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Abstract
Polycyclic aromatic hydrocarbons (PAHs) in soil are potentially harmful to human health. However, the use of photocatalysis 
technology to treat soil contaminated with PAHs remains challenging. Therefore, TiO2/α-FeOOH composite photocatalyst 
has been synthesized by hydrothermal method and sol–gel method and applied to photocatalytic degradation of fluoranthene 
in soil. The morphology, elements, crystal structure, optical properties, electrochemical characteristics, and photocatalytic 
activity of TiO2/α-FeOOH have been characterized. Results showed that TiO2 is tightly fixed on the surface of α-FeOOH, and 
TiO2/α-FeOOH had higher photocatalytic activity on photocatalytic degradation of fluoranthene in soil under simulated sun-
light. The degradation efficiency of TiO2/α-FeOOH is 3.0 and 4.8 times higher than that of TiO2 and α-FeOOH, respectively. 
This is attributed to enhanced photocatalytic ability by enhancing the transfer capacity of electrons and holes and broadening 
the spectrum absorption range. The highest degradation efficiency was achieved when the pH of the soil is neutral, the ratio 
of water/soil is 10:1, and the dosage of catalyst is 50 mg/g. In addition, it was proved that •O2

−, h+, and 1O2 are the main 
active substances in the photocatalysis of TiO2/α-FeOOH. The possible mechanism of a Z-type electron transfer structure 
was also proposed. The degradation products of fluoranthene were detected, and the degradation pathway was deduced.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are persistent 
pollutants, which are mainly produced by human activities 
(Sun et al. 2022). Due to their toxicity, mutagenicity, and 
carcinogenicity, the study on the removal of PAHs is of great 
significance in environmental pollution control. Studies have 
shown that soils bear more than 90% of the environmental 
load of PAHs (Kariyawasam et al. 2022). These PAHs are 
highly toxic and biocumulative and can remain in the soil 

for a long time, which can enter the human body through 
respiration, ingestion, skin contact, etc. These PAHs enter-
ing the human body produce toxic intermediate products 
after human metabolism and produce irreversible damage 
to macromolecular organic matter in the cell. Therefore, it 
is of great significance to find a method to remediate soil 
polluted by PAHs.

Various biological and physicochemical technologies 
such as adsorption, membrane filtration, aerobic/anaerobic 
digestion, and advanced oxidation technology are widely 
used for the removal of various pollutants (Jaffari et al. 
2021). Of which, advanced oxidation technology is charac-
terized by the generation of strong oxidizing hydroxyl radi-
cals, including photocatalytic technology, Fenton oxidation 
technology, and ozone technology. The application of the 
Fenton technology is limited because it requires a low pH 
to achieve high efficiency. Ozone is a very powerful oxidiz-
ing agent, but it needs a high concentration dosage, and the 
cost is relatively high. Photocatalytic technology can utilize 
solar energy to degrade persistent organic pollutants (Zhang 
et al. 2023). It has some advantages, such as using natural 
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energy, low cost, and high physical stability (Saravanan et al. 
2022). By summarizing previous studies (Yang et al. 2023), 
it can be concluded that there are two main factors limiting 
the photocatalytic degradation efficiency of PAHs in soil. 
Firstly, the soil is a non-fluid medium; therefore, the mass 
transfer of PAH molecules in the soil is limited, thus pre-
venting contact between PAH molecules and the photocata-
lyst, resulting in low photocatalytic degradation efficiency. 
Secondly, the penetration of light in soil is very limited, only 
about 0.5 mm, so the application of photocatalytic degrada-
tion technology in solid soil is greatly limited. Our research 
group has carried out a preliminary study on the photocata-
lytic degradation of PAHs in soil, and the results have shown 
that the degradation efficiency is only about 40% for solid 
phase soil under 48 h of illumination, using TiO2 (P25, 20%) 
as catalyst, 6 W ultraviolet lamp as light source, and fluoran-
thene concentration of 40 mg/kg.

Photocatalyst plays an important role in pollutant deg-
radation and efficient utilization of solar energy. TiO2 is 
an environmentally friendly and inexpensive semiconduc-
tor photocatalyst, which has been widely used to degrade 
organic pollutants (Lam et al. 2021). Wang et al. (2016) 
used TiO2 with nanoscale to photocatalytic oxidize of 
diphenyl in soil, and the degradation rate reached 82.7% 
under a certain light intensity and irradiation of 3 h. How-
ever, TiO2 has two major defects, which limit its photo-
catalytic efficiency. On the one hand, TiO2 has a narrow 
spectral response range, which only accounts for 5% of 
the solar spectrum (Chen et al. 2016). On the other hand, 
the photogenerated carriers of TiO2 have high recombina-
tion efficiency. Therefore, researchers have applied a vari-
ety of methods to improve the performance and applica-
tion potential of TiO2 photocatalysts. Zhao et al. prepared 
TiO2@montmorillonite composite photocatalyst by com-
bining TiO2 with montmorillonite and applied it to degrade 
gamma-hachloro-cyclohexane in soil. The degradation rate 
increased up to 70% (Zhao et al. 2007). Yong et al. (2022) 
synthesized Bi2WO6 and ZnO, and the addition of Bi2WO6 
increased the visible light response range of the composite 
photoanode. The maximum power density of Bi2WO6/ZnO 
for treating urban sewage was 2.707 µW/cm2, which is 1.8 
times that of pure ZnO.

