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Abstract: Titanium dioxide (TiO2) nanoparticles (NPs) are widely used in various industries
and are increasingly found in environmental systems, especially in soil. However, the
environmental behavior of TiO2 NPs is still poorly understood. Hence, this study aims to
fill this gap by investigating the short- and long-term effects of soil solutions on anatase and
rutile NPs. The experiments were carried out using two soil types, which have very different
chemical properties, in order to obtain a more nuanced picture of how these factors affect
the stability, surface chemistry, and photocatalytic activity of TiO2 NPs. The results indicate
that acidic soil solutions with lower ionic strength tend to enhance the stability of TiO2 NPs
by preventing aggregation, while alkaline solutions with higher ionic strength promote
aggregation and reduce photocatalytic activity by blocking active sites. Additionally,
the adsorption of organic matter and other soil components on the nanoparticle surface
further complicates their behavior, potentially reducing their photocatalytic efficiency. The
interaction time plays a crucial role in determining the long-term fate of TiO2 NPs in soil
environments. Extended exposure to soil solutions leads to changes in crystallite size,
surface charge, and the adsorption of functional groups, which, in turn, affect the NPs’
photocatalytic properties.

Keywords: titania; soil solution; photocatalytic activity; interaction time

1. Introduction
Titanium dioxide (TiO2) is a highly recognized material for its extensive applications

in various fields, including photocatalysis [1] (air [2] and water purification [3], as well as
self-cleaning surfaces [4]); pigment production [5]; cosmetics industry [6]; agriculture [7];
and in energy conversion as solar batteries [8]. The TiO2 market is expected to develop at
a compound annual growth rate (CAGR) of 6.3% from 2023 to 2030, and it was valued at
around 19 billion USD in 2022 [9].
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TiO2 primarily occurs in three crystalline forms: anatase, rutile, and brookite [10].
Anatase, alongside rutile, is a stable polymorph of TiO2 and is widely utilized as a photo-
catalyst or catalyst support due to its favorable properties. Anatase typically offers higher
specific surface areas compared to rutile, making it particularly valuable for (photo)catalytic
applications [11]. Rutile, with a band gap of approximately 3.0 eV, generally exhibits lower
photocatalytic activity than anatase [12]. However, there are exceptions where rutile can
exhibit a higher specific surface area than anatase, depending on the synthesis methods
and conditions [13]. Brookite, on the other hand, has limited research on its photocatalytic
properties, likely due to the challenges associated with producing this material in high
purity [14].

Due to the widespread application and high accumulation rate of titania, its envi-
ronmental concentration is constantly increasing [15]. Sources of environmental release
include industrial effluents, runoff from agricultural lands treated with TiO2-containing
products [16], washing down from the self-cleaning surfaces [17], and also the degradation
of consumer goods [18]. Once in the environment, TiO2 nanoparticles (NPs) can enter soil
systems, where they may interact with soil components and impact both the abiotic and
biotic elements of these ecosystems [19].

Several studies have demonstrate the human [20] and ecotoxicological effects of TiO2,
and, even at low concentrations, TiO2 has negative effects on soil microbial activity [21]. It
can be transferred to the growing plants by their roots, so, if released on agricultural land, it
can enter the food chain [22]. This could be of serious concern as TiO2 has been classified as
a carcinogen by the International Agency for Research on Cancer (IARC) [23]. In addition,
research has shown that it can also affect the ecological behavior patterns of the insects
living in the soil [24]. Certainly, the toxicological impact, and generally the behavior and
fate of TiO2 in the soil, can be influenced by a number of factors like pH, ionic strength, and
the dissolved organic matter content [25].

Central to understanding the interactions is the soil solution, which refers to the liquid
phase within the soil containing dissolved organic and inorganic substances [26]. The basic
property of a soil solution is that it brings some of the constituents of the inert solid phase
into an available, reactive form (e.g., dissolves or hydrolyses), thereby “revitalising” the
soil. The properties of the soil are therefore determined by the substances present in the soil
solution [27]. When TiO2 NPs are introduced into the soil, they can disperse into the soil
solution through various mechanisms such as leaching and runoff. This dispersion into the
soil solution is a critical pathway through which TiO2 NPs interact with soil components
and potentially influence the soil’s balance and health [28].

It is significant to highlight that the majority of studies focused on how TiO2 NPs
behave in aqueous conditions or in the solid phase of soil. To the best of our knowledge,
little is known about how soil solutions affect these materials. For this reason, this study
presents comparative analyses of TiO2 polymorphs, both anatase and rutile, and their
interactions within different soil environments.

For this reason, Regosol and Solonetz soil types were chosen for this study based on
the World Reference Base for Soil Resources (WRB). Regosol, which makes up around 2%
of the continent, is mostly found on hill slopes in Eastern Europe, the Middle East, and
Northern China. It is distinguished by its reddish-brown color, sand texture, and high
organic matter content [29]. Known for its alkaline character and salt buildup, Solonetz,
which makes up around 1% of continental land, flourishes in the dry temperatures of
North America, Northern Asia, and Central Asia [30]. Additionally, these soil types are
representative of the Hungarian soil environment, making them particularly relevant for
our study. The selection was also motivated by the need to cover a broad spectrum of
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chemical compositions to better understand the behavior of TiO2 NPs under different
geochemical conditions.

