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b Institute of Chemical Technology, Universitat Politècnica de València-Consejo Superior de Investigaciones Científicas (UPV-CSIC), Av. de los Naranjos, 46022 Valencia, 
Spain

A R T I C L E  I N F O

Keywords:
Siloxanes
Decamethylcyclopentasiloxane (D5)
Photocatalytic conversion
Titanium dioxide
Reaction mechanism

A B S T R A C T

Siloxanes, challenging contaminants in biogas, can severely impact the combustion engine performance, 
necessitating their removal. Typically, siloxanes are removed from biogas through adsorption on activated 
carbon. However, the potential for eliminating siloxanes from wastewater prior to methane fermentation remains 
underexplored. Therefore, in this work the possibility of photocatalytic conversion of deca
methylcyclopentasiloxane (D5) in aqueous phase using UV radiation and titanium dioxide (TiO2) as photo
catalysts is investigated. The effects of several factors on the process, including the effect of UV light and the 
presence of the photocatalyst on the reaction pathway are examined. Gained findings indicate that the final 
product of D5 conversion in the aqueous phase is amorphous silica. Given the non-volatility of this product, 
results in the context of minimizing undesirable desorption of siloxane from the aqueous phase into the gas phase 
are discussed. Through a detailed analysis, key intermediate species were identified and a reaction mechanism 
that elucidates the transformation of D5 under photocatalytic conditions in water is proposed.

1. Introduction

The increasing focus on sustainable solutions in response to envi
ronmental issues has led to the exploration of alternative energy sources 
and waste management strategies. Biogas, produced by anaerobic 
digestion of organic sources including sewage sludge, animal waste, 
food waste, and agricultural residues [1] has become an important 
choice in the production of energy from renewable sources. The use of 
this method is a way to reduce greenhouse gas emissions through 
controlled production of methane from organic waste and its use [2,3]. 
Biogas is typically employed as a fuel for the generation of heat, either 
through conventional methods involving the use of burners or through 
the co-generation of heat and electricity using dedicated generators and 
biogas – fueled engines. Biogas is composed predominantly of methane 
and carbon dioxide, with smaller amounts of nitrogen and oxygen [4,5]. 
In addition to its major constituents, biogas contains a range of trace 
compounds that present technical and environmental challenges. These 
include primarily hydrogen sulfide [6], ammonia [7], and non-methane 
volatile organic compounds (NMVOCs) [8]. Knowing the typical 

composition of biogas is crucial for designing effective strategies for its 
treatment and utilization. This is because its components determine the 
conditions for storage and transportation, as well as end use. A repre
sentative composition of raw biogas, including both major and trace 
components, is illustrated in Fig. 1. which can serve as a reference point 
for assessing the need for gas purification and upgrading.

Due to specific requirements and standards, some of these contami
nants need to be eliminated prior to biogas combustion. For example, 
hydrogen sulfide produces sulfur dioxide upon combustion [9], that is 
corrosive and poses environmental hazards. It should be noted that 
recently of special concern are silicon-based compounds, known as si
loxanes [4,5,10]. Such structures occurring as cyclic or linear forms are a 
common component of municipal wastewater [4,5,10]. Examples 
together with their Henry’s law volatility constants and boiling points 
are shown in Table 1.

The most common siloxanes found in sewage are considered volatile 
methyl siloxanes (VMS, Table 1). Among them, these of molecular 
weight below 500 g‧mol− 1 are considered as volatile under normal 
conditions [13]. Due to their significant volatility, these compounds are 
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desorbed from the treated wastewater or sewage sludge into the gas 
phase. This is the reason why siloxanes are often found in raw biogas 
produced by methane fermentation of sewage sludge. It should be noted 
that the contents of siloxanes in biogas varies and does not generally 
correlate with their volatility constants, boiling point or molecular 
weight. The abundance of siloxanes in biogas depends on the tempera
ture and the concentration in the wastewater. Siloxanes such as D4 and 
D5 are recognized as the most common in municipal wastewater, mainly 
due to their extensive use in cosmetics [14].

Combustion of biogas containing siloxanes is accompanied by the 
formation of silica and silicates, both causing serious technical prob
lems, which occur during the exploitation of biogas-fueled engines 
[15,16]. Silica crystals formed upon the combustion of biogas cause 
degradation in engine performance because of abrading engine parts, 
depressing spark plug functionality, deactivating emission control sys
tems, and contaminating of the engine oil. For these reasons, the 
removal of siloxanes from biogas is a common and necessary practice, 
realized through two approaches. The first one, hardly recognized, is a 

Fig. 1. Approximate biogas composition. []
Adapted from 5–8.

Table 1 
Properties of siloxanes regularly found in municipal wastewaters [11,12].

