nitrogen adsorption-desorption isotherms were measured using an AutoSorb equipment
(Quantachrome Instruments). Degassing of the materials prior to the analysis was carried out
by heating at 373 K and applying vacuum until 1 × 10−3 kPa. The surface area was calculated by using
the Brunauer–Emmett–Teller (BET) model using the adsorption branch. Zeta potential values were
measured using a NanoPlus DLS Zeta Potential equipment to determine the electrostatic interactions
among catalysts and methylene blue. Measurements were taken with catalysts suspensions in the
same experimental conditions than the reaction tests.
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4. Conclusions

Atomic layer deposition was used for adding SiO2 to the surface of P25. Due to the incorporation
of the silica layer, a loss of photocatalytic efficiency took place as observed in the results obtained for
the oxidation of methanol. However, the incorporation of SiO2 also improves the adhesion of bacteria
to the surface of the material, partially counteracting the decrease in the photocatalytic activity and
leading to a comparable global inactivation rate. Moreover, the SiO2 layer improves significantly the
adsorption of methylene blue, increasing the global removal rate with respect to the bare P25 material
as a results of the combination of adsorption and photocatalytic oxidation.

On the other hand, both catalysts show only a small loss of photocatalytic efficiency when
immobilized in a macroporous foam as catalytic support. This 3D catalytic system provides the next
step towards implementation of the photocatalytic process in a reusable structured reactor configuration
without the necessity of a recovery stage of the dispersed catalyst particles.
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