Therefore, the aim of this study was to fill an important gap in our understanding
of how soil solution properties can affect the behavior of TiO2 NPs, including their pho-
tocatalytic activity, in both the short and long term. The approach taken in this study
allowed us to evaluate not only their direct interactions with soil components, but also their
longer-term stability, surface chemical changes, and photocatalytic efficiency. The novelty
of this work can lie in the fact that, by comprehensively investigating the immediate and
long-term effects of TiO2 in soil solutions, it provides new insights that can enrich and
change our understanding of their environmental behavior and applications.

2. Results and Discussion
2.1. Properties of Soil Solutions and Their Possible Effects on TiO2 NPs

In order to obtain an overall picture of the effect of soil solutions on the behavior of
TiO2 NPs, different physicochemical parameters of the soil solutions were also investigated
(Table 1).

Table 1. Chemical properties of the soil solutions.

Parameters REGOSOL Soil Solution
(REG)

SOLONETZ Soil Solution
(SOL)

pH 4.9 ± 0.1 9.4 ± 0.2
IS

(mmol·L–1) 2 ± 0.1 12 ± 0.3

TOC

mg·L–1

91.1 ± 1.2 72.4 ± 1.6
Na 2.6 ± 0.3 73.4 ± 1.1
K 38.4 ± 0.8 34.5 ± 1.8
Ca 32.6 ± 0.1 82.7 ± 0.4
Mg 9.8 ± 0.2 26.4 ± 0.3

NO3 21.6 ± 0.1 24.6 ± 0.2
PO4 1.3 ± 0.2 0.7 ± 0.1

F 0.1 ± 0.02 0.5 ± 0.1
Cl 3.5 ± 0.5 15.5 ± 0.4

SO4 1.7 ± 0.2 4.6 ± 0.6
Al 9.8 ± 0.5 5.7 ± 0.3
Fe 3.2 ± 0.1 1.4 ± 0.2

The pH values of the soil solutions varied significantly: the average pH of the Regosol
soil solution (REG) was ~4.95 (acidic), whereas the Solonetz soil solution (SOL) had an
average pH of ~9.44 (strongly alkaline). It is known that pH significantly impacts the
catalysts’ isoelectric point (IEP) and ζ potential.

In acidic media, the surface of the material may become positively charged due to the
excess H+, promoting the adsorption of various anions [31]. However, this is not necessarily
an occurring phenomenon as the soil solution is a complex chemical system and because
numerous other components can influence the surface charge of the particles.

In an alkaline medium, the excess OH− causes the opposite scenario, potentially
leading to the adsorption of mainly cations on the surface [32].

The IS of the two soil solutions also differed significantly. The SOL had a very high IS
(12 mmol·L–1), which can reduce the electrostatic repulsion between NPs, making them
more prone to aggregation. However, a high IS can also negatively affect the photocatalytic
activity of TiO2 by blocking active sites [33]. In contrast, when there is a REG with low IS
(2 mmol·L–1), then the dominant factor is the electrostatic repulsion between charged NPs.
This repulsion helps prevent aggregation and stabilizes the colloidal suspension [28,34].
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The organic matter content in an aqueous medium is represented by the TOC values.
The TOC contents of the two soil solutions were not significantly different from one
another; both had high values (Table 1), with the one measured for REG being the higher
one (91.1 mg·L–1). TiO2 NP’s photocatalytic activity is significantly impacted by its high
organic matter content because different organic molecules can be adsorbed onto its surface
and obstruct access to its active sites [35]. This makes it more difficult for the photocatalyst
and the intended contaminants or substrates to interact. Furthermore, the target pollutants
and organic molecules could compete for the available adsorption sites on the surface of
TiO2. Higher surface affinity for the organic molecules allows them to efficiently displace
the target pollutants, reducing the amount of photocatalytic activity directed toward those
pollutants [36].

In both soil solutions, there were low amounts of Fe (3.2 mg·L–1 in the case of REG,
while 1.4 mg·L–1 for SOL) and Al (9.8 mg·L–1 for REG and 5.7 mg·L–1 for SOL) were
detected. The adsorption of Fe on the surface has been shown in several studies to be able
to alter the optical properties of the materials and thus to be able to absorb light more
efficiently in the visible light spectrum [37–39]. However, there are exceptions, with some
studies showing that the presence of Fe can also inhibit the activity of TiO2, depending on
the mode of synthesis [40]. Al, although not what is classically known as a catalyst “poison”,
can indirectly affect recombination through its surface adsorption, thus influencing the
activity of the material [37]. Significant amounts of Cl− were measured, especially in the
SOL soil solution. Cl was able to adsorb on the TiO2 surface, forming surface complexes.
This may reduce the activity as Cl ions can block the active sites, altering the surface charge.
In addition, Cl may compete for the catalyst surface with other species [41].

Certain ions in soil solutions were also tested since their presence can influence the
behavior of TiO2. The SOL soil solution’s concentrations of Na and Ca were high and low
for REG (Table 1). For TiO2 NPs in an aquatic medium, some publications have observed
enhanced sedimentation and aggregation at levels comparable to SOL [42,43].