Siloxane Name Structure Boiling point 
[◦C]

Molecular Weight [g⋅mol− 1] Henry’s Law Volatility Constants (Hv)

L2 Hexamethyldisiloxane 104 162.38 403.4

L3 Octamethyltrisiloxane 153 236.53 1440.7

L4 Decamethyltetrasiloxane 194 310.68 938.1

L5 Dodecamethylpentasiloxane 231 384.84 4636.7

D3 Hexamethylcyclotrisiloxane 134 222.46 72.0

D4 Octamethylcyclotetrasiloxane 175 296.61 486.0

D5 Decamethylcyclopentasiloxane 210 370.77 268.9

D6 Dodecamethylcyclohexasiloxane 245 444.92 103.4
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treatment of wastewater or sewages prior to subjecting them to anaer
obic digestion. Another one, well recognized and widely practiced, is the 
removal of the siloxanes from the produced biogas. The first approach, 
not practiced, may include processes like biodegradation, gas stripping, 
and peroxidation [17–19]. In practice, removal of siloxanes has been 
realized predominantly by adsorption on activated carbon beds where 
biogas is in contact with the adsorbent [15]. However, despite its 
popularity, adsorption on activated carbon suffers from the need to 
regenerate or replace the adsorbent, which generates additional costs 
[20]. Other commercially available methods also reveal certain draw
backs usually related to unsatisfactory energy consumption, substantial 
initial and ongoing costs, and operational difficulties [21]. Operational 
difficulties concern also hardly recognized possibility of photolytic 
conversion of siloxanes contained in biogas by using UV radiation [22].

The literature review did not provide a satisfactory answer regarding 
the photocatalytic conversion of siloxanes in an aqueous environment. 
So far, this process has not been extensively studied, and only a few 
reports focusing on UV-assisted gas-phase processes in the presence of a 
photocatalyst were found [23,24]. Sun et al. [23] studied the photo
catalytic decomposition of octamethyltrisiloxane (L3) in air on titanium 
dioxide thin films. It was shown that in the presence of TiO2 L3 de
composes under the influence of UV radiation, which was confirmed by 
the decrease in L3 concentration and the accompanying increase in 
carbon dioxide level. Moreover, the gradual loss of photocatalytic ac
tivity of TiO2 and its complete deactivation due to the formation of 
hydroxylated silica on its surface were confirmed. Similarly, the deac
tivation of TiO2 due to the formation of silica on the surface during the 
photocatalytic oxidation of octamethylcyclotetrasiloxane (D4) was 
described by Lamaa et al. [24]. It was also noted that deactivation 
progressed more rapidly for the higher D4 concentrations used in the 
study. Both reports propose similar gas-phase reaction mechanisms, 
according to which the photogenerated hydroxyl radicals attack the 
methyl groups (− Si-CH3) of the siloxanes. The effect of this process is the 
formation of silanol groups (− Si-OH), which undergo further reactions 
to form silica, that deactivates TiO2. It should be emphasized, however, 
that these mechanisms were developed taking into account results of 
gas-phase experiments. We believe that photocatalytic conversion of 
siloxanes is also possible in the aqueous phase, and water may act as a 
medium favoring dispersion of the products formed during the process. 
Hence, a potential to overcome drawbacks characteristic of the photo
catalytic process carried out in the gaseous phase may be expected. For 
the above reasons, it seems that the approach proposed in this paper, 
consisting in the conversion of siloxanes into non-volatile products in 
the aqueous phase, is novel and worth investigating. This work opens a 
view on the mechanism involved in decomposing troublesome siloxanes 
by photocatalysis in aqueous environments and opens the way to new 
strategies in related areas.

2. Experimental

The problem addressed in this work has not been previously studied, 
and therefore the publication is intended to explain the mechanism of 
D5 transformations in aqueous phase under photocatalytic conditions. 
This section provides details of the work and analyses performed, the 
materials used, and the test conditions and procedures.

2.1. Materials

Photocatalytic conversion studies in aqueous phase were conducted 
for commercially available D5 siloxane (AmBeed, Inc., 99% purity). D5 
is frequently present in municipal wastewater. This siloxane is trouble
some in operating activated carbon filters due to such effects as pore 
clogging or diminishing susceptibility to effective regeneration [15,25]. 
Moreover, cyclic siloxanes displace linear ones from the pores of acti
vated carbons [15,26] and heavier cyclic siloxanes, such as D5, can 
displace lighter ones, such as D4 and D3 [27]. Furthermore, cyclic 

siloxanes, including D5, can undergo polymerization on the surface of 
activated carbons. For the above reasons, selection of D5 for the pre
liminary studies seemed to be reasonable and justified.

The titanium dioxide used for the photocatalytic tests was AERO
XIDE® P25 (Evonik Operations GmbH 99.5% purity). All the water/ 
siloxane mixtures and water/siloxane/photocatalyst suspensions used in 
this work were prepared with demineralized water (0.1–0.8 µS⋅cm− 1). 
The synthetic air used in the research was of 99.999% purity (Air Liq
uide). The methanol used for adding to samples subjected to GC/MS 
analysis (see section 2.3) was HPLC grade (Chempur).

2.2. Experimental setup, sample preparation and conversion procedure

The system used for the tests (Fig. 2) consisted of a 1.5 dm3 glass 
reactor placed in a thermostatic chamber, equipped with a UV lamp 
mounted in a quartz immersion tube. A specially constructed, mono
chromatic UVLED consisting of 32 UVLEDs emitting at 365 ± 5 nm with 
a radiation intensity of 43 mW cm− 2 was used for the UV-assisted tests. 
The lamp was designed to be water-cooled (section S1). The reaction 
mixture was stirred (ca. 500 rpm) using a magnetic stirrer. Synthetic air 
was supplied to the reactor in a controlled manner (MFC). The air 
leaving the reactor was passed through a scrubber with ethanol. The 
ethanol was analyzed for the possible presence of siloxane and its con
version products that could be desorbed from the mixture in the reactor.

