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A B S T R A C T

An investigation of the photocatalytic degradation of indoor air model pollutants: toluene, n-decane and tri-
chloroethylene (TCE), as single contaminants and in a mixture is proposed. The degradation of these con-
taminants was performed in a continuous closed-loop reactor operating in recirculation mode. Degradations
were conducted at ppb level concentrations and under humid conditions (RH=50%) in order to be closer to real
applications of photocatalytic oxidation (PCO) systems developed for indoor air quality improvement. Accurate
analytical methods were developed to identify and quantify the majority of the potential formed intermediates.
Kinetic constants and the time constant of degradation were obtained for the model pollutants. Under these
conditions, the degradation of the three VOCs in a mixture did not really show a decrease in the kinetic rates.
Toluene and decane degradations were slightly slowed down when they were in a mixture but no significant
interference was demonstrated with TCE. The intermediates formed during the PCO of the mixture of VOCs were
the same as those identified during single degradation, leading to the hypothesis of few interactions between
them. Only the formation and degradation of secondary intermediates, mostly composed of aldehydes, were time
delayed. The total VOC concentration may lead to a competitive adsorption that seemed more sensitive for the
last formed oxygenated intermediates. This investigation points out the need to always monitor the last formed
aldehyde intermediates. Monitoring acetaldehyde and formaldehyde enables an evaluation of the efficiency and
a better design of future PCO systems for indoor applications.

1. Introduction

In industrialized and developed countries, people spend consider-
able time indoors. In these environments, concentrations of pollutants
may reach values 5 times higher than outdoors, and sometimes even
100 times higher [1]. Consequently, indoor air pollutants may impact
human health, comfort and productivity. Volatile Organic Compounds
(VOCs) are among the most abundant chemical pollutants in indoor air.
Some of them trigger the sick building syndrome (SBS) including mu-
cous membrane irritation, headache and fatigue; others are known to be
carcinogenic (e.g., formaldehyde, acrolein). Millions of people are
currently suffering from the consequences of poor indoor air quality
[2]. Sources of VOCs in indoor environments include building materials
(e.g., paint, sealants, flooring, furniture, and upholstery), products (e.g.,
cleaning materials, solvents, and cooking fumes) and occupant activ-
ities. They are also attributed to outdoor air quality.

Several technologies such as adsorption, non-thermal plasma or
photocatalytic oxidation (PCO) are available for the fast and econom-
ical removal of VOCs from indoor air. In particular, PCO is a cost-

effective method, both efficient and simple, which does not produce
waste. It is therefore attractive for removing VOCs from indoor air [3].
It can decompose a broad range of VOCs encompassing multiple che-
mical functionalities [4]. PCO potentially mineralizes VOCs into in-
organic compounds such as CO2 and water. However, there are still
several points to be addressed for the safe development of PCO systems:

i.) Most of the studies devoted to indoor pollution have dealt with
high pollutant concentrations, typically ppmv levels, whereas in-
door air concentrations are three orders of magnitude lower: ppbv
level [5]. Total concentrations of the main indoor contaminants,
including alkanes and aromatic hydrocarbons, are measured at few
hundreds of ppbv. Thus, an efficient investigation of PCO for in-
door air treatment requires the use of ppbv levels of VOCs in order
to mimic real indoor air conditions.

ii.) Moreover, to date few studies have been performed with pollutants
in a mixture and at ppbv level [4,6–8]. Little information can be
found in the literature regarding the possible influence of the
presence of co-pollutants when evaluating the degradation rate of
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model pollutants [9]. Although recent standards (AFNOR) [10]
have considered evaluating the performance of PCO systems on
several major pollutants, no comparisons are available on the de-
gradation rate of pollutants measured individually or in a mixture.
Thus, the question of the transposition of phenomena reported at
ppmv level regarding the removal kinetics of individual com-
pounds to ppbv level regarding a mixture of VOCs remains un-
answered. There is still a need to be closer to realistic conditions
[7].

iii.) Before mineralization and the corresponding formation of CO2,
VOCs are oxidized step by step into reaction intermediates, which
could be less sensitive to photocatalytic oxidation, thus potentially
forming organic by-products. This phenomenon has been observed
during the PCO of single or multi-component mixtures [11–14]. It
thus appears necessary to measure intermediates and characterize
the possible reaction pathways and the progress of the oxidation
reaction.