Significant amounts of various anions were measured in both soil solutions, with Cl−

and SO4 being prominent in SOL. Without exception, these anions are able to strongly
adsorb on the surface of the material, occupying the active sites and thus reducing the
catalytic activity. Of course, the surface adsorption of these anions is strongly influenced by
the surface charge and the pH of the medium [44].

In addition to the previously listed factors, the TiO2 NPs’ behavior and photocatalytic
activity in soil solutions can also be affected by their size, shape, surface chemistry, and
crystal structure. The next sections will discuss these issues.

2.2. Morphology and Crystal Structure of TiO2 NPs After Immersion in the Soil Solutions

The SEM micrographs show that both anatase and rutile have polycrystalline struc-
tures and that their particles form aggregates (Figure 1). After interaction with soil solutions,
no visually significant changes in morphology were observed, and the degree of aggrega-
tion remained similar. For the AR_SOL_7 sample, however, an interesting observation can
be made: the particles seemed to have been fragmented into smaller components. There
may be several reasons for this; for example, the high ion content of a SOL soil solution can
trigger reactions that weaken the rutile surface and potentially lead to fragmentation. Since
rutile fragmentation did not occur after interaction with the acidic REG soil solution, the
contribution of high alkaline pH could not be ruled out. However, this phenomenon was
not observed in the AR_SOL_4 sample, suggesting that the time of interaction is also an
important factor.
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Figure 1. SEM micrographs of the samples and their changes in sizes (AA_SOL_7 and AR_SOL_7
(red framed)).

One of the possible scenarios for the fragmentation could be the alkaline conditions
during the interaction tests between the solonetz soil solution and titania. It is known
that rutile can be solubilized in alkaline conditions. The degree of solubility exclusively
depends on the strength of the basic media (Kb value). Even at mildly basic conditions
(pH = 8–9), a few micromoles of titania can be solubilized [45], meaning that a solonetz
soil extract, with a pH value of 9–10, is capable of solubilizing even more. However,
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the formed water–soluble complexes are in equilibrium with the main phase of titania
(Equation (1)); thus, a re-precipitation is always possible. This means that, at any given
time, some particles dissolve and some particles are formed, hence causing a texture change
within the samples (namely causing a direct fragmentation). The general solubilization
reaction can be described as follows:

TiO2(s) + 2H2O ↔ Ti(OH)4 (aq)
Ti(OH)4 (aq)+ H2O ↔ Ti(OH)5

− + H+

H+ + OH− ↔ H2O.
(1)

In addition to morphology, the crystal structure and primary crystallite size of the
materials were also examined based on their XRD patterns (Figure 2a,b). The distinctive
diffraction signals of AR_REF were found at 25.2◦ (101), 27.4◦ (101), 36◦ (101), and 39.1◦

(200) (JCPDS Card no. 21-1276), while, for AA_REF, they were found at 25.2◦ (101), 36.9◦

(103), 37.8◦ (004), and 38.5◦ (112) (JCPDS Card no. 21-1272) [46]. The primary crystallite
size was approximately 39 nm for AA_REF and ~200–400 nm for AR_REF. However, it is
important to note that, with a large crystal size (>100 nm), the uncertainty of the calculation
can be significant.
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Figure 2. XRD patterns of the (a) Aldrich rutile samples before and after interaction with the soil
solutions. (b) Aldrich anatase samples before and after interaction with the soil solutions.

After interaction with soil solutions, the primary crystallite size did not change in the
materials; it was only below 5%, which is a negligible value. The XRD patterns show that
no new diffraction peaks were formed and that the existing ones did not disappear after
the interactions. The exception to this was AA_SOL_7, where the diffractogram showed a
broadening of the peaks and a reduction in particle size to 32.4 nm (Figure 2b). Immersing
in soil solutions may have caused some amorphization on the surface of the crystals, which
manifested in the widening of the diffraction peaks. Additionally, for Samples AR_SOL_4
and AR_SOL_7, the broadening of the signals was also visible. Unfortunately, in this
case, we could not determine the particle size from the XRD data due to methodological
limitations. However, the SEM micrographs showed a spectacular reduction in size for the
AR_SOL_7 sample.

2.3. Surface Properties

Through ζ potential measurements, we can obtain information from the particles’
surface charge, which impacts the aggregation tendency and overall stability of the ma-
terial [47]. These parameters could change depending on the soil solution’s properties.
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We also determined the IEP, or the pH of the zero net particle surface charge, in the soil
solutions and, for comparison, in the distilled water as a reference (AA_REF and AR_REF).

For AA_REF, the IEP was around a pH of 2. After immersion in the acidic, low-
ionic-strength, and high-organic-content Regosol soil solution (AA_REG), the material’s
IEP did not change. In contrast, in the alkaline, high-ionic-strength Solonetz soil solution
(AA_SOL), the surface remained negatively charged across the measured pH range, as
shown in Figure 3a. These highly extensive negative surface charges could be due to several
reasons, but they were primarily due to components in the soil solutions. In AA_REG, most
of the organic matter was adsorbed to the surface, which may have caused deprotonation.
For example, carboxylic acids—the presence of which were also confirmed by the IR
spectrum—can form carboxylate anions during deprotonation and drive the charge in
a negative direction. In the case of AA_SOL, in addition to the quantity and quality of
organic matter, even the high ion content may contribute. However, Ti-OH groups on the
surface of material can also deprotonate [48].
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At the same time, such a negatively charged surface repels the anions in the solution
and attracts the cations, which can lead to the formation of a double electrical layer [49].