D5/water mixtures were prepared by adding 1 cm3 of the siloxane to 
water (1000 cm3), then sonicating for 60 min. The photocatalyst 
(quantities shown in Table 2) was then dispersed in this mixture, and the 
obtained suspension was sonicated for an additional 5 min. The as- 
prepared mixture was transferred to the reactor and finally placed in a 
thermostatic chamber in which the temperature of the reaction mixture 
was maintained at ca. 35◦C. During the tests, synthetic air was supplied 
to the reactor at a flow rate of 0.001 dm3⋅min− 1. To avoid purging D5 
from the mixture, the air flowed over the surface of the liquid.

The intensities of UV light emitted by the lamp were measured in 
both air and water by using a photo-radiometer (HD2102.1, Senseca 
Delta OHM) to check how the walls of the quartz tubes and the water 
influence the intensity of UV radiation supplied to the reaction mixture. 
The measurements were carried out in three modes: UV sensor was 
placed next to the lamp with no barrier, in air out of the immersion tube 
with the lamp inside, and in the water surrounding the tube with the 
lamp inside. UV intensities were measured at several distances from the 
radiation source. As shown in Fig. 3, in each mode the UV intensity 
decreases with distance from the lamp and is not significantly affected 
by the quartz wall and water. The above observations confirm the effi
cient UV transport to the D5/water/TiO2 system in the reactor.

The D5 siloxane conversions in the aqueous phase were carried out 
using the reaction system described above, under various combinations 
of conditions, as detailed in Table 2. The selection of conditions was 
intentional and aimed to provide the results necessary to evaluate the 
effect of TiO2 and UV light (on/off) on the conversion of D5 in water.

2.3. Monitoring of D5 conversion progress

To monitor the progress of the D5 conversion, samples (15 cm3) of 
the reacting mixtures were taken from the reactor at eight time points: 
before starting the process and adding photocatalyst to the mixture (0h) 
and after 0, 3, 6, 9, 24, 30, and 48 h of the processes. 15 cm3 of methanol 
was added to each sample to dissolve unreacted siloxane and its con
version products. The mixtures obtained were centrifuged for 30 min 
(1500 rpm), and the separated liquid was analyzed using GC/MS 
method. Additionally, after 24 h and 48 h of a process, liquid samples 
were taken from the ethanol scrubber (see Fig. 2) and analyzed using 
GC/MS to examine whether siloxane or its conversion products escaped 
from the reactor. Important details of the measurements and methods 
are presented in Table 3.
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2.4. Characterization of the photocatalyst

After the D5 siloxane conversion processes, the photocatalysts were 
separated from the mixtures by centrifugation, dried at 80◦C for 24 h, 
and analyzed by FTIR, XRD, XPS, HRTEM and 29Si NMR. Important 
details of the measurements and methods are presented in Table 3.

3. Results and discussion

The results of the conducted studies provided a basis for the 

discussion regarding the effects of photocatalyst and UV radiation on the 
behavior of D5 siloxane in the aqueous medium. This section focuses on 
analyzing these results and combining observations to propose a 
mechanism for the photocatalytic conversion of D5 in water and to draw 
key conclusions from the conducted research.

3.1. Changes in D5 contents in reaction mixtures – Effect of reaction 
conditions

Results of the GC/MS measurements obtained for samples of the 
reaction mixtures taken at different times of the conversion processes 
are shown in Fig. 4.

No significant effect of water alone on the change in the siloxane 
content of D5 in the system was observed (D5_wo_TiO2_wo_UV), which is 
expected due to the low hydrolysis rate of higher cyclic siloxanes, such 
as D5 [28]. However, the introduction of TiO2 into the D5/water system 
resulted in an instant significant reduction in the measured D5 content, 
both under UV radiation (D5_TiO2_UV) and without UV (D5_TiO2_
wo_UV). This effect was assumed to result from the adsorption of 
siloxane on titania. This assumption is supported by the results of FTIR, 
XPS, and 29Si NMR studies, which are discussed in further sections of the 
publication (sections: 3.3 FTIR studies, 3.4 XPS studies, and 3.6 29Si 
NMR studies). Results of GC/MS analyses indicate a decrease in the 
content of D5 siloxane along with the duration of the conversion process 
carried out with the use of UV in both photolytic conditions (without 
TiO2), in photocatalytic conditions (with TiO2) and in the process car
ried out with only TiO2. It should be noticed that under the present 
experimental conditions, the effect of UV is more pronounced in 
photolytic mode than in the presence of TiO2. However, the highest 
decrease in D5 siloxane content relative to the initial value (at 0h) was 
observed for the photocatalytic process. Considering the above, it can be 
concluded that during exposure to UV radiation in the presence of TiO2, 
both photolytic and photocatalytic processes may occur simultaneously. 
It should be noted that the results of GC/MS analyses did not show the 
presence of other compounds than D5 in the mixture after the process. 
Moreover, by performing GC/MS analyses of ethanol samples taken 

Fig. 2. Experimental setup used for photocatalytic conversion of D5 siloxane in water (1 − synthetic air cylinder, 2 − mass flow controller, 3 − thermostatic 
chamber, 4 − water-cooled UV-LED lamp, 5 − magnetic stirrer, 6 − reactor, 7 − scrubber).

Table 2 
Experimental options used to determine the effects of photocatalyst and UV on conversion of D5 in aqueous phase.

