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Abstract: Photocatalysts promised to control pollution in an environmentally benign manner, inexpen-
sively, and with a low or cheap energy input. However, the limited chemical activity of photocatalysts has
prevented their widespread use. This limitation has two important consequences; in addition to limited
removal efficiency for pollution, photocatalysts may also generate unwanted byproducts due to incom-
plete reaction. This study focuses on the byproducts formed in the photocatalytic degradation of dimethyl
sulfide (DMS) on titanium dioxide (TiO2), using a continuous flow reactor and detection via proton
transfer reaction mass spectrometry. TiO2, activated carbon (AC), TiO2/AC (1:1) and TiO2/AC (1:5) were
tested using either a laser-driven light source or LED lamps at 365 nm. The samples were characterized
using a N2-BET surface area and pore size distributions, Scanning Electron Microscopy, X-ray Diffraction,
and X-ray Photoelectron Spectroscopy, which confirmed that TiO2 was successfully coated on activated
carbon without unexpected phases. TiO2 and activated carbon showed different removal mechanisms for
DMS. The maximum yield of formaldehyde, 11.4%, was observed for DMS reacting on a TiO2/AC (1:5)
composite operating at a DMS removal efficiency of 31.7% at 50 ◦C. In addition to formaldehdye, sig-
nificant products included acetone and dimethyl disulfide. In all, observed byproducts accounted for
over half of the DMS material removed from the airstream. The TiO2/AC (1:5) and TiO2/AC (1:1)
composites have a lower removal efficiency than TiO2, but a higher yield of byproducts. Experiments
conducted from 20 ◦C to 70 ◦C showed that as temperature increases, the removal efficiency decreases
and the production of byproducts increases even more. This is attributed both to decreased surface
activity at high temperatures due to increased recombination of reactive species, and to the decreased
residence time of volatile compounds on a hot surface. This study shows that potentially dangerous
byproducts are formed by photocatalytic reactors because the reaction is incomplete under the conditions
generally employed.

Keywords: photocatalysts; air pollution control; byproducts; dimethyl sulfide; formaldehyde

1. Introduction

Air pollution is the leading environmental risk factor worldwide, killing an estimated
8.8 million people annually [1], rivaling tobacco smoke and exceeding deaths from all forms of
violence combined [1,2]. Exposure to air pollutants increases the risk of respiratory and car-
diovascular disease [3]. In addition, there are many associated negative impacts on society,
including decreased performance and productivity [4], mental health issues [5], and an in-
crease in violent crime [6]. Humans spend 80 to 90% of their time indoors, bringing increased
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attention to indoor air quality [7]. Photocatalysis is promoted as a solution to indoor air quality
problems based on assertions regarding its low cost, energy efficiency, and environmentally
benign character [8,9]. Photocatalytic oxidation has been studied for its ability to degrade
many pollutants, including nitrogen oxides [10,11], sulfur dioxide [12,13], and volatile organic
compounds (VOCs) [14–16], which are harmful to human health [3,17]. Photocatalysis could
potentially find application in many devices, such as photocatalytic coatings and filters [4].
The efficiency of these materials is the subject of significant research and debate [15,18].

Many studies have been carried out on photocatalytic materials [19]. TiO2 has been
studied the most frequently because it is cheap, non-toxic, biologically inert, and absorbs solar
light [20–22]. The photocatalytic activity of TiO2 depends on its crystalline form. There are three
main forms: anatase, rutile, and brookite [23,24]. Anatase is an indirect bandgap semiconductor
and has been shown to have better photocatalytic properties than the other two phases,
including a longer lifetime for its photoexcited electrons and holes [25]. Anatase can only be
stimulated by light with a wavelength shorter than 400 nm [26], which limits its efficiency
and applications. Rutile can be activated by visible light (bandgap 3.0 eV; absorbs wavelengths
around 400 nm) [27], but because of the rapid recombination of electrons and holes [28], it is
not able to maintain a high surface activity as a photocatalyst. Degussa P25 is a photocatalyst
composed of anatase and rutile (the reported ratio being typically 70:30 or 80:20) [29–31] which
is widely used due to its relatively high photocatalytic activity [32].