For the AR samples, the IEP was a ~pH of 3, and the same trend was observed for AA:
the ζ potential was in the same negative range when immersed in both soil solutions, and,
like AA, with a few mV, the charge was more negative in acidic Regosol than in Solonetz
(Figure 3b). Differences in the surface charge between the AA and AR samples can be
attributed to the variances in their crystalline structure. The surface of anatase had more
Lewis acidic Ti4+ centers, which are more prone to protonation (originating from the surface
anchored OH groups), whereas the rutile structure had a lower proportion of these. This
may explain the IEP of anatase at a lower pH [50]. Additionally, the difference in their
surface arrangements and surface energy can influence the adsorption of ions. However,
the specific surface of AA was also larger, so “more space is available” for the adsorption
of various substances [12,51].

It is important to note that more intense IR peaks (Figures 4 and 5) were observed
for AR than for AA. This suggests a higher adsorption of various substances, which may
contribute to differences in ζ-potential. Although rutile typically has a smaller specific
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surface area, its surface properties may allow for stronger or more selective adsorption of
certain species from soil solutions.
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Following the surface properties, the types of vibrations corresponding to different
functional groups were also identified based on IR spectra. These can provide key informa-
tion about the surface chemical properties of NPs. These findings may help to understand
the nature of surface interactions, such as the adsorption of organic compounds or the
formation of surface complexes, which can affect the photocatalytic activity of NPs and, in
general, their behavior in various complex environmental matrices.

Figures 4 and 5 display the samples’ IR spectra. The primary constituents of the
samples were metal oxides (Ti–O), which are represented by the bands at 400–900 cm−1.
There was no change in this region [52], so we normalized the spectra’s other regions to
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this. In every sample, vibration bands of CO2 were detected at 2350 cm−1 [53]. These were
unrelated to the analysis and came from the sample preparation procedure.

We also experienced lower or higher intensities for each sample in regions between
1000 and 1700 cm−1. On the one hand, there was also a range of O-H vibration bands (1390,
1637–1650 cm−1) [54,55]. For the AA_REF and AR_REF samples, this can be attributed to
the presence of physisorbed water. In the case of AA_AP and AR_AP, the phenol model
pollutant intermediates (e.g., hydroquinone, resorcinol, and pyrocatechol) [56,57] could
be detected.

As can be seen in Figures 4 and 5, the samples interacting with soil solutions in
this region had a much higher intensity than the reference samples. The bands were
much “sharper” and more separable from each other, indicating the presence of other
functional groups in addition to the O-H groups. For example, in the region between
1080 and 1150 cm−1, there were Si-O vibrational bands [58]. This is because silicon oxides
are prevalent in the soil as inorganic compounds, which are found in various minerals.
Additionally, within the specific range of 1050 to 1100 cm−1, we observed the vibrations of
C-OH bonds [59]. These bonds are characteristic of oligosaccharides, which may originate
from plant root remains [60]. Between 1250 and 1300 cm−1, N-H bonds were detectable,
which could be amides and amines. These may have been caused by the decomposition of
the remains of various animal and plant organisms into the soil. In the 1360–1370 cm−1

range, vibrations of C-O bonds, which can be ascribed to long carbon-chain molecules
in soil solutions (e.g., lignin-based substances from the decomposition of plants), and
C-N bonds, which can be amides, amines, and imines, were detected. Between 1400 and
1420 cm−1, there was an O-H region. These hydroxyl groups may be derived from carboxyl
groups (from humic acid) in samples immersed in soil extracts. In the samples after phenol
decomposition, phenol intermediates may also be present as O-H groups [59]. In the
1490–1500 cm−1 region, C=C vibrational bonds were found; these may be benzenoids,
which are high molecular weight organic substances and may also be formed during the
decomposition of animal residues.

In the 1580–1630 cm−1 region, there were the vibrations of N-H bonds, which represent
the amine group and can come from peptides or even humic substances [61]. In the region
around 3200 and 3600 cm−1, there were vibrations of O-H bonds; this region is also known
as the “water band”, the presence of which has a strong influence on the hydrophilicity of a
substance. As can be seen in the figures, for all samples (except AA_REF, AA_AP, AR_REF,
and AR_AP), the “water band” was elevated [62]. It is also important to note that IR is a
semi-quantitative method, and it is mainly suitable for qualitative determination, so we
will not go into the details about the differences in intensity observed between the samples.

Overall, there was no significant difference between the soil extract-treated samples
and the two types of TiO2 in terms of which functional groups were adsorbed. There was
no significant change in the bulk phase, as shown by the previous measurement techniques.
However, the hydrophilicity of all samples increased. Furthermore, various long carbon
chains, amines from peptides, and carboxylic acids were adsorbed on the surface of the
materials. These observations may largely explain the changes in the photocatalytic activity
of TiO2 nanostructures.