Fe-containing catalysts have attracted continuous atten-
tion in the field of environmental purification due to their 
advantages of low toxicity, environmental friendliness, and 
low price (Wang et al. 2022). Fe-containing catalysts are a 
popular semiconductor photocatalyst used for environmental 
pollution control because of its narrow band gap energy, 
which allows an efficient visible light response (Xu and 
Schoonen 2000). They were widely used in the treatment 
of phenolic pollutants (Qian et al. 2017; Wang et al. 2017), 
p-chloro-nitrobenzene (Li et al. 2015), dye (Liu et al. 2017), 
and so on. Guo et al. (2020) prepared a Z-type α-FeOOH/

FeS2 composite photocatalyst by hydrothermal method and 
applied it to Cr(VI) reduction and tetracycline degradation. 
Jaffari et al. synthesized Pd-loaded BiFeO3 (BFO) nano-
composites using a two-step hydrothermal method, and the 
composite catalysts were used to degrade malachite green 
dye and phenol under visible light. The results indicated 
that the photocatalytic performance of this microcomposite 
material is higher than that of BFO or commercial TiO2 
(Jaffari et al. 2020). Yang et al. prepared g-C3N4/α-Fe2O3 
by calcination of uniformly mixed ferric nitrate and g-C3N4, 
and g-C3N4/α-Fe2O3 was applied to photocatalytic degrada-
tion of fluoranthene in soil. Under simulated sunlight, the 
degradation rate reached 88.7% (Yang et al. 2023). Lam 
et al. applied Ti3C2 MXene/NiFe2O4/V2O5 ternary compos-
ite materials to decompose RhB, Staphylococcus aureus, and 
Bacillus cereus. Experiment results showed that 88.7% of 
RhB, 72.8% of Staphylococcus aureus, and 85.1% of Staphy-
lococcus cereus can be degraded after 240 min of photocata-
lytic degradation (Lam et al. 2022).

In this work, TiO2/α-FeOOH composite photocatalyst 
was constructed. The morphology, elements, crystal struc-
ture, optical properties, and electrochemical characteristics 
of TiO2/α-FeOOH were characterized. Moreover, in order 
to overcome the defects of photocatalytic remediation of 
solid soil, TiO2/α-FeOOH was used for the degradation of 
fluoranthene in soil suspension. The degradation efficiency 
and optimal degradation conditions were investigated, and 
the degradation mechanism was determined.

Experimental section

Materials

The titanium butoxide (C16H36O4Ti) and ferrous sulfate 
heptahydrate (FeSO4·7H2O) were purchased from Sinop-
harm Chemical Reagent Co., Ltd. The rhodamine B (RhB) 
and fluoranthene were purchased from Aladdin Industrial 
Corporation. The acetic acid was purchased from Tianjin 
Dingshengxin Chemical Co., Ltd. The anhydrous ethanol 
was purchased from Yantai Sanhe Chemical Reagent Co., 
Ltd. The physical and chemical properties of soil are shown 
in Table S1.

Preparation

Synthesis of TiO2

TiO2 powder was prepared using the sol–gel method. Twelve 
milliliters of C16H36O4Ti and 20 mL of anhydrous ethanol 
were taken and mixed well. While stirring the mixture 
strongly, 20 mL of acetic acid aqueous solution was slowly 
added. The solution was left for 24 h before being dried at 
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105 °C. The white powder obtained after drying was ground 
and then calcined in a muffle furnace for 2 h to get the TiO2 
powder.

Preparation of α‑FeOOH

The α-FeOOH was synthesized by reacting a specific 
amount of FeSO4·7H2O in an aqueous solution within a pol-
ytetrafluoroethylene reactor at 160 °C for 3 h. Afterward, the 
product was washed with ethanol and water and placed in a 
vacuum-drying oven to dry.

Preparation of TiO2/α‑FeOOH

Twelve milliliters of C16H36O4Ti and 20 mL of anhydrous 
ethanol were mixed, and then 20 mL of acetic acid solution 
was added into the mixture and stirred for 30 min. After 
leaving the mixture for 24 h, TiO2 gel was formed. The TiO2 
gel was diluted, and α-FeOOH (Fe: Ti = 1:4, mol/mol) was 
added to the mix. The optimization process was illustrated 
in Fig. S1. The reaction system was stirred for 2 h at 60 °C. 
After drying for 12 h at 80 °C, TiO2/α-FeOOH was obtained. 
The resultant route is represented in Fig. 1.

Characterization

The scanning electron microscopy (SEM, ZEISS Gemini 
300) and transmission electron microscope (TEM, Jem2100) 
equipped with energy dispersive spectroscopy (EDS) pro-
vided the morphology and structure of the samples. The 
Raman spectrum was recorded by a Raman spectrometer 
(HORIBA Scientific LabRAM HR Evolution). X-ray pho-
toelectron spectroscopy (XPS) measurement was conducted 
using a Thermo Fisher ESCALAB XI+. The crystalline 
structure of the samples was measured by an X-ray dif-
fractometer (XRD). The light absorption properties of the 
samples were studied by UV–Vis DRS (Shimadzu 2600). 

Fourier transform infrared spectroscopy (FTIR) spectra were 
recorded by Thermo Scientific Nicolet iS20. Specific surface 
area analysis was performed by Micromeritics ASAP 2460 
automatic pore analyzer. The CHI660E electrochemical 
workstation was used for the photoelectric chemical detec-
tion, and the standard three-electrode system was adopted. 
The prepared TiO2/α-FeOOH was coated on the conductive 
glass as the working electrode, the platinum electrode was 
used as the opposite electrode, and the silver-silver chlo-
ride electrode was used as the reference electrode. PL was 
detected by an F-4700 fluorescence spectrometer at an exci-
tation wavelength of 315 nm and emission wavelength of 
425 nm.