Entry D5:water, mixture composition, 
[cm3:cm3]

TiO2 added, [g] UV irradiation during a test, on/off Liquid sample 
symbol

Solid sample symbol

1 1:1000 0.5 on D5_TiO2_UV TiO2_UV
2 1:1000 0.5 off D5_TiO2_wo_UV TiO2_wo_UV
3 1:1000 0 on D5_wo_TiO2_UV −

4 1:1000 0 off D5_wo_TiO2_wo_UV −

Fig. 3. Change of the UV radiation intensity of the lamp with distance 
measured in proximity of the lamp without any barrier (purple line), using 
quartz glass as a barrier (green line), and in water using quartz glass as a barrier 
(blue line).
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from the scrubber (see Fig. 2), no transport of silicon compounds from 
the reactor to the scrubber was confirmed. Based on the above- 
mentioned observations, assumption that the D5 undergoes conversion 
to high-molecular-weight, non-volatile, and/or water-insoluble com
pounds was feasible. However, due to the lack of convincing results, it 
became necessary to conduct further studies to clarify the chain of 
possible reactions in detail.

3.2. XRD studies

XRD patterns (Fig. 5) were measured to verify the formation of 
crystalline products potentially formed from the siloxane used in the 
research, as the literature indicates the formation of the crystalline silica 
on the surface of the photocatalyst during the photocatalytic conversion 
of siloxanes in air [24,29].

Table 3 
Details of instrumental methods used during the investigations.

Method Important details and 
additional information

Equipment

Fourier Transform 
Infrared 
Spectroscopy (FTIR)

Spectra measured in the 
range of wavenumbers 
from 400 to 4000 cm− 1.

Nicolet iS50 FTIR 
instrument (Thermo Fisher 
Scientific, Waltham, MA, 
USA) equipped with Smart 
iTR ATR (Thermo Fisher 
Scientific, Waltham, MA, 
USA) cell attachment.

X-ray Powder 
Diffractometry 
(XRPD)

Diffractograms recorded in 
the 2θ range 6-100◦ with a 
step size of 0.025.

Emperyan X-ray 
diffractometer 
(PANanalytical, Almelo, 
The Netherlands) with Cu 
Kα radiation source (λ =
0.154 nm, 35 kV, 30 mA). 
The diffraction data was 
analyzed using the ICDD 
PDF 5 + 2024 database 
and HighScore Plus 
software (Newtown 
Square, PA, USA). Rietveld 
refinement was applied to 
determine crystalline 
phase compositions.

X-ray Photoelectron 
Spectroscopy (XPS) 

Measurements were 
carried out under a high 
vacuum of ca. 10− 9 mbar 
and at 25 ◦C using non- 
monochromatic Al Kα X- 
ray radiation with an 
energy of 1486.60 eV. 
During the processing of 
the XPS spectra, binding 
energy (BE) values were 
referenced to the 
adventitious C1s peak 
(285 eV).

PHOIBOS 150 MCD 9 
analyzer (SPECS, Berlin, 
Germany). CasaXPS 
software (Casa Software 
Ltd.) and the NIST XPS 
Database library were used 
for analysis of XPS data.

Solid-State Nuclear 
Magnetic Resonance 
(SS-NMR)

Solid-state NMR spectra 
were recorded at room 
temperature under magic 
angle spinning (MAS). 
29Si MAS NMR spectra 
were carried out in a 7.0 
mm probe with a 3.5 μs 
pulse length 
corresponding to a 60◦ flip 
angle, spinal proton 
decoupling with 60 s as a 
recycle delay, spinning the 
sample at 5 kHz. 1H/29Si 
CP MAS NMR was carried 
out on a 7.0 mm probe 
spinning the sample at 5 
kHz, using a 1H π/2 pulse 
length of 4 μs with spinal 
proton decoupling, 3.5 ms 
as contact time and 3 s as 
recycle delay. 1H/13C CP 
MAS NMR were carried 
out on a 4.0 mm probe 
spinning the sample at 10 
kHz, using a 1H π/2 pulse 
length of 2.5 μs with spinal 
proton decoupling, 2 ms as 
contact time, and 3 s as 
recycle delay. The 13C and 
29Si NMR spectra were 
referenced to adamantane 
and TMS, respectively.

Avance III HD 400 MHz 
WB spectrometer (Bruker, 
Billerica, MA, USA).

High-Resolution 
Transmission 
Electron Microscopy 
(HRTEM)

Observations were carried 
out at an accelerating 
voltage of 300 kV. High- 
Angle Annular Dark-Field 
Scanning Transmission 
Electron Microscopy 

Spectra 300 microscope 
(Thermo Fisher Scientific, 
Waltham, MA, USA).

Table 3 (continued )

Method Important details and 
additional information 

Equipment

(HAADF-STEM) imaging 
and elemental mapping 
were performed, 
employing Scanning 
Transmission Electron 
Microscopy with Energy 
Dispersive Spectroscopy 
(STEM-EDS). For analyses 
samples were directly 
deposited onto copper 
grids.

Gas Chromatography/ 
Mass Spectrometry 
(GC/MS)

The chromatographic 
conditions were: injection 
volume 0.5 µL; injector 
temperature 250 ◦C; He 
6.0 carrier gas in a flow 
rate 0.94 cm3⋅min− 1; 
column temperature 
program: isothermal at 
40 ◦C for 2 min, 
temperature rise 
10 ◦C⋅min− 1 up to 300 ◦C, 
isothermal at 300 ◦C for 2 
min; interface temperature 
between GC and MS: 
250 ◦C; ion source 
temperature 200 ◦C.