Activated carbon (AC) is commonly used for pollution control and works through
a mechanism of adsorption rather than photocatalytic degradation. It is inexpensive, stable,
and durable, with a large specific surface area and pore volume. The combination of
TiO2 with activated carbon has been studied since the 90s [33–38]. These studies show
that the combination of TiO2 and AC has a higher photocatalytic efficiency than either
pure activated carbon or pure TiO2 [39–41] and improved removal efficiency compared to
TiO2 alone in a high-humidity environment ([42]). Carbon-doped TiO2 has been shown
to respond to visible light, and has higher removal efficiency than undoped TiO2 [43,44].
Activated carbon may improve TiO2 photocatalytic degradation by concentrating the pol-
lutants and intermediates for reaction with TiO2. The pollutants stored in AC can then be
destroyed by TiO2, leading to the regeneration of AC. Finally, the presence of AC limits
the coagulation of TiO2, thus improving its photocatalytic efficiency.

While it is often claimed that by using photocatalysts, VOC pollution will be completely
degraded into CO2 and H2O [15], this assertion is incomplete and inaccurate. The surface
activity of a photocatalyst is self-limiting due to recombination reactions. Only a certain
activity can be maintained. An additional concern is that volatile compounds, including
volatile reaction products, spend little time on the surface, decreasing the probability of
reaction and increasing treatment time. Most studies investigating photocatalytic removal
of VOCs calculate the removal efficiency [45–47], or compare the CO2 production [48–50] of
different materials [47,51,52]. For one thing, the treatment times, space velocities, and energy
used in these studies are often not practical for applications in the real world. For another,
few groups report the yield of CO2 and H2O relative to the amount of pollutant consumed.
Moreover, monitoring many byproducts including formaldehyde and multiply-oxygenated
species requires special techniques that are not always available [53]. A full picture can only
be given by considering the mass or atom budgets that describe how much reagent has been
lost and which products have been formed, including byproducts.

Although there are studies indicating that photocatalytic oxidation does not com-
pletely oxidize organics to CO2 and H2O, only a few have examined the byproducts.
Selishchev et al. [54] found CO was formed along with CO2 and H2O during photocatalytic
oxidation of VOCs. Mo et al. [49] found that humidity and VOC concentration affected
the formation and concentration of byproducts in a study of the degradation of toluene. Yao
and Feilberg observed the formation of methane thiol and S-methyl-methanethiosulfonate
from sulfur-containing precursors [55]. Wang and coworkers studied the degradation of
DMS on TiO2, characterizing the products using chromatography, and did not report CH2O
concentrations [56]. Lin et al. saw formaldehyde production from S-doped TiO2 photocata-



Sustainability 2021, 13, 4821 3 of 13

lysts but did not report the yield [57]. Although photocatalysts are studied in the context of
indoor air quality, it is essential to characterize byproduct formation in order to conclude
that photocatalytic devices are safe and effective. More studies are clearly needed that
quantify the yields of CO2 and H2O in relation to the loss of precusors, and that account
for the transfer of material into byproducts.

In some cases, such as the decomposition of a hydrocarbon-yielding formaldehyde,
the products are more dangerous than the original pollutant. Formaldehyde is toxic to
humans and animals in small quantities [58]. In 2010, the World Health Organization
(WHO) established an indoor air quality guideline for short- and long-term exposure to
formaldehyde of 0.1 mg/m3 (0.08 ppm) for all 30 min periods [59]. The German Federal
Agency of Health set a maximum formaldehyde mixing ratio of 0.1 ppm for indoor air,
and the US National Institute for Occupational Safety and Health (NIOSH) set a time-
weighted average concentration exposure limit for a 10 h workday during a 40 h workweek
for formaldehyde of 0.016 ppm [60].

Reduced sulfur compounds are associated with strong odor discomfort and are often
a serious pollution problem [61]. They are produced by many processes, such as cooking
cabbage, beet, or seafood, by bacteria, and in wastewater treatment. DMS with a very low
odor threshold of 0.6–30 ppb [62] is the most abundant biological sulfur compound emitted
to the atmosphere. Although its main atmospheric source is marine phytoplankton [63],
it is produced by many processes, such as those listed here, and is commonly found
in indoor environments. For example, DMS produced by livestock can be the cause of
tension between livestock producers and nearby residents. The literature shows that
indoor concentrations of DMS are highly variable, ranging from ppt to tens or hundreds of
ppb [64,65].

Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) is a powerful method for
monitoring byproducts at ppbv levels in real-time that is able to overcome the limited sam-
pling frequency of methods such as gas chromatography-mass spectrometry (GC-MS) [66].
In this work, online PRT-MS was used to monitor the concentrations of DMS and other
volatile byproducts.