Following their immersion in a soil solution, the surface composition of the photocata-
lysts was investigated using XPS measurements.

The elements clearly detected on the surface of the photocatalyst are shown in Table 2.
Ti was found on all the sample surfaces, but its concentrations varied. The higher concen-
trations were clearly detected in the untreated samples (AA_REF and AR_REF).
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Table 2. Surface chemical element composition based on XPS measurements.

Sample Name
Elemental Composition (a.m. %)

C O Ti Si Al Ca Na N K Cl Fe

AR_REF 51.5 36.2 11.9 n.d. 1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
AR_REG_4 37.7 35.2 3.3 11.8 5.2 0.6 0.1 0.8 n.d. 0.4 4.9
AR_REG_7 26.7 41.1 0.8 22.2 7.3 0.8 n.d. 0.5 0.3 n.d. 0.2
AR_SOL_4 37.5 31 0.5 12.4 5.6 5.5 0.9 n.d. n.d. n.d. 6.6
AR_SOL_7 25.7 31.6 2.7 18.8 8.6 1.2 0.6 n.d. 0.5 n.d. 0.2
AA_REF 48.2 38 11.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

AA_REG_4 49 35.4 4.7 6.2 1.9 0.4 0.2 2 0.1 n.d. n.d.
AA_REG_7 28.5 41.2 5.7 14.8 7.8 1.2 n.d. 0.4 0.4 n.d. n.d.
AA_SOL_4 28.9 35.9 2.4 13.8 7.2 0.9 0.9 n.d. 0.3 n.d. 9.6
AA_SOL_7 31 32.7 2.7 11.5 6 0.7 0.8 n.d. 0.1 n.d. 14.4

1 Not detected.

We detected C in very high proportions on the surface of AA_REF and AR_REF. This is
a natural phenomenon that occurs when C is adsorbed from the atmosphere (i.e., different
organic compounds) onto the material’s surface. Carbon was also present in the IR spectra
of all the samples, as indicated by the CO2 region at 2350 cm−1. After immersion in soil
solutions, the C content decreased on the material’s surface, partially due to the presence
of other elements on the surface. However, with the exception of the AA_SOL samples
(where the difference in C abundance between AA_SOL_4 and AA_SOL_7 was minimal
and within the margin of error), the surface carbon abundance generally decreased with
increasing interaction time. Since the samples were exposed to natural light during their
interaction with the soil solutions, the photocatalytic activity of the materials was activated,
leading them to “clean” the various organic substances from their surface. This hypothesis
was confirmed for Sample AA_REG_7 by the decrease in the TOC content of the Regosol
soil solution. The initial TOC concentration decreased from 91.1 mg·L−1 to 85.3 mg·L−1.

After immersion in the soil solutions, a significant amount of Si was detected on the
surface of the materials, indicating the presence of SiO2, which was confirmed by IR mea-
surements. With increasing interaction time, the Si content also increased, except, in one
case, for the AA_SOL sample group. The presence of this element can be explained by the
fact that, since SiO2 particles are positive and TiO2 surfaces are negative in the ζ potential
measurements, a strong electrostatic attraction occurs, which promotes the surface adsorp-
tion of SiO2 particles. As the surface of the materials becomes C-depleted over time, it is
better able to bind SiO2. The same trend can be fully observed for Al. Significant amounts
of this element were measured in soil solutions, and, as in the case of Si, the positively
charged Al3+ ions and the negative surface of TiO2 induced electrostatic attraction.

The relative oxygen content of the samples increased after interaction with the soil
solutions when compared to the Ti surface content of the samples. This increase generally
correlated with longer interaction times, except for the AA_SOL sample group again. The
oxygen sequestration at the surface could be attributed to the presence of various organic
matters, as supported by the IR results. Additionally, the increase in oxygen content could
be also explained by the presence of SiO2 because it showed a parallel increase with silicon
over time.

Na, Ca, and K were detected on the surface of the materials at very low percentages.
Despite their significant presence in the soil solutions, these cations were likely displaced
from the surface by competing elements such as Si and Al. Nitrogen was also detected, po-
tentially originating from various amine groups, in low amounts in the samples immersed
in Regosol soil solution. Cl was found in a very small percentage and only on the surface
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of one sample. No other anions, such as F, were detected, which could be attributed to the
negatively charged surface.

For the AR samples, the amount of Fe in both acidic Regosol and alkaline Solonetz
soil solutions decreased with increasing interaction time. For the AA_REG samples, no Fe
was detected on the surface of the material, which could be due to the fact to the fact that
Fe is highly soluble in acidic media [63]. In contrast, significant amounts of Fe were found
at the surface in alkaline soil solutions, and the amount increased further with increasing
interaction time.

2.4. Photocatalytic Activity

By measuring the rate of phenol degradation, the impact of soil solution on the
photoactivity of AA and AR was examined. According to earlier adsorption research, the
phenol adsorption on TiO2 is quite small—between 2–4% [64]. Therefore, to guarantee that
concentration variations result from catalytic degradation rather than adsorption, only a
10-minute dark period was used.