In order to answer the above-mentioned questions, this work fo-
cused on the PCO of three indoor air model VOCs. PCO degradation of
toluene, n-decane and trichloroethylene (TCE) was performed on single
compounds and then on a mixture. Alkanes and aromatic hydrocarbons
are common indoor contaminants. The main sources of toluene in in-
door air are painting, tobacco smoke and outdoor pollution in urban
areas [15]. Toluene is one of the most investigated model pollutants in
photocatalytic oxidation studies. It is recommended as a model pollu-
tant for photocatalytic system performance evaluation in the AFNOR
standard XP-B44-013 [10]. Decane can be considered one of the major
alkanes monitored in indoor air [16]. It is mainly attributed to solvents,
cleaning materials and some building materials. Decane can be con-
sidered a model pollutant of long-chain alkanes such as heptane, which
is a recommended reference pollutant for PCO system evaluation in the
XP B44-013 French standard too. Along with alkanes, chlorinated hy-
drocarbons are considered indoor contaminants. Trichloroethylene
(TCE) is one of the most common and is also carcinogenic. This mole-
cule is well-known as a metal degreaser in the aviation and micro-
electronics industries, but is also a dry cleaning agent and may accu-
mulate in public or domestic environments; homes, offices, schools, and
shopping malls [17,18]. Thus, with the objective of highlighting the
behavior of these three model compounds during PCO degradation, this
work focused on the identification of potential reaction intermediates
during degradation of single contaminants compared to degradation of
their mixture. In order to be closer to real indoor air conditions,

degradations were carried out at ppbv level. This work is the con-
tinuation of a preliminary study performed in a 120-L Pyrex batch re-
actor, which improved the understanding of intermediate formation
during the PCO of toluene and n-decane [13,14]. It is also related to a
recently published work in which the degradation of a ternary mixture
of toluene, n-decane and TCE was performed and compared to the de-
gradation of the single compounds at ppbv level [9]. This study was
also conducted in the 120-L Pyrex batch reactor and focused on un-
derstanding the mechanisms occurring in the degradation of single
components or a mixture. The present paper is also dedicated to the
comparison of the individual degradation kinetics of the three mole-
cules, the intermediates that are formed and their behaviors when these
molecules are in a mixture. Experiments were again performed at ppbv
levels but using a continuous closed-loop photocatalytic reactor in re-
circulation mode. This reactor avoids mass transfer limitation by opti-
mizing the contact between the pollutants and the photocatalytic ma-
terial [19,20]. It also better represents PCO systems developed in
dynamic mode, where the air flow rate through the PCO system is
forced, and is therefore more realistic regarding the PCO air purifiers or
PCO devices implemented in heating, ventilation and air conditioning
(HVAC) systems of buildings.

2. Experimental

2.1. VOC generation

Depending on the VOCs that were introduced into the photo-
catalytic reactor, two different methods of generation were employed.
For instance, toluene and TCE were injected into the reactor as a vapor
by means of a 50-mL airtight syringe through a septum. The vapors
were prepared by evaporating liquid toluene or TCE in a 285-mL Pyrex
glass bulb under vacuum. When the temperature was returned to am-
bient and the pressure to atmospheric, a vapor volume was collected
and directly injected into the dynamic looped reactor. Decane was in-
troduced in liquid form in a 2-L Pyrex vessel set at 44 °C. When equi-
librium was reached, a vapor volume was collected and injected into
the reactor. The initial concentrations for each compound in the closed-
loop reactor were set at 800 ppb.

2.2. Closed-loop photocatalytic reactor

The photocatalytic oxidation experiments were performed in a
multi-pass reactor operating in recirculation mode, as presented in

Fig. 1. 420-L continuous closed-loop photocatalytic reactor: 1) photocatalytic unit containing the TiO2 photocatalytic medium and the UV lamps, 2) fan, 3) air input and sampling points
for analysis, 4) air tranquilization chamber, 5) flow rate measurement.
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Fig. 1. Its design has already been described in more detail in previous
papers [20,21]. Recent papers give a detailed description of the mod-
eling of the reactor [22,23].