This study was carried out in order to better characterize the formation of byproducts
by common photocatalysts. In particular, we focused on the degradation and byproducts
from dimethyl sulfide, important in its own right and as a representative of odorous sulfur
compounds in general. Here, we describe the activity, reaction mechanisms, extent of
reaction, and yields of several volatile byproducts under typical photocatalyst operating
conditions for TiO2 and composite TiO2-activated carbon materials, using PTR-MS for
accurate and wide-ranging characterisation of reaction products.

2. Results And Discussion
2.1. Characterization

The success of the synthesis and the ratio of the TiO2/AC was confirmed using SEM,
the BET adsorption isotherm method, XPS, and XRD. The details can be found in the elec-
tronic Supplementary Materials. Characterizations confirm the successful synthesis of
TiO2/AC (1:1) and TiO2/AC (1:5), see Supplementary Materials.

2.2. Byproducts

Figure 1 shows the PTR-MS photocatalysis response for experiments testing the TiO2
photocatalytic removal of DMS. Mass to charge ratios (m/z) of 31, 46, 59, 63, and 95 were
detected by PTR-MS in full scan mode, assigned to formaldehyde, acetone, formic acid,
DMS, and dimethyl disulfide (DMDS), respectively [55]. Those products are probable
byproducts of DMS breakdown by ·OH and h+ [67]. When irradiated with the LDLS lamp,
the DMS concentration rapidly decreased by approximately 47.4% and the concentrations
of formaldehyde and acetone increased by ca. 20 and 5 ppb, respectively. A minor amount
of formic acid was present as an impurity in the gasline, and can be seen in Figure 1.
When the lamp was turned on, its concentration also decreased by about 46%. When
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the LDLS was turned off, the concentrations of DMS and formic acid increased again, while
the concentrations of formaldehyde and acetone showed a clear decrease, which indicates
that those products are generated by the photocatalytic process. Blank tests were performed
under the following conditions: (1) Blank filter with DMS and LDLS light irradiation, and (2)
TiO2 coated filter with LDLS light irradiation. No byproducts were detected in the blank test.

As shown in Figure 1, during the photocatalytic degradation, the yields of formalde-
hyde, acetone, DMDS are 5.2%, 1.8% and −0.5%; similar values have been reported
in other work, formaldehyde was reported as a byproduct of photocatalytic oxidation of
toluene [55,64]. Soni and coworkers have investigated the degradation of DMS on oxidising
metal oxide catalyst surfaces and theorize that nucleophilic lattice-stablized M−O− is
responsible for the formation of partial oxidation products [68].

Figure 1. Byproducts of TiO2 photocatalytic degradation of DMS, with LDLS lamp excitation.

Figure 2 shows the DMS photocatalytic removal efficiency for TiO2/AC (1:1) photo-
catalyst excited with the LDLS lamp including DMS byproducts. As shown in Figure 2,
the reaction process goes through two phases. Initially, concentrations decrease without
byproduct formation, attributed to adsorption on AC. After the AC is saturated, indicated
by the return to initial/baseline concentration, the LDLS is turned on and we attribute
product formation to TiO2 photocatalysis. The concentration of DMS decreases by 23%.
The decrease in DMS is less than that for pure TiO2. For this phase, the yields of formalde-
hyde, acetone, and DMDS are 12.3%, 0.5%, and −0.2%, respectively.

Figure 3 shows the photocatalytic degradation of DMS on TiO2/AC (1:5) with the LDLS
lamp, including byproducts. The behavior is similar as for TiO2/AC (1:1), though with
a longer breakthrough time. The removal efficiency of DMS was 13.4% on TiO2/AC (1:5).
The yields χ of formaldehyde and acetone are 11.2% and 2.4%, respectively, and other
intermediates are below the detection limit.

The removal efficiency of DMS and byproduct yield χ are summarized in Table 1.
The removal of DMS decreases with a decrease in a TiO2 mixing ratio in substrates. The ad-
sorption capacity qe is reported as a mass fraction of adsorbed gas to filter mass [69].
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Figure 2. Byproducts of TiO2/AC (1:1) photocatalytic degradation of DMS with LDLS lamp excitation.

Table 1. Summary of the removal efficiencies of DMS fRE for TiO2, TiO2/AC (1:1) and TiO2/AC (1:1)
and byproduct yields χ.

Substrate fRE/% χCH2O/% χCH3COCH3/% χCH3SSCH3/%

TiO2 47.4 5.2 0.5 −0.5
TiO2/AC (1:1) 22.9 12.3 0.5 −0.2
TiO2/AC (1:5) 13.4 11.2 0.2 −0.4

The qe of TiO2/AC (1:1) and TiO2/AC (1:5) are found to be 43.9 mg/g and 46.9 mg/g;
the adsorption capacity increases with increasing AC. While the lower TiO2 loading showed
lower removal of DMS, it showed a relatively higher yield of byproducts (Table 1).