Photocatalytic activity

Soil pretreatment

The test soil was firstly dried and grinded and then passed 
it through a 1-mm screen. The obtained soil sample was 
treated by high-temperature sterilization for 2 times (121 °C, 
0.5 h). After drying, 100 mL of a mixture of methylene chlo-
ride and acetone with a volume ratio of 1:1 was added to 
100 g of soil, ultrasonic cleaning for 30 min, then, the super-
natant was discarded after static settlement. This operation 
process was repeated for 3 times. Then, the soil was dried 
for use.

Preparation of contaminated soil

The fluoranthene-contaminated soil samples with a con-
centration of 40 mg/kg were obtained by adding fluoran-
thene-methanol solution into the pre-treated soil and mixing 
thoroughly. Then, the samples were volatilized to remove 
methanol.

Fig. 1   Synthesis route of TiO2/α-FeOOH
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Photocatalytic performance test

Photocatalytic experiments were conducted in a photocata-
lytic reactor. Rhodamine B (RhB) was chosen as an indica-
tive contaminant for rapid evaluation of the catalytic per-
formance of catalysts. RhB solution (100 mL, 5 mg/L) and 
20 mg photocatalyst were added into a beaker and stirred 
with a magnetic stirrer. After equilibrium of adsorption and 
desorption for 1.5 h, a 35-W Xenon lamp was used to illumi-
nate the reactive solution, and the distance between the light 
source and the reaction solution was 12 cm. The irradiation 
time was 2 h. Taking 5 mL of solid–liquid mixture every 
30 min during the illumination period to centrifugal separa-
tion (4000 r/min) for 5 min and collecting liquid supernatant 
to measure the concentration of RhB.

Photocatalytic degradation of fluoranthene in soil

Soil-containing fluoranthene (40 mg/kg) was mixed with 
water in a certain proportion (1:1, 5:1, 10:1, 15:1, 20:1, 
water/soil = w/w) to form a soil suspension (soil-containing 
fluoranthene was aged at room temperature for 2 months). 
Photocatalyst was added into the soil suspension, and a 
35-W xenon lamp was used as the light source with a 12 cm 
distance from the soil suspension. After centrifugation and 
desiccation, fluoranthene was extracted with organic solvent 
and purified by a solid phase extraction column. The concen-
tration of fluoranthene was determined by high-performance 
liquid chromatography (HPLC) after spin evaporation, con-
stant volume, and filtration (the concentration of fluoran-
thene in the supernatant is almost zero and has no effect on 
the results).

The detailed detection methods: adding 10 mL of ace-
tone-n-hexane solution (1:1, v/v) into the dried soil. After 
mixing, ultrasonic treatment for 30 min. Then, the mixture 
was centrifuged at a speed of 4000 r/min for 10 min, and 
the supernatant was retained. Five milliliters of supernatant 
was purified by chromatography column (4 g silica gel + 2 g 
anhydrous sodium sulfate). The purification procedure was 
as follows: firstly, 20 mL dichloromethane was added to acti-
vate the silica gel column; then, 5 mL supernatant was added 
into the column; finally, 20 mL acetone-n-hexane solution 
(1:1, v/v) was used to elute fluoranthene from extraction 
column, and the eluent was collected. The eluent was evapo-
rated by a rotary evaporator to near drying; after that, the 
eluent was dissolved with 2 mL of methanol. The concentra-
tion of fluoranthene was measured by HPLC after filtration 
with a 0.22-µm filter membrane. Liquid phase detection con-
ditions: C18 chromatographic column (4.6 mm × 250 mm), 
mobile phase (95% methanol + 5% ultra-pure water), UV 
detector with detector wavelength 324 nm. The adding 
standard recovery was 90 ± 5%. Accuracy of the detection 
method was 3%.

Active species trapping

In order to reveal the possible degradation mechanism, the 
active species in the photocatalytic reaction were identi-
fied by free radical scavenging tests. P-benzoquinone (BQ, 
10 mg) was used as the quenching agent of superoxide 
radical (·O2

−), tert-butanol (TBA, 5 mL) was used as the 
quenching agent of hydroxyl radical (·OH), potassium iodide 
(KI, 250 mg) was used as the quenching agent of hole (h+), 
and tetramethylpiperidine (TEMPOL, 20 mg) was used as 
the quenching agent of singlet oxygen (1O2). By compar-
ing the change of degradation rate before and after adding 
the quenching agent, the active free radicals in the reaction 
process were qualitatively analyzed.

Results and discussion

Characterization of photocatalysts

The structural characteristics and general morphology of 
TiO2/α-FeOOH were analyzed by SEM and TEM. As shown 
in Fig. 2a, b, α-FeOOH presents a needle-like structure 
with a diameter of about 100–200 nm and a length ranging 
from tens to hundreds of nanometers. TiO2 presents as a 
blocky structure, with a particle size in tens to hundreds of 
nanometers. Figure 2c is the SEM image of TiO2/α-FeOOH. 
It can be clearly found that a large number of TiO2 NPs 
are anchored on the surface of FeOOH, and the surface of 
α-FeOOH becomes rough. Further, high-resolution TEM 
(HRTEM) was used to ascertain the coupling of α-FeOOH 
and TiO2. As can be seen from Fig.  2d, lattice fringes 
with crystal plane spacing of 0.35 nm are consistent with 
the (101) plane of anatase TiO2, and the lattice spacing of 
0.26 nm can be well attributed to the (130) crystal plane of 
α-FeOOH. It is also noted that TiO2 is in close contact with 
α-FeOOH, and a clear interface can be observed between the 
TiO2 and α-FeOOH. These results demonstrate the success-
ful recombination of TiO2 and α-FeOOH.