Nexis GC-2030 gas 
chromatograph 
(Shimadzu, Kyoto, Japan) 
equipped with an SH-I- 
5MS (30x0.25x0.25) 
chromatographic column 
and coupled to the GCMS- 
QP2020 NX mass 
spectrometer (Shimadzu, 
Kyoto, Japan).

Fig. 4. Change in the GC/MS peak areas from D5 siloxane with time of the 
conversion processes under different experimental options.
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Regardless of the experimental conditions, the only phases 
confirmed in all the examined titania were anatase (ca. 86%) and rutile 
(ca. 14%). Nevertheless, given the inherent limitations of the XRD 
method, the possibility of the formation of a new crystalline phase 
during a process cannot be discounted. For that reason, additional 
research was undertaken on the formation of a crystalline phase during a 
process and solids gained during experiments. To do so, further analyses 
including FTIR, XPS, 29Si NMR and HRTEM have been carried out.

3.3. FTIR studies

FTIR spectra measured for photocatalyst after 48 h of photocatalytic 
conversion of D5 under UV radiation (TiO2_UV) and without UV 
(TiO2_wo_UV) are presented in Fig. 6.

Distinct differences can be observed at wave numbers ranging from 
750 cm− 1 to 1450 cm− 1. In the case of the as-measured FTIR spectrum of 
the TiO2 after the process in the presence of UV (Fig. 6a), apparent 
absorption bands corresponding to stretching vibrations of Si-O-Si 
groups (1010–1170 cm− 1 [30–33]) and low intensity bands corre
sponding to stretching vibrations of Si-CH3 groups (1266 cm− 1 [31,33]), 
can be observed. This observation may indicate the presence of both 
organosilicon compounds and inorganic silicon compounds in the 

measured material. On the other hand, the FTIR spectrum of TiO2_
wo_UV, reveals the presence of absorption bands resulting from 
stretching vibrations of CH2 groups (1416 cm− 1 [31,32,34]) and sym
metric stretching vibrations of COO groups (1341 cm− 1 [35]). Consid
ering the literature reports on the oxidation of D5 siloxane, this may 
indicate the formation and presence of organic compounds such as 
formaldehyde or formic acid [36,37]. No evident, however signals in the 
900–1200 cm− 1 region, corresponding to the presence of Si-containing 
groups (such as Si-O-Si, Si-CH3) were detected in case of the FTIR 
spectrum of TiO2_wo_UV. Because the partial sorption of D5 takes place 
on the photocatalyst (see Fig. 4), confirmation of the presence of these 
groups was expected. Therefore, to gain more from attained spectral 
data, the FTIR spectrum of P25 was subtracted from the spectra of 
photocatalysts after use. Thus, FTIR signals corresponding to the species 
adsorbed on the titania could be observed (Fig. 6b). The subtracted 
spectra of both materials revealed bands corresponding to stretching 
vibrations of three kinds of groups, i.e. Si-O-Si (1020–1135 cm− 1 

[30–33]), Si-OH (940 cm− 1 [42]), and Si-CH3 (1268 cm− 1 and 790 
cm− 1[31–33]). Intensive bands corresponding to Si-CH3 stretching vi
brations in the spectrum of the material after the process carried out 
without UV and intense bands corresponding to the stretching vibrations 
of Si-O-Si and Si-OH groups in the material after the process using UV, 
indicate significant differences in the chemistry of these processes. The 
observation of structures containing Si-CH3 groups may indicate the 
presence of unreacted siloxane D5 and/or other organosilicon com
pounds. On the other hand, the rounded band from the Si-O-Si and Si-OH 
groups is characteristic of silica and may indicate its presence on the 
photocatalyst surface [38]. However, the uncertainty of the conclusion 
required further analysis. The band assignments for the FTIR spectra 
shown in the graphs (Fig. 6) are summarized in Table S1 (Section S2).

3.4. XPS studies

XPS measurements (results shown in Fig. 7) were conducted to 
determine the surface elemental composition of photocatalysts, both 
prior to and after use in the processes, and to examine the presence of 
possible silicon compounds, including adsorbed D5 and products formed 
from the siloxane during treatment at different experimental conditions.

The XPS analyses of the O 1s and Si 2p spectral regions reveal sig
nificant differences in the surface chemistry of the tested samples after 
their use in the D5 conversion process (Fig. 7). These differences are 
associated with the treatment of UV radiation during the conversion. As 
expected, all the samples studied showed the presence of a dominant Ti- 
O band at 530.1 eV in the XPS O 1s spectral region, characteristic of TiO2 
[39]. The XPS spectrum of the titania sample, after D5 conversion 

Fig. 5. XRD patterns of TiO2 used in experiments: a) pristine, b) after 48 h long 
D5 siloxane conversion process under UV, and c) after 48 h long D5 siloxane 
conversion process without UV.