As can be seen in Figure 6a,b, after around 120 min of UV-A irradiation, AA_REF
showed full phenol degradation. Compared to AA_REF, AR_REF (Figure 6c,d) was less
effective; it took 180 min for the former catalyst to completely degradate the phenol.
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Both the AA and AR samples showed a significant decrease in activity after interaction
with REG soil solution. This became even more drastic after a longer interaction time.
The decrease in activity was mainly due to the adsorption of the components from the
soil solution onto the surface of the materials. The REG soil solution had a high TOC
content, and the IR results confirmed that there were several organic components on the
surface that hindered the accessibility of the active sites; thus, the activity was reduced.
For example, humic acids can certainly form surface complexes on the surface of TiO2 NPs
as the carboxyl groups are able to complex with the surface metal centers of TiO2. This
interaction can lead to blocking of active sites, which reduces photocatalytic activity [65].

The XPS results showed that the amount of C and N decreased greatly with increasing
interaction time. This led us to conclude that catalytic activity is taking place as AA and
AR particles clean their surfaces. The reduced C and N content provided an opportunity
for other components or elements to be released to the surface, which slowed down the
activity to a large extent. These included Al and Si, whose presence and increase with
interaction time were confirmed by the XPS results. These two elements have also been
shown in previous studies to negatively affect the activity of catalysts [37].

In addition, Na and Ca were detected in both the AA_SOL and AR_SOL sample
groups based on the XPS results. Both ions significantly affected the surface charge and
activity of TiO2, as well as, basically, the stability of the material. Na mainly affected the
structure of the double electric layer, while the Ca was able to bind more strongly to the
surface, neutralizing the charge and promoting aggregation [66]. Aggregation can reduce
the availability of active sites, and Ca ions can also form surface complexes that can act as
electron traps [67].

The AA_SOL samples showed the same trend as the AA_REG samples: activity de-
creases after interaction with the soil solution. This only increased after a longer interaction
time. The SOL soil solution also had a high TOC content, so this may have also influenced
the activity. With increasing interaction time, the XPS results showed an increase in Fe on
the surface, which may have also decreased the activity [40].

The AR_SOL samples showed the opposite behavior to the previous set of samples
as the activity improved with increasing interaction time (Figure 6d). However, this
improvement was minimal, i.e., within 5%, and therefore within the measurement error
margin. Nevertheless, we could not exclude the possibility that the particle size of the
AR_SOL_7 samples had been reduced based on the SEM images, and this could have also
been the cause of the increase.

3. Materials and Methods
3.1. Materials

During the study, the following TiO2 NPs were used: Sigma-Aldrich anatase
(AA; 100 wt% anatase) and Sigma-Aldrich rutile (AR; 96 wt% rutile, 4 wt% anatase)
(St. Louis, MO, USA). In every instance, ultrapure Millipore Milli-Q water (18.2 MΩ·cm−1)
was used. As a model pollutant, we employed phenol (VWR, >99%) to measure the
photocatalytic activity.

3.2. Soil Sampling and Analysis

Ten Regosol and ten Solonetz topsoil samples were taken from two distinct locations
as part of the soil sampling process. The Solonetz samples were collected from a meadow
close to Szatymaz, Hungary, and the Regosol samples were collected from a woodland
close to Tallya, Hungary (Figure S1). Then, 0–20 cm depths of topsoil from the levels of
0–10 cm and 10–20 cm were combined. The soil samples were allowed to air dry for ten
days before being sieved using a 2 mm sieve. The Supplementary Material section contains
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information on the soil parameters (Table S1), which were measured in accordance with
the Hungarian Standards (MSZ) and include details of the pH, electrical conductivity (Ec),
total salt concentration, texture, and organic matter content [68,69].

3.3. Soil Solution Preparation and Analysis

MQ water was used for soil solution preparation, and the solid-to-solution ratio was
1:2.5. The mixtures were rotated for 17 h; after that, they were centrifuged for 10 min at
4400 rpm and filtered over a 13 µm pore size paper filter.

A digital pH meter (Inolab pH 720) was used to measure the pH of the soil solution,
and a conductivity meter (Orion 3-Star, Thermo Electron Corporation (Thermo Fisher,
Waltham, MA, USA)) was used to measure the Ec. The ionic strength values (IS) were
calculated from the Ec results [12]. The total organic carbon content of the soil solutions
(TOC) was measured using Analytik Jena—Multi N/C 2100 S (Analytik Jena GmbH,
Jena, Germany).

Inductively coupled plasma optical emission spectroscopy (ICP-OES) using Ar as
the carrier gas was performed with a Perkin Elmer Optima 7000DV (PerkinElmer, Inc.,
Waltham, MA, USA) to assess the major element content (Na, K, Ca, Mg, Al, Fe) of the soil
solutions. Using an NH4Cl buffer at a pH of 8.5 as the reagent, flow injection analysis (FIA)
measurements were performed using a Foss FIA Star 5000 spectrometer (FOSS Analytical
A/S, Hillerød, Denmark) to ascertain the concentration of NO3. SnCl2 and (NH4)6Mo7O24

were used as reagents for the determination of PO4. Furthermore, an ion chromatograph
(IC) (Dionex ICS-1600 (Thermo Fisher, Sunnyvale, CA, USA)) was utilized to quantify the
amounts of F, Cl and SO4.