In the present work, the reactor included a photocatalytic unit
containing a planar geometry photocatalytic filter and four 9-W UVA
fluorescent tubes (Philips PL-S series), a centrifugal fan (VSB14-4T,
ATIB) and an air tranquillization chamber. The geometry of the pho-
tocatalytic unit was designed in order to ensure a homogeneous flow
field, photon flux and concentration over the entire photocatalyst sur-
face. The total volume of the reactor was 420 L.

The air stream flowing through the photocatalytic unit was con-
trolled by the fan. For the present study, the flow was set at
28.8 Nm3 h−1 and the relative humidity was set at 50% (24 °C). The
studied compounds were injected and sampled in the air tranquilization
chamber. The UV photon flux was mapped over the entire photo-
catalytic medium surface and the average irradiation intensity was set
at Iaver= 0.5 ± 0.1mW cm−2 when measured with a Fisher VLX-3W
radiometer for the 355–375 nm UV wavelength range.

Prior to the degradation experiments, leak tests were performed. For
instance, leaks were estimated to be lower than 4 ppb per hour for to-
luene over an observation period of 20 h.

The photocatalytic medium was specifically produced and supplied
by Ahlström Paper Group. It was constituted of a 250 μm-thick fibrous
support made of cellulose, polyester and polyamide, coated with a 50/
50 P25 TiO2/SiO2 mixture. Fig. 2 illustrates scanning electron micro-
scopy (SEM) images of the photocatalytic medium. The areal weight of
TiO2 deposited on the support was 17 gm−2. The medium surface de-
veloped by the planar filter was 400 cm2 corresponding to a TiO2 mass
of 0.68 g.

2.3. Sampling and analytical methods

Different analytical devices were used to characterize the gas phase.
The first was an automatic sampling system ACROSS (Automatic Clean
Room Sampling System) from TERA-Environnement. The system carries
out off-line sampling on multi-sorbent cartridges (Carbopack
C+Carbopack B+Carbopack X) and 2,4-dinitrophenylhydrazine
(DNPH) cartridges. The former were prepared by Perkin-Elmer for
sampling the VOCs present in humid air, the latter were provided by
Waters for sampling carbonyl compounds and, more specifically, for-
maldehyde.

1 L was sampled on each Perkin-Elmer multi-sorbent cartridge at a
flow rate of 100mLmin−1 at 10 °C (Table 1). Then analyses were
performed using a Perkin Elmer TD/GC/FID/MS system (Thermal
Desorption/Gas Chromatography/Flame Ionization Detector/Mass
Spectrometer). This equipment was used to identify and quantify a
large range of VOCs and then to quantify the targeted VOCs (toluene, n-

decane and TCE) and their potential reaction intermediates. The ana-
lytical parameters of the methods are summarized in A gas tank, con-
taining 29 standard VOCs in the gas phase, was provided by Praxair.
These standard compounds were previously selected because they were
identified as being potential intermediates of the selected primary
VOCs. Chromatographic separation was optimized using these stan-
dards and an appropriate column temperature ramp and elution flow
rate were selected. The calibration curves were obtained using the gas
tank of standards diluted with VOC-free (using a Claind AZ 2020 air-
zero generator) and humid air with appropriate mixing ratios using
mass flow controllers. The calibration curves were determined using
concentrations ranging from 1 ppb to 100 ppb for each compound ex-
cept toluene, n-decane and TCE for which the calibration was de-
termined between 1 ppb and 1000 ppb. Retention times, relative re-
sponse factors, determination coefficients on the calibration curves as
well as limits of detection for each compound are given in Table 2. The
limits of detection were determined considering a signal over noise
ratio of 3.