The XRD patterns of pure TiO2, α-FeOOH, and 
TiO2/α-FeOOH samples are shown in Fig. 2e. The diffrac-
tion peaks at θ = 25.4°, 37.8°, 48.1°, 53.9°, 62.9°, and 70.5° 
can be well assigned to the typical (101), (004), (200), (105), 
(204), and (220) crystal planes of anatase TiO2 (JCPDS, 
NO.21–1272), and the crystallize size of TiO2 is 23.6 nm. 
For α-FeOOH, all the diffraction peaks can be well belonged 
to the standard pattern of α-FeOOH (JCPDS, no. 29–0173) 
(Zhao et al. 2018). The crystal size of α-FeOOH is 57.8 nm. 
In the XRD pattern of TiO2/α-FeOOH, the characteristic 
peaks of TiO2 and α-FeOOH appeared at the same time, 
indicating that two materials are well combined. Meanwhile, 
compared with pure TiO2 and α-FeOOH, the intensity of 
XRD diffraction peaks of TiO2/α-FeOOH was weakened, 
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and the peak width was wider, indicating that the relative 
percentage content of each substance was less, and the 
crystalline grain size of composite material reduced after 
composition. Above results showed that TiO2/α-FeOOH 
composite photocatalyst was successfully prepared. The 
reduction of grain size may be beneficial to the improvement 
of catalyst performance. The element species and content 
of TiO2/α-FeOOH were determined by EDX analysis. As 
shown in Fig. 3b–e, the elements of O, Ti, and Fe were all 
detected in TiO2/α-FeOOH, which further verified the above 
conclusions.

XPS was used to further determine the components’ 
composition and valence states of TiO2/α-FeOOH photo-
catalyst. The XPS measurement spectrum (Fig. 3f) exhibits 

the presence of Fe, O, and Ti elements in TiO2/α-FeOOH 
and Ti and O elements in TiO2. In addition, the chemical 
valence states of Fe, O, and Ti elements were analyzed by 
high-resolution XPS spectroscopy, and the spectra of Ti 
2p, O 1 s, and Fe 2p were shown in Fig. 3 g–i. In Fig. 3 g, 
the peaks at 463.0 eV and 457.5 eV correspond to Ti 2p1/2 
and Ti 2p3/2 of TiO2, respectively. The distance between 
the two peaks is 5.5 eV, indicating that the valence state 
of Ti is Ti4+. Compared with TiO2, the Ti 2p1/2 and Ti 
2p3/2 peaks of TiO2/α-FeOOH are slightly positively 
shifted, resulting in a decrease in binding energy, which 
may be due to the change in electron cloud density caused 
by electronic interaction between TiO2 and α-FeOOH. 
These results suggest that the composites are connected 

Fig. 2   SEM images of 
a α-FeOOH; b TiO2; c 
TiO2/α-FeOOH; d HRTEM 
image of TiO2/α-FeOOH; 
e XRD patterns of TiO2, 
α-FeOOH, and TiO2/α-FeOOH
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by chemical bonds rather than physical mixing. Figure 3 h 
is a fine spectrum of O 1 s, where the characteristic peaks 
at 528.6 eV and 531.1 eV of TiO2 correspond to Ti–O and 
surface hydroxyl. For the TiO2/α-FeOOH, 529.9 eV cor-
responds to Ti–O, and the characteristic peak at 531.1 eV 

corresponds to Fe–O-Fe (Huang et al. 2018; Rajender et al. 
2018). Figure 3i presents the high-resolution XPS spectra 
of Fe 2p; the characteristic peak at 724.6 eV is attrib-
uted to Fe 2p1/2, and 711.1 eV corresponded to Fe 2p3/2, 
which belongs to Fe3+ ion (Xie et al. 2013). In addition, 

Fig. 3   a–d Element mapping 
images and e EDX image of 
TiO2/α-FeOOH; XPS spectra of 
TiO2 and TiO2/α-FeOOH: f full 
survey spectrum; g Ti 2p; h O 
1 s; i Fe 2p
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the satellite peak of Fe at 719.0 eV may be caused by 
the energy loss after the valence band electrons transi-
tion to the conduction band. From these results, it can 
be inferred that TiO2/α-FeOOH heterostructure is formed 
through interface contact between TiO2 and α-FeOOH, 
which could enhance electron interactions by offering fast 
electron-transfer channels.

To further confirm the presence of TiO2 and α-FeOOH, 
the samples were analyzed using Raman spectroscopy. 
As shown in Fig. 4a, the characteristic bands at 144 and 
198 cm−1 are assigned to TiO2 crystalline phase; meanwhile, 
the strong feature band detected at 410 cm−1, and the feature 
peak at 215 cm−1 corresponds to α-FeOOH (Wei et al. 2017; 
Wu et al. 2023; Pant et al. 2019; Cao et al. 2016; Cizmar 