3.4. Characterization of TiO2 NPs

The nanomaterials underwent characterization through several techniques. X-Ray
diffraction (XRD) patterns were obtained using a Rigaku Miniflex II diffractometer (Rigaku,
Neu-Isenburg, Germany) with Cu-Kα radiation (λ = 1.5406 Å), covering a 2θ range of
20–80◦ at a scan speed of 1 min–1. Primary crystallite sizes were calculated using the
Scherrer equation [70]. Dried powder samples (100 mg) were used for the measurements,
which were placed on a glass slide before analysis.

Morphological analysis was performed with a Hitachi S-4700 Type II scanning electron
microscope (SEM) (Hitachi Ltd., Hitachi, Tokyo, Japan) after coating the samples with
gold NPs (<10 nm). The imaging was carried out under high vacuum conditions using
an accelerating voltage of X kV. Secondary electron (SE) and backscattered electron (BSE)
detectors were utilized to capture the surface morphology and compositional contrast.
Sample preparation involved drying the powders, mounting them on conductive carbon
tape, and sputter coating them with gold to prevent charging effects during imaging.

Surface changes were analyzed using a Bruker Equinox 55 infrared spectrometer
(IR) (Bruker Corporation, Bremen, Germany), with samples pressed into pellets with KBr
powder and IR spectra recorded at a resolution of 2 cm−1. Dried samples were used for the
measurements, with approximately 1 mg of the sample finely ground and mixed with KBr
in a 1:100 ratio. The mixture was then pressed into transparent pellets under high pressure
to ensure uniformity and minimize scattering effects.

The ζ potential of the NPs was measured with a Horiba SZ-100 Nanoparticle Analyzer
(Kyoto, Japan) in a carbon electrode cell using the Smoluchowski model for a dispersion
concentration of 0.001 w/v%.

Specs XPS equipment (SPECS Surface Nano Analysis GmbH, Berlin, Germany) with
an XR50 dual-anode X-Ray source and a Phoibos 150 hemispherical electron analyzer
was used to collect data for X-Ray photoelectron spectroscopy (XPS). Then, 150 W of
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electricity were used to run the Al Kα source. To counteract the sample charge during
X-Ray irradiation, an electron flood cannon was employed. While the high-resolution
spectra were obtained with a pass energy of 20 eV, the survey spectra were obtained with
a pass energy of 100 eV. Version 2.3.25 PR1.0.45 of the CasaXPS software was used for
the assessment. The inner reference employed was the aliphatic component of the C1s
spectra, with a binding energy of 284.8 eV. A Shirley background was used to correct the
high-resolution spectra, and a Gauss–Lorentz product function with a 30% Lorentzian
contribution was used to match all of the peaks. The relative sensitivity factors derived
from Scofield cross sections were applied to adjust the peak area on the survey spectrum,
which was used to quantify the elements.

A TiO2 NPs solution at a concentration of 1 g·L−1 was mixed with a phenol solution at
an initial concentration (C0) of 0.1 mM, which was then sonicated for 10 min. Photocatalytic
activity was assessed using phenol as a model pollutant at room temperature in an open-
top glass reactor. The light source was positioned above the reactor, which was covered
with a quartz plate to minimize evaporation. Excitation was achieved with a UV light
source (λmax = 364 nm, Vilber-Lourmat T-6L UV-A (Vilber Lourmat, Collégien, France),
6 W), which was then placed 5 cm from the reactor. Throughout the measurements,
the suspensions were continuously stirred at 400 rpm. To reach adsorption–desorption
equilibrium, the suspension was stirred in the dark for 10 min before turning on the lamps.
Throughout the experiments, synthetic air was supplied at a flow rate of 30 L/h while
the suspension was continuously stirred, and the temperature was maintained at 25 ◦C.
Phenol concentration was tracked using a high-performance liquid chromatograph (HPLC)
equipped with a Merck Hitachi L-4250 UV-vis detector (Hitachi Ltd., Tokyo, Japan) and a
Merck Hitachi L-7100 low-pressure pump (Hitachi Ltd., Tokyo, Japan), with a flow rate of
0.7 cm3·min−1 and a detection wavelength of 210 nm. The eluent used was a 50:50 (v/v)
methanol–water mixture. Calibration was carried out using standard solutions of phenol
prepared in the same solvent system, covering the expected concentration range.

After HPLC analysis, the degradation percentage (%D) of each sample in a 100 mL
aqueous phenol solution with 0.1 mM were obtained with the following:

%D = ((Co − Ct)/Co) × 100, (2)

where Co is the original sample concentration at zero irradiation time and Ct remains at
concentration after an irradiation time of 180 min [71].

The data processing, spectrum normalization, and figure preparation were carried out
using Origin 2021 software.