Fig. 6. FTIR spectra of P25 TiO2 after 48 h of D5 siloxane conversion process under UV (TiO2_UV) and without UV (TiO2_wo UV): a) as measured and b) after 
subtracting the FTIR spectrum of the commercial P25 (Fig. 6a, grey line).
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carried out without UV irradiation (TiO2_wo_UV), exhibited notable 
differences from pristine P25. Analysis of the O 1s region of the XPS 
spectrum showed the presence of a signal centered at 532.4 eV, char
acteristic of Si-O bonds [24], as well as two signals at 533.9 eV and 531.5 
eV, which corresponds to two new chemical bonds C-O [40] and C=O 
[41], respectively. It is noteworthy that the presence of a signal from Si- 
O bonds (102.5 eV [23,24]) together with the concurrently observed 
XPS signal in the Si 2p region (101.3 eV, Fig. 7c), denotes the presence of 
Si-C bonds in the tested material [42]. This observation can be attributed 
to organosilicon compounds at the surface, including unreacted D5 
siloxane and/or its conversion products. On the other hand, the XPS 
signals attributed to C-O bonds (533.9 eV) suggest the presence of 
organic compounds containing oxygen. Considering the composition of 

the whole reacting system, by-products of the D5 conversion seem to be 
formed. As reported elsewhere, forming •OH radicals under photolytic 
conditions can favor the D5 decomposition to formaldehyde and formic 
acid [36,37], which can further react with TiO2 to form surface func
tional groups [34,35,43].

For comparison, the results of XPS analysis developed the photo
catalyst sample after the D5 conversion carried out in the presence of UV 
radiation (TiO2_UV) indicate a different transformation path of the 
siloxane. Well-defined XPS O1s signals at 532.4 eV and 533.6 eV can be 
attributed to Si-O and Si-OH bonds, respectively (Fig. 7f). Such a pattern 
was reported as characteristic of silica [44,45]. In addition, the presence 
of distinct signals in the Si 2p region at 102.5 eV and 103.6 eV, can be 
attributed to the respective Si-O and Si-OH groups, species naturally 

Fig. 7. XPS spectra (Si 2p and O 1 s regions) P25 photocatalyst: pristine a), b), after 48 h of the process carried out without UV (TiO2_wo_UV) c), d) and after 48 h of 
the process carried out under UV irradiation (TiO2_UV) e), f).
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present in the silica structure [23,24,46,47]. The lack of notable evi
dence of Si-C bonds in Fig. 7e may be another confirmation of silica 
formation. Comparative analysis of the XPS spectra of TiO2_wo_UV and 
TiO2_UV allows us to conclude that UV irradiation promotes the for
mation of silica in the D5/TiO2/water system. This is evidenced by the 
decreased intensity of the XPS signal observed in the O 1s region for the 
TiO2_UV sample, indicating a lower content of C-O bonds. Moreover, a 
significant increase in the XPS signal intensity in the Si 2p region sug
gests a higher content of Si-O bonds. It should be noted that none of the 
XPS spectra of the examined solids revealed signals characteristic of Ti- 
Si bonds (98.6 eV [48]). The absence of Ti-Si bonds, as shown by XPS 
analyses, provides evidence that silica and/or oligomeric siloxanes are 
formed on the TiO2 surface as separate components and are not incor
porated into the catalyst lattice. This effect has been discussed in section 
4 of this work (4. Mechanism of D5 siloxane conversion in water).

3.5. TEM observations

HRTEM images of photocatalysts, both pristine and after the D5 
conversion process, are presented in Fig. 8. In the photocatalyst samples 
after the process was carried out without the use of UV radiation, no 
components other than P25 were detected (Fig. 8a and Fig. 8c). How
ever, in the photocatalyst sample separated from the reaction mixture 
exposed to UV radiation, the presence of irregular amorphous forms on 
its surface (marked with an arrow in Fig. 8b) was confirmed. The results 
of HAADF-STEM imaging and STEM-EDS mapping showed that the 
photocatalyst contained dopants in the form of silicon compounds 
(Fig. 9c and Fig. 9d). In turn, the result of comparing the TiO2 mapping 
images after the process carried out under UV light (Fig. 9d) and without 
this radiation (Fig. 9b) indicates that the use of UV results in the accu
mulation of silicon compounds in larger amount.

3.6. 29Si NMR studies

Due to the lack of convincing conclusions from XPS, XRD, FTIR, and 
other analyses, 29Si NMR measurements were carried out. Their aim was 
to confirm whether the differences observed in photocatalyst samples 
both exposed to UV radiation and without it were significant and 
whether these differences were helpful in explaining the D5 conversion 
mechanism. Furthermore, it could be expected that the results of NMR 
analyses would provide a better understanding of the course of photo
catalytic conversion over time. The observations from the 29Si NMR 
spectra obtained for TiO2 samples after different times (24, 48 and 168 
h) of photocatalytic D5 conversion (Fig. 10) indicate significant progress 
of the reaction over time. In turn, the spectrum of the photocatalyst after 
the process carried out without the use of UV (TiO2_wo_UV) provides 
clear confirmation of the absence or presence of only traces of silica and 
thus the key influence of this radiation on the D5 conversion mechanism.

In the 29Si NMR spectrum of the photocatalyst after 24-hours-long 
process, multiple prominent signals are observed between − 10 and 
− 120 ppm. The low-field signals up to − 20 ppm correspond to the 
characteristic D5 siloxane ones, representative of the Si=(CH3)2 groups 
in their initial structure. The signals in the range of − 50 ppm and − 70 
ppm, correspond to intermediate Tn-type (T1, T2Ti, T2Si and, T3), silanol 
(Si-OH) species [49] interacting with TiO2 surface (Fig. 11). It is worth 
noting that TiO2 especially under UV radiation can generate both •OH 
and •O2

− radicals, which facilitate the fragmentation of Si–CH3 bonds. 
The interaction of these reactive species with surface Ti–OH sites on 
TiO2 leads to the formation of Ti-O-Si species. Studies have shown that 
the presence of hydroxyl radicals, along with defects such as oxygen 
vacancies and Ti3+ centers generated during the photocatalytic process, 
enhance charge separation and increase the reactivity of TiO2, thereby 
promoting the degradation of organic compounds [50,51].