Fig. 4   a Raman spectrum of 
TiO2/α-FeOOH and b FTIR 
spectra of TiO2/α-FeOOH; 
adsorption–desorption isotherm 
curves of c TiO2, d α-FeOOH, 
and e TiO2/α-FeOOH; UV–vis 
diffuse reflectance absorp-
tion spectra (f) and plots of 
(αhm)1/2 vs photon energy (hm) 
(g) of TiO2, α-FeOOH, and 
TiO2/α-FeOOH; PL spectra (h) 
for TiO2 and TiO2/α-FeOOH
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et al. 2020). The presence of these characteristic peaks fur-
ther confirms the successive construction of TiO2/α-FeOOH 
composite. The FTIR spectrum of TiO2/α-FeOOH was used 
to verify the chemical bonding and compositions, as shown 
in Fig. 4b. The characteristic peaks at 3144, 901, 798, and 
461 cm−1 are caused by the tensile vibration of O–H (Liu 
et al. 2017), bending vibration of Fe–O-H (Rahimi et al. 
2015), and Fe–O tensile vibration in α-FeOOH (Xie et al. 
2013; Zhang et al. 2013), respectively. In addition, the char-
acteristic peak of TiO2 at 461 cm−1 corresponds to the wide 
absorption peak of Ti–O and Ti–O-Ti. The absorption peak 
formed at 1437 cm−1 is due to the bonding between TiO2 
and α-FeOOH (Magalhães et al. 2004). Two peaks at 1618 
and 3626 cm−1 correspond to vibrations of adsorbed water 
and oxygen in the hydroxyl group (Karimi Sahnesarayi 
et al. 2014), respectively. In addition, due to the interaction 
between TiO2 and α-FeOOH charge, the absorption peak of 
the composite material is enhanced (Cao et al. 2016).

The pore structure and specific surface area of catalysts 
are important factors affecting their catalytic activity. The 
adsorption-desorption isotherms and surface areas of TiO2, 
α-FeOOH, and TiO2/α-FeOOH were determined by the 
nitrogen adsorption method. As shown in Fig. 4c, TiO2 is a 
type III adsorption isotherm with an H1-type hysteresis loop. 
This indicates that TiO2 has a large pore structure, and the 
interaction force is strong; moreover, the pore size distri-
bution is relatively uniform (Zhang et al. 2019). α-FeOOH 
also belongs to type III adsorption isotherms (Fig. 4d), but 
is H3 hysteresis loops, indicating that the pore structure of 
α-FeOOH is irregular (Liu et al. 2021). From Fig. 4e, it 
can be found that TiO2/α-FeOOH composite shows type II 
adsorption isotherms and H2 hysteresis loops, indicating the 
presence of mesoporous structures, which are complex and 
often found in ordered mesoporous materials after hydro-
thermal treatment (Sultan et al. 2018). The specific surface 
areas of TiO2, α-FeOOH, and TiO2/α-FeOOH calculated 
by the N2 adsorption-desorption curve (Beller) are 56.64, 
14.10, and 184.81 m2/g, respectively (as shown in Table S2). 
The porous structure and large surface area of the mate-
rial not only improve the adsorption performance but also 
promote the light absorption and utilization. When TiO2 is 
combined with α-FeOOH, the specific surface area increases 
significantly, which means that the composite material can 
provide more active sites, and the probability of pollutants 
entering the surface and interface of the material is enhanced 
(Lin et al. 2019). Ultimately, the catalytic performance of the 
material is improved.

The light absorption properties of TiO2, α-FeOOH, and 
TiO2/α-FeOOH were measured by UV–Vis diffuse reflection 
spectroscopy. As shown in Fig. 4f, pure TiO2 has very weak 
absorption in the visible region, while α-FeOOH shows 
strong light adsorption in the entire ultraviolet and visible 
regions. The combination of TiO2 and α-FeOOH obviously 

improves the optical absorption capacity, particularly in 
the visible region, making TiO2/α-FeOOH absorb in both 
ultraviolet and visible region. The band gap of a semicon-
ductor can be calculated by the Kubelka–Munk equation. 
The calculated bandgap energy of TiO2 and α-FeOOH is 
3.21 eV and 2.18 eV, respectively (Fig. 4 g). After coupling 
TiO2 and α-FeOOH, the band gap of TiO2/α-FeOOH pho-
tocatalyst becomes 2.41 eV. Results show that there is a 
strong interfacial interaction or contact interface between 
TiO2 and α-FeOOH, which effectively enhances the visible 
light response (Ma et al. 2017). The separation efficiency of 
photoexcited electron–hole pairs is a key parameter directly 
related to the photocatalytic activity of photocatalysts. 
Therefore, the separation efficiency of photogenerated car-
riers of TiO2/α-FeOOH was evaluated by PL spectroscopy. 
It is well known that the lower the PL intensity, the higher 
the separation efficiency of electrons and holes (Liang et al. 
2018). Figure 4 h shows the PL spectra detected at 315 nm 
excitation wavelength. Low PL strength was observed after 
TiO2 was combined with α-FeOOH, indicating that the com-
bination of TiO2 with α-FeOOH increases the separation 
efficiency of electrons and holes. Consequently, it can be 
predicted that TiO2/α-FeOOH will exhibit higher photocata-
lytic activity.

To further confirm the enhanced migration and separation 
efficiency of photogenerated carriers, a series of photoelec-
trochemical and electrochemical measurements were con-
ducted. As shown in Fig. 5a, the charge transfer resistance 
was evaluated by electrochemical impedance spectroscopy 
(EIS) analysis. The diameter of semicircle in Nyquist dia-
gram represents the information about charge transfer behav-
ior at material interface (Ma et al. 2020). The smaller the 
semicircle diameter, the lower the resistance, and the faster 
the charge transfer rate. It is clear that the TiO2/α-FeOOH 
composite has a smaller semicircle diameter, indicating a 
smaller charge-transfer resistance and smoother charge 
diffusion, as well as more efficient charge separation and 
interfacial transfer. Moreover, the separation efficiency of 
photogenerated electrons-hole pairs was also evaluated by 
measuring the transient photocurrent density and open cir-
cuit potential (Voc). Figure 5b shows that the transient pho-
tocurrent response is very fast, indicating that the materials 
have good photosensitivity (Zhang et al. 2020). Meanwhile, 
the photocurrent density of TiO2/α-FeOOH is 0.0032 mA/
cm2, which is 1.45 and 2.91 times as many as that of TiO2 
(0.0022 mA/cm2) and α-FeOOH (0.0011 mA/cm2), respec-
tively. Voc corresponds to the Fermi energy-level difference 
between the photoanode and the counter electrode and due 
to the accumulation of electrons, the Fermi level will shift 
to a more negative point position, resulting in the forma-
tion of Voc. As shown in Fig. 5c, Voc gradually increases 
after the light is turned on and remains stable after reach-
ing a maximum, which may be due to the accumulation 