3.5. Soil Solution Experiments

Ten pre-prepared soil solutions from Solonetz and Regosol were combined, and a
single homogenous sample representative of both Solonetz and Regosol was used for all
of the trials. Stock solutions containing 5 g·L−1 of TiO2 NPs (where the AA and AR were
kept separate) were prepared using MQ water. Subsequently, the TiO2-containing soil
solutions underwent ten minutes of ultrasonication to prepare the 500 mg·L−1 of TiO2 NP
concentration in the soil solutions. The concentration of suspensions utilized was chosen to
be comparable to those frequently found in the literature. After the TiO2 stock suspension
was added to the soil solution, the resulting suspension was mixed using a magnetic stirrer.
The suspensions were centrifuged for 10 min at 3700 RPM after TiO2 NPs, and the soil
solutions interacted for 4 and 168 h. Using different interaction times is important for
understanding both the short-term and long-term effects of TiO2 NP interactions within
soil solutions. The shorter interaction time helps to assess the immediate impact and initial
dispersion of the NPs, while the longer durations allow for the observation of changes in
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stability, surface chemistry, and potential aggregation over time. This approach provides a
more comprehensive understanding of how TiO2 behaves under varying environmental
conditions and durations, reflecting real-world scenarios more accurately.

4. Conclusions
In this study, we investigated the effect of the properties of soil solutions with different

chemical parameters on the behavior of anatase and rutile TiO2 NPs. By analyzing their
interactions with the soil solutions from Regosol and Solonetz soils (major differences in
pH, ionic strength, and organic matter content), we identified the key factors determining
the stability, surface chemistry, and photocatalytic performance of these NPs. Our results
showed that interaction time is a critical factor influencing the behavior of TiO2 NPs. Short-
term interactions mainly affected the surface charge and initial dispersion, while long-term
exposure resulted in more profound changes in the morphology. Specifically, it resulted in a
decrease in primary crystallite size and a possible increase in surface amorphization for the
samples exposed to Solonetz soil solution. This result, in turn, calls into question the inert
nature of TiO2 and its stability in the environment. Indeed, once released, these materials
become smaller in size over time—this is particularly true for rutile. The smaller size can
lead to higher mobility in the soil and is more damaging to living organisms. Changes due
to interaction with soil solutions have also been associated with a decrease in photocatalytic
activity. This is due to the cumulative effects of surface adsorption, ionic strength-induced
aggregation, and structural changes in NP over time. However, it is important to note that
the extent of the decrease in activity in our results is strongly influenced by the nature
of the soil solutions: while samples that interacted with acidic Regosol soil solutions
showed a drastic decrease in activity after a longer interaction time, this was much less
pronounced for Solonetz. These results demonstrate how TiO2 NP behavior in soils is
dynamic and complicated, implying that understanding the environmental impact of these
nanostructures requires taking into account the particular soil conditions and the length of
their exposure. The main emphasis of this work was the dynamic interaction between the
material and the chemical composition of the soil solution. Future research will investigate
the behavior of TiO2 NPs in relation to the physical qualities of the soil in an effort to
gain a more thorough understanding. By advancing knowledge of the possible dangers
connected to TiO2 NP exposure in soil habitats, this work helps to guarantee environmental
sustainability by directing efforts to lessen the negative impacts of the exposure.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal15020190/s1, Figure S1: The location of the sampling ar-
eas; Table S1: The basic parameters of the soil samples (The references [68,69,72] are cited in the
Supplemental Materials).
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Abbreviations
The following abbreviations are used in this manuscript:

AA_REF Pure/reference Aldrich anatase
AA_AP Aldrich anatase after phenol degradation
AA_REG_4 Aldrich anatase after interaction with Regosol soil solution for 4 h
AA_REG_4_AP Aldrich anatase after interaction with Regosol soil solution for 4 h and phenol degradation
AA_REG_7 Aldrich anatase after interaction with Regosol soil solution for 168 h
AA_REG_7_AP Aldrich anatase after interaction with Regosol soil solution for 168 h and phenol degradation
AA_SOL_4 Aldrich anatase after interaction with Solonetz soil solution for 4 h
AA_SOL_4_AP Aldrich anatase after interaction with Solonetz soil solution for 4 h and phenol degradation
AA_SOL_7 Aldrich anatase after interaction with Solonetz soil solution for 168 h
AA_SOL_7_AP Aldrich anatase after interaction with Solonetz soil solution for 168 h and phenol degradation
AR_REF Pure/reference Aldrich rutile
AR_AP Aldrich rutile after phenol degradation
AR_REG_4 Aldrich rutile after interaction with Regosol soil solution for 4 h
AR_REG_4_AP Aldrich rutile after interaction with Regosol soil solution for 4 h and phenol degradation
AR_REG_7 Aldrich rutile after interaction with Regosol soil solution for 168 h
AR_REG_7_AP Aldrich rutile after interaction with Regosol soil solution for 168 h and phenol degradation
AR_SOL_4 Aldrich rutile after interaction with Solonetz soil solution for 4 h
AR_SOL_4_AP Aldrich rutile after interaction with Solonetz soil solution for 4 h and phenol degradation
AR_SOL_7 Aldrich rutile after interaction with Solonetz soil solution for 168 h
AR_SOL_7_AP Aldrich rutile after interaction with Solonetz soil solution for 168 h and phenol degradation
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