Signals associated with T-type species suggest that D5 siloxane 
adsorbed on the photocatalyst surface undergoes reactions leading to 
the formation of silanol species bound to TiO2 through Ti–O–Si bonds. 
These signals may also indicate partial cleavage of Si–O–Si bonds in D5, 
resulting in the formation of linear siloxanes. However, no other orga
nosilicon compounds besides D5 siloxane were identified during the 
performed processes, making this hypothesis difficult to confirm. 
Notably, the appearance of signals in the range of –50 ppm to –70 ppm 
suggests interactions between intermediate products and TiO2, poten
tially mediated by hydroxyl radicals generated during UV irradiation, 
like those observed for D4 siloxane [24,52]. Prominent signals centered 
at –90.2, –100.8, and –109.3 ppm correspond to the formation of Q2 [Si 
(OSi)2(OH)2], Q3 [Si(OSi)3(OH)], and Q4 [Si(OSi)4] intermediates 
(Fig. 12), respectively. These structures arise from the partial conden
sation of D5[53], facilitated by interactions between the conversion 
products and the TiO2 surface.

The 29Si NMR analysis of the photocatalyst after 48 h of photo
catalytic conversion of D5 reveals a significant decrease in signals within 
the –40 ppm to –70 ppm range. The disappearance of these signals in
dicates the transient nature of the silanol species and the surface bonds 
between the photocatalyst and D5 conversion products (Ti–O–Si) 
[37,54]. After 168 h of the process, the 29Si NMR spectrum of the pho
tocatalyst exhibits evident signals only between –10 and –20 ppm and at 
–100 ppm, suggesting the progression of intermediate product trans
formations toward more stable states.

The results observed for D5 siloxane, could be associated with this 
specific restructuring of the catalyst surface, the modification of the 
electronic properties [55], interactions between active species and re
actants or products [56–58] and adjustments in the electronic and 
structural properties of active sites [59,60]. The findings described 
above underscore the importance of long-term monitoring to understand 
the dynamics of the photocatalytic process and its relationship to cata
lytic activity and stability under operational conditions.

Fig. 8. HRTEM images of the photocatalyst: pristine P25 a), after 48 h of the D5 siloxane conversion carried out under UV radiation b) and, without UV radiation c).
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It is important to note that due to the low amount of silicon deposited 
because of D5 siloxane degradation, the solid-state 29Si NMR signals 
were remarkably weak. To improve the signal-to-noise ratio, the cross- 
polarization magic-angle rotation (CP-MAS) technique was employed, 
and spectra were accumulated over 24 h. Despite this time, the low 

signal intensity prevented reliable quantitative or semi-quantitative 
analysis of T- and Q-type species. For these reasons, the results pre
sented are limited to a qualitative assignment of the silicon species 
present, based on their characteristic chemical shifts.

4. Mechanism of D5 siloxane conversion in water

Given the evidence presented in this paper, it became possible to 
propose the mechanism. It also became clear that D5 in water phase may 
undergo chemical reactions depending on the conditions applied. In 
contrast, in the absence of both TiO2 and UV irradiation, the D5 was 
stable (Fig. 4), which is to be expected due to its low hydrolysis potential 
[28].

4.1. Mechanism of D5 conversion in water: Effect of UV

In the reaction of D5 siloxane with •OH radicals, siloxanyl radicals 
are formed, which then undergo transformations into silanols and vol
atile organic compounds, such as formaldehyde and formic acid [37,61]. 
The resulting products can undergo further degradation to low molec
ular weight compounds, such as SiO2 and CO2 [37,61]. It should be 
noted that previous studies have mainly focused on gas-phase reactions 
of siloxanes using UVB/UVC radiation, while our current study uses 
UVA radiation in the aqueous phase. This difference may cause different 
conversion pathways. Therefore, future studies should aim to investigate 
the conversion pathways of siloxane D5 under different types of UV, 
which will allow for a better understanding of the transformation 
behavior of this compound under photolytic conditions.

Fig. 9. HAADF-STEM images of TiO2 after 48 h of the photocatalytic conversion of D5 siloxane carried out without UV radiation a) and under UV c), with cor
responding silicon mappings b), d).

Fig. 10. 29Si NMR spectra of the photocatalysts after D5 siloxane conversion 
process carried out with UV radiation. The spectrum of TiO2_wo_UV is pre
sented for comparison.
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4.2. Mechanism of D5 conversion in water: Effect of UV and TiO2

The proposed mechanism of D5 siloxane conversion in water under 
photocatalytic conditions is illustrated by the scheme presented in 
Fig. 13. Based on the obtained results, it is reasonable to conclude that 
D5 is converted to a greater extent under photocatalytic conditions than 

during conversion processes conducted using only UV or photocatalyst. 
This is due to the synergistic effect of photolysis and photocatalysis, 
which increases the intensity of radical generation in the reaction 
environment. It is reasonable to assume that the introduction of the 
photocatalyst to the D5/water system is accompanied by adsorption of 
D5 siloxane on the TiO2 surface. During the photocatalytic conversion of 

Fig. 11. Proposed structures on the TiO2 surface, formed during photocatalytic transformations of D5 siloxane: Tn-type intermediates (T1, T2Ti, T2Si, and T3) silanol 
(Si–OH) species.