20629Environmental Science and Pollution Research (2024) 31:20621–20636	

of electrons and competition from carrier recombination 
(Mor et al. 2013; Meekins and Kamat 2009). Obviously, 
TiO2/α-FeOOH exhibits a higher Voc (0.08 V) than TiO2 
(0.06 V) and α-FeOOH (0.035 V) photoelectrodes. These 
results confirm that TiO2/α-FeOOH has high photoelec-
tric conversion ability, and coupling TiO2 and α-FeOOH 

improves electron–hole pair separation and electron accu-
mulation (Sajjadizadeh et al. 2019). The electron recombina-
tion kinetics of TiO2/α-FeOOH were measured to understand 
the charge-transport properties. Figure 5d shows the τn ~ Voc 
curve calculated by open-circuit voltage decay (OCVD). 
According to Buisquert, the recombination reaction response 

Fig. 5   Electrochemical imped-
ance (a); photocurrent density 
(b); open circuit potential (c); 
and response time (d) of TiO2, 
α-FeOOH, and TiO2/α-FeOOH; 
(e) comparison of photo-
catalytic efficiency of TiO2, 
α-FeOOH, and TiO2/α-FeOOH; 
(f) stability measurement of 
TiO2/α-FeOOH; (g) XRD 
images of TiO2/α-FeOOH fresh 
and after five cycles
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time of the electrons was obtained by the reciprocal of deriv-
ative of the decay curve normalized by the thermal voltage 
(Bisquert et al. 2004, 2009; Bang and Kamat 2010).

where KBT is the heat energy, e is the basic charge, and 
dVoc/dt is the reciprocal of the transient open circuit 
potential. The application of this expression is to assume 
that the recombination of electrons is linear and occurs 
only in electrolyte and is first-order dependent on electron 
concentration. The attenuation of open circuit potential 
after irradiation interruption reflects the decrease of elec-
tron concentration. The recombination rate of photoelec-
trons is directly proportional to the response of OCVD 
(Yu et al. 2009; Zheng et al. 2015). From Fig. 5d, it can 
be observed that the electron lifetime of TiO2/α-FeOOH 
composite is increased compared with that of single 
TiO2 and α-FeOOH at a given open-circuit potential of 
0.03 ~ 0.055 V. These results mean that the recombination 
rate of photogenerated electrons is slower after coupling 
of TiO2 and α-FeOOH, which would improve the effi-
ciency of electron utilization and boost the photocatalytic 
performance.

Measurement of photocatalytic activity 
and photocatalytic degradation of fluoranthene 
in soil

The catalytic activity and stability of the catalysts were 
investigated using RhB (5 mg/L) as an indicator pollutant. 
From Fig. 5e, it can be found that after 90 min of blank 
experiment under illumination, the concentration of RhB 
decreases by about 15%, which could be due to physical 
adsorption. After illumination for 120 min, the degradation 
efficiency of pure TiO2 and α-FeOOH is only 24.52 and 
15.06%, respectively. Whereas, the TiO2/α-FeOOH shows 
greatly enhanced photocatalytic performance with a pho-
tocatalytic degradation rate of 89.52%. This is attributed to 
the improved light absorption and charges-transport capac-
ity. The stability of TiO2/α-FeOOH was investigated by 5 
cycles of RhB degradation under 35-W xenon lamp irradia-
tion. As shown in Fig. 5f, the degradation rate decreases by 
19% after the first cycle and remains basically stable after 
four cycles. The loss of degradation efficiency is about 23% 
after 5 cycles, which may be due to the combination of pol-
lutants and catalyst surface in degradation process. XRD 
analysis was conducted on TiO2/α-FeOOH before and after 
use, and the results are shown in Fig. 5g. As can be seen, the 
intensity of TiO2/α-FeOOH diffraction peaks decreased after 
five cycles, but several major XRD diffraction peaks can 
still be clearly observed. Furthermore, the ICP measurement 

τn =

k
B
T

e

(

dv
0c

dt

)

−1

showed that Fe leaching is negligible (as shown in Table S3). 
These results prove that TiO2/α-FeOOH can still maintain a 
relatively complete crystal structure after 5 cycles.

In order to explore the degradation performance of 
TiO2/α-FeOOH on fluoranthene in soil, the degradation 
experiments were conducted under various conditions. For 
traditional solid-phase photocatalytic degradation of soil, 
limited light penetration is an important problem. There-
fore, to improve the light penetration of the reaction sys-
tem, water and soil with different ratios (water/soil = 1:1, 
5:1, 10:1, 15:1, and 20:1) were configured to form a soil 
suspension system. The catalyst dosage was set as 20 mg, 
and the degradation rate was measured after 4 h of xenon 
lamp irradiation (35 W). As shown in Fig. 6a, by increasing 
the ratio of water/soil from 1:1 to 10:1, the degradation effi-
ciency of fluoranthene was effectively improved, which may 
be because water dilutes the reaction system and increases 
light penetration capacity, thus enhancing the absorption 
of light by the catalyst. Meanwhile, the addition of water 
improves the mass transfer of pollutant molecules in the 
reaction system. In addition, more water can promote the 
reaction system to produce more ·OH, thus increases the 
degradation efficiency (Wang et al. 2016). However, when 
the ratio of water/soil is greater than 10:1, the degradation 
rate decreases on the contrary, which may be due to the high 
proportion of water in the system. Excess water causes the 
photocatalytic material to be in a high suspension state, 
which is not conducive to contact with fluoranthene mol-
ecule, leading to the decrease of degradation rate.