A scheme for the reactions of organosulfur compounds on TiO2 is presented in Figure 4 [70,71];
the mechanism of acetone formation is unclear.

Figure 3. Byproducts of TiO2/AC (1:5) photocatalytic degradation of DMS with LDLS lamp excitation.
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Figure 4. Proposed photocatalytic oxidation pathways of DMS considering direct electron transfer of
hole and hydroxyl radical oxidation.

2.3. Influence of Temperature

TiO2 and AC/TiO2 (1:1) were chosen for a study of the effect of temperature on
catalytic performance and byproduct formation. Conditions were 20 ◦C, 30 ◦C, 50 ◦C,
and 70 ◦C, using the LDLS lamp as the light source.

Figure 5 shows the removal efficiency and byproduct formation for DMS degradation at
different temperatures on TiO2. The concentrations of DMS and DMDS increase with tempera-
ture, which can be related to desorption. As summarized in Table 2, when the temperature
is elevated from 20 to 70 ◦C, the RE of DMS decreases from 58.1% to 48.1% and byproduct
yield decreases. The highest yield of byproducts is observed at 50 ◦C with 21.0% for formalde-
hyde and 15.5% for acetone. In contrast to larger molecules, small molecules spend less time
on the surface, and therefore have a lower probability of reaction. Table 3 summarises some
key physical properties of these small molecules. Formaldehyde has the lowest vapor pressure,
giving less time on the photocatalyst surface. This, combined with a mechanism favoring its
production, means that it is one of the most abundant byproducts.

Table 2. The removal efficiency and byproduct yields for DMS with LDLS light excitation on TiO2 at 20 temperature, 30 ◦C,
50 ◦C, and 70 ◦C.

T/◦C fCH3SCH3 /% χCH2O/% χCH3COCH3 /% χCH3SSCH3 /%

20 58.1 12.8 3.6 5.2
30 50.1 18.1 2.4 8.4
50 49.2 21.0 15.5 5.4
70 48.1 7.4 4.6 12.4
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Table 3. Physical properties of product molecules.

Name Formula Vapor Pressure Solubility Boiling Point Dipole Moment

Carbon monoxide CO >35 atm 2% −191.5 ◦C 0.122 D
Carbon dioxide CO2 56.5 atm 0.2% (25 ◦C) 78.48 ◦C -

Methane CH4 4.7× 104 kPa (25 ◦C) 3.5 mL/100 mL at (17 ◦C) −161 ◦C at 101.32 kPa -
Formaldehyde CH2O 1.40 kPa at 25 ◦C 4.00 × 10 + 5 mg/L at 20 ◦C −21 ◦C at 101.32 kPa 2.330 D

Dimethyl sulfide CH3SCH3 53.7 kPa (at 20 ◦C) 22 mg/mL at 25 ◦C 37.2 ◦C at 101.32 kPa 1.499 D

Acetone C3H6O
9.39 kPa (0 ◦C)
30.6 kPa (25 ◦C)
374 kPa (100 ◦C)
2.8 MPa (200 ◦C)

Miscible 56.05 ◦C ( 44 ◦C) 2.91 D

Dimethyl disulfide CH3SSCH3 3.8 kPa (at 25 ◦C) 2.5 g/L (20 ◦C) 110 ◦C 1.50 D

* Data were acquired from PubChem (https://pubchem.ncbi.nlm.nih.gov/ accessed on 15 March 2021).

Figure 5. Byproducts of TiO2 photocatalytic degradation of DMS.

Figure 6 and Table 4 show the removal efficiency and byproduct formation for
the degradation DMS on TiO2/AC (1:1) from 20 to 70 °C. The temperature has a great
impact on byproduct formation by TiO2/AC (1:1) by affecting both the residence time
of molecules on the surface and the recombination rate of radicals. Overall, the DMS
removal efficiency decreased. Values were 28.2, 32.9, 16, and 11.1% at 20, 30, 50, and 70 ◦C,
respectively. The yield of byproducts was at a maximum of 50 ◦C with formaldehyde,
acetone, and DMDS yields of 32.7%, 21.2%, and 1.0%, respectively. Unlike TiO2, byproduct
generation did not decrease with f for TiO2/AC (1:1). At 70 ◦C the yield of formaldehyde
decreased to 20.4%. It is worth noting that there is a significant decrease of byproduct yield
at 70 ◦C in both TiO2 and TiO2/AC (1:1) experiments. Compared to TiO2, TiO2/AC (1:1)
has lower fDMS and χ at all temperatures. The results are consistent with a mechanism
whereby surface activity decreases at higher temperatures, and in addition, the residence
time of volatile byproducts on the surface decreases more rapidly than it does for DMS.
The overall effect is decreased pollution removal and more formation of byproducts as
temperature increases.