Gas chromatography enables a wide diversity of VOCs to be mon-
itored but this technique is not suitable for formaldehyde. However,
this molecule is a key compound for indoor air quality and is expected
to be one of the most abundant by-products during photocatalytic VOC
oxidation. Thus, formaldehyde was monitored using a derivatization
sampling following the US EPA method [24,25] and an HPLC/UV
analysis. The same method was also used for acetaldehyde. Calibration
curves were carried out using commercial standards of hydrazones of
interest. In order to validate this method, complementary points were
performed using the gaseous standard for the measurement of acet-
aldehyde. Then an additional calibration curve was drawn for acet-
aldehyde. The difference between both calibrations using a liquid or
gaseous standard was evaluated as only 6%. Limits of detection ob-
tained for formaldehyde and acetaldehyde as well as the relative re-
sponse coefficient and the chromatographic retention time are

Fig. 2. SEM images of PCO medium − (a) 15.0 kV, x 130; (b) 5.0 kV, x 1000.

Table 1
Operating parameters for the sampling and TD/GC/FID/MS analysis.

Sampling parameters Temperature (°C) 10
Volume (L) 1
Flow rate (mLmin−1) 100

TD parameters Flow rate (mLmin−1) 40
Final temperature (°C) 250
Desorption period (min) 10

Refocusing parameters and injection Initial trap temperature (°C) - 30
Temperature ramp (°C s−1) 40
Final trap temperature (°C) 250

Chromatographic elution Initial temperature (°C) 0
Final temperature (°C) 250
Flow rate (mLmin−1) 3
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presented in Table 3.

3. Results and discussion

3.1. Degradation rates and reaction intermediate formation for individual
VOCs

3.1.1. Toluene, n-decane and TCE individual degradations
This research deals with the study of the photocatalytic oxidation of

a mixture of toluene, n-decane and TCE in a recirculation closed-loop
reactor. It is essential to assess first the single-component PCO kinetics
separately. Each degradation was repeated twice for the evaluation of
the experimental deviation. Fig. 3 displays one of the PCO kinetic
curves for toluene, n-decane and TCE as single contaminants.

It can be seen in Fig. 3 that the complete degradation of n-decane
and toluene was achieved within 2 and 3 h, respectively. The photo-
degradation of TCE was performed in experimental conditions similar
to toluene and n-decane photooxidation experiments. However, the
initial TCE concentration was slightly lower due to the variability in the
generation of polluted air. In contrast with toluene and n-decane, the
degradation of TCE was very slow. In fact, beyond 16 h of reaction, the

complete oxidation of TCE was still not achieved and 90 ppb of TCE still
remained in the gas phase.

Two hypotheses can be proposed to explain the relatively low re-
action rate for TCE degradation.

First, TCE behavior can be related to its sorption capacity onto the
photocatalytic medium. The low reaction rate for TCE degradation may
be attributed to the relative humidity (RH) effect. Indeed, Petit et al.
[26], Hedegus and Dombi [27] and Ou and Lo [28] have shown that
water molecules trigger an inhibitory effect on TCE degradation. The
presence of water molecules in the gas phase leads to a hydroxylated
titania surface that decreases opportunities for TCE to adsorb on the
active sites. Water molecules might compete with TCE molecules on the
photocatalyst surface sites during adsorption [11]. In our former work,
it was shown that the degradation of TCE significantly decreases be-
cause of competitive adsorption occurring between the VOCs present in
the mixture [9]. This point is further discussed in section 3.2.1.

Second, the lowest degradation rate for TCE can be attributed to the
contact time between the molecules and the photocatalytic material. It
was shown in our former work, performed in the 120-L Pyrex batch
reactor, that TCE can be degraded faster than toluene and n-decane for
experiments also conducted at ppb level [9]. The main difference with
this present work is that in the closed-loop reactor, the contact time,
related to the air flow rate through the photocatalytic medium, is an
influencing parameter [29]. TCE is the most volatile compound com-
pared to toluene and n-decane, and its degradation can be significantly
decreased by the modification of the dynamic regime. Further experi-
ments are needed to investigate this but it is supposed that the air flow
rate to the medium has a significant influence on TCE degradation. In
fact, to promote the industrial implementation of PCO systems better,
optimization and intensification seem necessary for the removal of this
kind of molecule [30].

In order to compare the degradation of the three VOCs quantita-
tively, simple indicators were researched. It can be observed that the
photocatalytic degradation of toluene and n-decane follows an almost
mono-exponential decay during the whole irradiation time:

C=C0 exp(−kapp t) (1)

By plotting the logarithm of the concentration versus time for to-
luene and n-decane, an apparent first-order decay constant kapp can be
calculated.