Catalyst dosage is an important parameter in catalytic 
degradation process. In order to determine the optimal dos-
age of photocatalyst, different doses of TiO2/α-FeOOH (10, 
25, 50, 100 mg/g; photocatalyst:soil) were used to investi-
gate the photocatalytic activity on degradation of fluoran-
thene in soil suspension. As shown in Fig. 6b, the degrada-
tion rate increased with the increase of catalyst dosage from 
10 to 50 mg/g. This may be because more catalyst gener-
ates more electron–hole pairs, leading to more reactive free 
radicals (Dong et al. 2010b), thus promoting photocatalytic 
degradation. However, when the dosage of catalyst reached 
100 mg/g, the degradation rate decreased, which may be 
due to the excessive photocatalyst increases the turbidity of 
the solution and reduces the light penetration (Gupta et al. 
2012). In addition, excessive catalyst will lead to agglom-
eration, thus reducing the active sites of catalyst, eventually 
resulting in the degradation of catalyst performance (Anju 
et al. 2012).

The pH of soil is closely related to the chemical and 
mineral properties of soil such as zeta potential, cation 
exchange capacity, and redox potential. In order to study 
the effect of soil pH on the photocatalytic degradation 
efficiency of fluoranthene, degradation experiments were 
carried out under acidic (pH = 3), neutral (pH = 6), and 
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alkaline (pH = 10) conditions, respectively, and the results 
were shown in Fig. 6c. Under neutral condition, the pho-
tocatalytic degradation rate (18.62%) is higher than that 
of acid and alkaline condition. The reason may be related 
with the aquatic medium surrounding the soil. Du et al. 
(2022) showed that the adsorption capacity of PAHs may be 
affected by pH of soil. The soil under neutral condition may 
be more conducive to the interaction between fluoranthene 
and catalyst, thus improving the degradation efficiency.

The photocatalytic degradation efficiency of 
TiO2/α-FeOOH on fluoranthene in soil suspension was com-
pared with TiO2 and α-FeOOH. As shown in Fig. 6d, the 
degradation rate of TiO2, α-FeOOH, and TiO2/α-FeOOH is 
8.35, 5.10, and 23.18%, respectively. TiO2/α-FeOOH shows 
better catalytic performance than the single catalyst, which is 
2.78 and 4.55 times as many as that of TiO2 and α-FeOOH, 
respectively. This result further confirms that the coupling 
of TiO2 and α-FeOOH improves the photocatalytic activity 

Fig. 6   a Effect of water/soil; b 
effect of photocatalyst dosage; c 
effect of initial pH; d compari-
son of photocatalytic degrada-
tion efficiency on fluoranthene 
in soil of TiO2, α-FeOOH, and 
TiO2/α-FeOOH; e effect of trap-
ping agents on degradation effi-
ciency of TiO2, α-FeOOH, and 
TiO2/α-FeOOH; ESR spectra 
of f DMPO-·O2

−, g TEMPO-
h+, and h TEMP-1O2 of TiO2, 
α-FeOOH, and TiO2/α-FeOOH
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obviously. Table 1 lists a comparison of various technical 
systems related to the degradation of pollutants in soil. As 
displayed, TiO2/α-FeOOH exhibits relatively higher advan-
tages in degradation efficiency, reaction time, and reaction 
conditions than those reported in the literatures.

Photocatalytic mechanism exploration

It is generally believed that the photocatalytic degradation 
of organic matter mainly depends on the active species ·O2

−, 
·OH, h+, and 1O2 (Shoneye and Tang 2020). Therefore, free 
radical capture experiments were used to determine the 
active species produced in photocatalytic reaction. TBA, 
TEMPOL, KI, and BQ were introduced to scavenge ·OH, 
1O2, h+, and ·O2

−, respectively. As shown in Fig. 6e, com-
pared with the blank experiment, the degradation efficiency 
of TiO2/α-FeOOH was significantly inhibited when BQ, KI, 
or TEMPOL was added into the reaction system, indicating 
that·O2

−, h+, and 1O2 are the main active species produced 
in degradation process for TiO2/α-FeOOH. The ESR char-
acterization was used to further determine the main reac-
tive species during the photocatalytic degradation process 
(Wang et al. 2018). As presented in Fig. 6f, the character-
istic peaks were identified as the characteristic signature of 
DMPO-·O2

−, and there is a significant improvement in the 
generation of·O2

− for TiO2/α-FeOOH. From Fig. 6 g, it can 
be found that the appearance of three signals corresponds 
to the signal of h+. As we know, the weaker the ESR signal, 
the more h+ is produced (Xu et al. 2023); therefore, the yield 
of h+ by TiO2/α-FeOOH is significantly higher than that 
of α-FeOOH but equivalent to TiO2. Moreover, the weak 
triple signals of TEMP-1O2 were detected in Fig. 6 h. These 
observations suggest that·O2

−, h+, and 1O2 free radicals are 
produced by TiO2/α-FeOOH, which is consistent with the 
free radical capture experiments.