https://pubchem.ncbi.nlm.nih.gov/
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Figure 6. Byproducts of TiO2/AC (1:1) photocatalytic degradation of DMS by LDLS lamp as a func-
tion of temperature.

Table 4. The removal efficiency and byproduct yields for DMS degradation with LDLS light excitation
on TiO2/AC (1:1) at 20, 30, 50, and 70 ◦C.

T/◦C fCH3SCH3/% χCH2O/% χCH3COCH3/% χCH3SSCH3/%

20 28.2 9.3 1.3 −0.1
30 32.9 8.9 1.6 −0.6
50 16.0 31.7 21.2 1.0
70 11.1 20.4 17.1 1.7

3. Materials And Methods
3.1. Materials

TiO2 P25 was purchased from Sigma Aldrich, Steinheim, Germany, and AC was pur-
chased from Cica-Reagent, Kanto Chemical Co., Inc., Tokyo, Japan. The TiO2-AC powders
were synthesized by sonicating AC for 1 min in 50 mL of ethanol for each carbonaceous
material (solution A). The TiO2 powder was sonicated in 50 mL of ethanol for 1 min (solution
B). Thereafter, solution A and solution B were mixed with mass ratios 1:5 and 1:1, and sonicated
for 1 min, followed by mixing for 12 h to produce solution C. After the mixing, solution C
was filtered through a vacuum filter machine equipped with a fiberglass filter to separate
the product from the supernatant. Afterward, the filter was dried at room temperature for
24 h.

3.2. Methods

The photocatalytic activity of the samples towards dimethyl sulfide (DMS) (Sigma-
Aldrich, ≥99%, Steinheim, Germany) under the irradiation of simulated solar light was
measured in a continuous flow stainless-steel gas-phase reactor with a quartz window.
Samples were irradiated using either a Laser-Driven Light-Source (LDLS, ENERGETIC,
140 W, EQ-99, Wilmington, NC, USA) in combination with a bandpass filter, or with UV
light emitting diodes (LED). The LDLS has a spectral distribution similar to the sun. A long-
pass filter (335 nm wavelength, Jenaer Glaswerk Schott & Gen., Mainz, Germany) was used
to limit irradiation to the region from 335 nm to 2000 nm. Four LED lamps (365–370 nm,
3 W, Hotred, China) were used.

TiO2, AC, and TiO2/AC powders were coated on quartz fiber filters (diameter: 47 mm,
Whatman, Germany), and the filter was placed in the middle of the reactor (inner diameter:
40 mm, height: 40 mm, cylinder with quartz window). The flow enters from the top of
the filter, then leaves from the bottom.



Sustainability 2021, 13, 4821 9 of 13

Dry air from a technical air supply was branched into two. One stream flowed through
a bubbler with DMS in squalene and the flow from the other adjusted to further control
the DMS mixing ratio (Figure 7). The flow rates of the DMS bubbler and the dilution line
were controlled by mass flow controllers (Model 0254, Brooks Instruments, Hatfield, PA,
USA). The two branch lines were merged at the reactor. The initial concentrations of DMS
in the air varied between 300 and 600 ppb. DMS concentrations in the outlet gas mixtures
were monitored using PTR-MS (PTR-ToF 8000, Ionicon Analytik GmbH, Innsbruck, Aus-
tria). The composition was recorded every second throughout a photolysis experiment.
Before irradiation, the air stream with a known concentration of DMS was allowed to
flow through the bypass. After the concentrations stabilised, the flow was changed from
bypass to reactor until the equilibrium "dark" adsorption of DMS on the samples was estab-
lished. When the DMS concentrations leaving the reactor were stabilized and equivalent to
the concentration before the bypass, the equilibrium was considered to have been reached,
and samples would be irradiated by light until the concentration was stable. The removal
efficiency f of DMS is given by:

f =
Cin − Cout

Cin
, (1)

where Cin and Cout are the concentrations measured at the inlet and outlet of the reactor,
respectively. The yield of byproducts χ is defined as:

χ =
∆Cout

∆Cin
. (2)

Figure 7. Process diagram of the photocatalytic reaction system setup.