Fig. 12. Proposed intermediate Q-type structures (Si-O-Si) as products of partial D5 condensation carried out under photocatalytic conditions.

Fig. 13. Proposed mechanism for photocatalytic conversion of D5 siloxane in water.
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D5 siloxane, hydroxyl radicals (•OH) formed on the TiO2 surface attack 
the methyl group in the structure of the adsorbed D5 siloxane, resulting 
in the formation of D5-CH2• radicals (a). Then, D5-CH2• radicals react 
with superoxide anion (•O2–), generated as a result of the reduction 
process of oxygen molecules on the photocatalyst surface (b). The effect 
of this reaction is the formation of D5-O• radical and formaldehyde, 
which is adsorbed on the photocatalyst surface. The D5-O• radicals that 
are formed react with water, which is the reaction medium, resulting in 
the formation of hydroxyl groups, while the adsorbed formaldehyde is 
oxidized to formic acid (c). As a result, D5 siloxane is converted to D5- 
OH silanol. Formic acid adsorbed on the photocatalyst surface can un
dergo further photocatalytic oxidation to CO2 (path 1) or permanently 
bind to TiO2, thus forming surface carboxyl groups (path 2). The 
remaining methyl groups in the formed D5-OH silanol undergo reactions 
(a-c), which results in the formation of further hydroxyl groups in the 
molecules of the structure (d). The resulting hydroxyl groups in the 
silanol can also undergo condensation: with Ti-OH groups on the TiO2 
surface, with carboxyl groups, and also with –OH groups of the same 
molecule or other silanols, which leads to the formation of amorphous 
silica on the photocatalyst surface (e).

4.3. Mechanism of D5 conversion in water: Effect of TiO2

In the process conducted with the photocatalyst without UV radia
tion, D5 siloxane adsorption was also observed. After the workup and 
the corresponding characterization of the TiO2_wo_UV photocatalyst 
(FTIR, XPS, 29Si NMR), the results led us to conclude that some portion 
of the D5 siloxane had already desorbed. It should be emphasized that 
the reaction routes on the photocatalyst surface without the use of UV 
and in the presence of the radiation, are different. In the case of the 
process carried out using TiO2 without UV radiation, siloxane D5 after 
being adsorbed on the photocatalyst surface reacts according to the path 
(a) → (b) → (c) (Fig. 13), whereby due to the absence of UV the for
mation of •OH and •O2– radicals is limited, which does not favor the 
conversion of –CH3 groups to –OH in the siloxane. As a consequence, no 
further reactions leading to the formation of silanols with a higher 
content of –OH groups take place, nor does the condensation of silanols 
occur. For this reason, in the absence of UV radiation, silica formation 
does not take place. Moreover, the oxidation of organic compounds 
(formaldehyde and formic acid) is inefficient, which leads to a higher 
content of C–O and C=O groups in the photocatalyst (TiO2_wo_UV), 
which is confirmed by the results of XPS analyses.

5. Conclusions

Considering the obtained and analyzed research results and knowl
edge from available literature, several key insights into the photo
catalytic transformation of D5 siloxane can be concluded. Under our 
reaction conditions, D5 in the aqueous phase can be effectively con
verted into amorphous silica, a stable, non-volatile residue that remains 
in the reaction medium. This mechanism pathway proposed offers a 
potential strategy to retain siloxane in the aqueous phase, thus mini
mizing its release into the gas phase and avoiding more complex 
removal techniques. Significantly, intermediates such as formaldehyde 
and formic acid are oxidized to CO2, reducing the risk of accumulating 
harmful by-products in the effluents. These results, although obtained 
under controlled conditions with pure water and a single target 
contaminant, provide a strong foundation for future applications. They 
offer a clear and well-understood model that can now be expanded to 
more complex wastewater scenarios, where D5 siloxane coexists with 
other organic compounds. This controlled baseline is essential to guide 
the rational design of photocatalytic systems for more complex envi
ronments. It’s also worth noting that no significant conversion to silica 
occurs under only UV light (absence of TiO2) and that in dark conditions, 
D5 is exclusively adsorbed onto the TiO2 surface. These observations are 
critical when designing practical treatment systems and planning future 

research, particularly regarding the behavior of other siloxanes under 
similar conditions. This area remains to be explored experimentally.

Future research work should focus on extending presented findings 
to more complex aqueous matrices, exploring competitive adsorption 
and degradation in the presence of multiple siloxanes and organic pol
lutants. Applying this photocatalytic strategy in continuous-flow sys
tems or under solar irradiation could also bridge the gap between 
laboratory studies and scalable environmental applications.

CRediT authorship contribution statement

Paula Felczak: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Methodology, Investigation, Formal analysis, 
Data curation, Conceptualization. Piotr Miądlicki: Writing – review & 
editing, Writing – original draft, Visualization, Validation, Methodol
ogy, Investigation, Formal analysis, Data curation, Conceptualization. 
Gustavo Chacón-Rosales: Writing – review & editing, Writing – orig
inal draft, Visualization, Validation, Methodology, Investigation, Formal 
analysis, Data curation, Conceptualization. Jacek Przepiórski: Writing 
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the Presence of Siloxanes in Biogas Chemical Looping Combustion, Energy Fuel 35 
(2021) 14984–14994, https://doi.org/10.1021/acs.energyfuels.1c02031.
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