Based on the above experimental results, the possible 
photocatalytic mechanism of TiO2/α-FeOOH was proposed. 
When TiO2/α-FeOOH is exposed to simulated sunlight, the 
valence band electrons of TiO2 and α-FeOOH are excited 
to transfer to the conduction band and leave holes in the 
valence band. When the conduction band potential is less 

than O2/·O2
− (− 0.33 V vs NHE), O2 can obtain electron 

to generate·O2
−. Because the conduction band potential of 

TiO2 is not enough to reduce O2 to generate ·O2
−; therefore, 

the ESR detection showed that·O2
− is not the main active 

species produced by TiO2. For α-FeOOH, the conduction 
band potential is − 0.61 V, which can reduce O2 to ·O2

−. 
Importantly, it can be seen from Fig. 6 g that the charac-
teristic peak of·O2

− is significantly improved after a com-
bination between TiO2 and α-FeOOH. Therefore, it can be 
speculated that TiO2 and α-FeOOH are not simple type II 
heterojunction structure, but actually form a Z-type electron 
transfer structure (Qi et al. 2017; Yu et al. 2022). The com-
bination of conduction band electrons of TiO2 with valence 
band h+ of α-FeOOH valence band h+ inhibits the recom-
bination of photogenerated electrons and holes, leading to 
the electrons in conduction band of α-FeOOH and holes in 
valence band of TiO2 are left and have high redox capacity, 
respectively (Meng et al. 2013; Sun et al. 2023). The above 
results indicate that the enhanced photocatalytic activity of 
TiO2/α-FeOOH is mainly due to the matching relative band 
potential, which enhances the electron transfer ability and 
reduces the recombination of electron–hole pairs of the com-
posite system (Yan et al. 2023).

Proposed degradation products and pathway 
of fluoranthene

The photocatalytic degradation products of f luoran-
thene were identified by GC–MS, and the intermediate 
information based on this study (red) and literatures was 
presented in Table S4. The possible degradation path-
way during photocatalytic reaction was proposed and 
shown in Fig. 7. In the photocatalytic reaction system 
of TiO2/α-FeOOH heterojunction, the oxidation reaction 
of fluoranthene was probably initiated from the attack 
at aromatic ring positions by oxidizing radicals, result-
ing in the formation of aromatic alcohol fluoranthene-
1,2-diol (Product 1, m/z = 234) through electron transfer 
and hydroxylation (Bai et al. 2019). Through ketonizing, 
product 1 was further turned to be 3,10b-dihydrofluoran-
thene-1,2-dione (product 2 m/z = 234). Subsequently, an 

Table 1   Comparison of various technical system on degradation of pollutants in soil

Catalyst Dosage Target pollutants Concentration Reaction time Degradation (%) Ref

Fe3O4@NaBC@GA@LC 50 mg/g 5-rings PAHs – 40 d 91.36% (Zheng et al. 2023)
TiO2 20 mg/g Phenanthrene and pyrene 40 mg/kg 25 h 38.7% (Dong et al. 2010a)
FeOOH + PMS 10 mg/g PAHs – 7 d 84.8% (Tang et al. 2023)
Fe2O3 5 g/m2 Pyrene 20 mg/g 12 h 21% (Wang et al. 2009)
TiO2 150 mg/g Dioxin 11.7 ppb 120 d 79.6% (Binh et al. 2013)
TiO2@ZnHCF 30 mg/g Phenanthrene 2 mg/L 24 h 84% (Rachna et al. 2019)
TiO2/α-FeOOH 10 mg/g Fluoranthene 40 mg/kg 24 h 60% This study
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open loop reaction, losing oxalic acid, and hydroxylation 
occurred, which led to the formation of 9-(2-oxoethyl)-
9H-fluorene-1-carbaldehyde (product 3 m/z = 236). Fur-
ther oxidation of product 3 resulted in the generation of 
9-(carboxymethyl)-9H-fluorene-1-carboxylic acid (prod-
uct 4 m/z = 268). Then, the 9-hydroxyfluorene (Product 
5 m/z = 182) was formed by further decarboxylation and 
hydroxyl substitution. Further oxidation by ketonizing 
generates the 9-fluorenone (product 6 m/z = 180). Attack 
of active radicals on 9-fluorenone resulted in the formation 
of phthalic anhydride (product 7 m/z = 148) and phthalic 
acid (product 8 m/z = 166) by crackingring, hydroxyla-
tion, and oxidation. Finally, 1,4-napthoquinone (product 
9 m/z = 108) was formed through loss of CO and tautomer-
ism (Theerakarunwong et al. 2018). These products will 
be further photocatalytic oxidation to small molecular 
organic compounds, CO2, and H2O.

Conclusion

In this work, TiO2/α-FeOOH photocatalyst was prepared 
by hydrothermal method and sol–gel method. SEM, TEM, 
XRD, XPS, EDS, Raman, and FTIR spectroscopy meas-
urements indicated that TiO2/α-FeOOH has been success-
fully constructed. The combination of TiO2 and α-FeOOH 
obviously improved the optical absorption capacity com-
pared with TiO2 in the visible region, and increased 
the separation efficiency of electrons and holes. The 
TiO2/α-FeOOH showed greatly enhanced photocatalytic 

performance and had good reaction stability. The photo-
catalytic degradation system of soil suspension enhanced 
the light transmission and improved the degradation effi-
ciency. Under a water/soil ratio of 10:1, a photocatalyst 
dosage of 50 mg/g, and an initial pH of 6, TiO2/α-FeOOH 
had the best degradation efficiency on fluoranthene, clearly 
outperforming both TiO2 and α-FeOOH. The primary 
active species generated during the degrading process of 
TiO2/α-FeOOH were·O2

−, h+, and 1O2. Results showed 
that TiO2/α-FeOOH improves photocatalytic performance 
by forming a Z-type electron transfer structure and pro-
viding more redox active free radicals. Three degradation 
products were detected, and the degradation pathways 
were proposed.
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