3.3. Characterization

Surface topography was characterised using Scanning Electron Microscopy (SEM, FEI
Quanta 3D). The crystal phase and structure of samples were analyzed by X-ray Diffraction
(XRD, Bruker D8 Advance Da Vinci). Surface area, total pore volume, and average pore size
were analyzed using the BET adsorption isotherm method on a Quantachrome, Autosorb-
1. XPS was used to characterize the differences in surface composition. A Kratos AXIS
ULTRADLD XPS was used for measurement, and the CasaXPS software was used for data
processing. The concentration of gases (in ppbv) was measured by PTR-MS. The PTR-MS
samples air continuously into the drift tube where the sample collides with the primary
ion H3O+, ionizing the compounds via gas phase proton transfer. The proton affinity of
water is 691 kJ mol−1, and only compounds with proton affinities above 691 kJ mol−1 can
be detected by PTR-MS [55].

3.4. Formaldehyde Calibration

The proton affinity of formaldehyde (712.9 kJ/mol) is only 22 kJ/mol higher than
the proton affinity of water. Therefore, the formaldehyde signal depends on the humid-
ity [72]), in contrast to most other species detected with PTRMS [73–76]. A formaldehyde
calibration based on two parameters (the formaldehyde sensitivity and the humidity) was
performed, arriving at the values we have reported. As a formaldehyde permeation sys-
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tem was not available, the formaldehyde sensitivity was determined using the method of
Wisthaler et al. [77]. In this method, acetaldehyde was used as a surrogate for formaldehyde.
Acetaldehyde is a useful surrogate as its chemical and physical properties closely resemble
formaldehyde. In their research, Wisthaler et al. calculated that this method added an ad-
ditional uncertainty of 10% compared to a formaldehyde calibration. Using two different
calibration gases, the acetaldehyde (and the formaldehyde) sensitivity of the PTR-MS was
set at 101.38667 ± 0.036% ccps/ppb. With the sensitivity known, the impact of the humid-
ity on the formaldehyde concentrations could be determined. The humidity correction
factor (HCF) was calculated by measuring concentrations of formaldehyde in an envi-
ronmental chamber simultaneously with a PTR-MS and dinitrophenylhydrazine (DNPH)
cartridges, which are not affected by humidity [77,78]. The cartridges were analysed using
high-performance liquid chromatography with ultraviolet spectroscopy (HPLC-UV). Four
measurements were performed in the relative humidity range of 30 to 65%, which showed
a linear relationship between the methods [79]:

HCF = 0.257 ∗ AH + 3.6722, (3)

where AH is the absolute humidity in gm−3. Finally, the formaldehyde concentrations
were determined using the following formula:

HCHOppb =
HCHOccps

101.38667
∗ (0.257 ∗ AH + 3.6722), (4)

where HCHOppb is the formaldehyde concentration in the ppb level, and HCHOccps is
the signal of formaldehyde in corrected counts per second.

4. Conclusions

TiO2, TiO2/AC (1:1), and TiO2/AC (1:5) samples were tested for DMS removal.
While under LDLS irradiation, the main byproducts generated by TiO2 were formalde-
hyde and acetone. The byproduct yield increased with TiO2 loading. For TiO2, DMS
removal efficiency decreased, and byproduct yield increased as a function of temperature.
TiO2/AC (1:1) performed differently than TiO2 since AC is able to release stored pollutants
with increasing temperature. At a higher temperature, the fDMS of TiO2/AC (1:1) de-
creased, and the byproduct yield increased. The most common byproduct is formaldehyde,
which reached a maximum yield of 31.7% at 50 ◦C on TiO2/AC (1:1) substrate. We conclude
that surface activity decreases at a higher temperature due to increased loss of radicals
to recombination reactions, and in addition, the residence time of volatile byproducts
on the surface decreases more rapidly than it does for DMS. The overall effect is decreased
pollution removal and more formation of byproducts as temperature increases. None
of the substrates was capable of fully degrading DMS into CO2 and H2O under the con-
ditions of the study. At higher temperatures, both DMS and intermediates spend less
time on the surface, limiting their removal; at the same time, surface activity drops as
temperature increases due to increased loss of radicals. In conclusion, care must be taken
to include consideration of byproduct formation when evaluating the performance of pho-
tocatalysts, particularly for indoor applications where there is potential for accumulation
of toxic products.
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