Fig. 4 shows examples of the calculation of kapp for the degradation
of toluene and n-decane as single components. This constant could also
be calculated for the degradation of TCE; however the decay does not
follow an entirely mono-exponential behavior. This means that the
decay constant should be calculated on the mono-exponential part only,
taking into account fewer points and leading to higher uncertainty. For
this reason, the time constant of the degradation is used as a more re-
levant indicator since it can be calculated irrespective of the degrada-
tion kinetics. The time constant, tc, is the time for which the efficiency
of degradation E reaches 63.2%, with:

=

−E C C
C

0

0 (2)

In other words, the time constant corresponds to C/C0= 36.8%. It is
directly determined from the degradation curves.

Then, the apparent first-order kinetic constant kapp as well as the
time constant tc can be used to make comparisons between experi-
mental results.

Table 4 displays the values of the apparent first-order kinetic and
time constants for the three studied VOCs as single components. Ex-
perimental deviation is also given.

3.1.2. Reaction intermediate formation during toluene degradation
In the present work, five reaction intermediates were detected in the

gas phase during the photocatalytic degradation of toluene under

Table 2
List of the compounds in the standard mixture from Praxair and information on their gas
chromatographic analysis and limit of detection (tR: chromatographic retention time, k:
relative response factor, R2: determination coefficient on the calibration curve, LOD: limit
of detection).

Compound Standard
concentration
(ppb)

tR (min) k (a u ppb−1) R2 LOD
(ppt)

Chloromethane 1030 5.98 11 0.981 8881
Acetaldehyde 1020 7.48 213 0.934 470
Methanol 1200 8.52 165 0.879 604
Methyl formate 1060 9.00 415 0.966 241
Chloroethane 1040 9.29 678 0.932 148
Ethanol 1150 11.75 689 0.973 145
Diethyl ether 1070 11.88 2778 0.982 36
Propanal 1080 12.47 1109 0.994 90
Acetone 1060 12.72 1450 0.984 69
Ethyl formate 920 13.17 1303 0.973 77
Isopropanol 1060 13.35 994 0.969 101
Methyl acetate 1110 13.62 1424 0.964 70
Dichloromethane 1060 13.89 636 0.954 157
Methyl Vinyl Ketone 1080 16.13 1653 0.989 60
Butanal 1050 16.13
2-butanone 1040 16.41 2275 0.985 44
Ethyl acetate 1050 16.48 2078 0.991 48
Trichloromethane 1070 16.97 699 0.972 143
Tetrachloromethane 1080 17.44 731 0.983 137
Benzene 1090 17.74 4352 0.973 23
Trichloroethylene 1040 18.67 1486 0.981 67
Pentanal 1030 19.0 1503 0.992 67
Toluene 1050 20.52 4741 0.965 21
Hexanal 1010 21.42 2278 0.965 44
Chlorobenzene 1050 22.44 3695 0.969 27
Heptanal 740 23.42 1655 0.964 60
Decane 1100 24.36 1998 0.907 50
Benzaldehyde 1070 25.08 1326 0.893 75
Octanal 1010 25.17 801 0.920 125

Table 3
Calibration of formaldehyde and acetaldehyde using the DNPH/HPLC method and in-
formation on their chromatographic analysis and limits of detection (tR: chromatographic
retention time, k: relative response factor, R2: determination coefficient on the calibration
curve, LOD: limit of detection).

Compound Standard phase tR (min) k (a.u.ppb−1) R2 LOD (ppb)

Formaldehyde liquid 3.1 1530 0.9981 1
Acetaldehyde liquid 3.9 1486 0.9990 1

gas 1395 0.9957
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humid conditions ([H2O]=13,000 ppmv): formaldehyde, acet-
aldehyde, benzaldehyde, benzene and methanol. The concentrations of
these compounds were measured in the gas phase throughout the ex-
periment (Fig. 5). For every compound, the concentration increased,
reached a maximum and then decreased until the almost total removal
of the intermediates. The concentrations of benzene and benzaldehyde
immediately increased after the beginning of the experiment, revealing
that they are primary intermediates whereas the concentration increase
for methanol, formaldehyde and acetaldehyde was approximately
15min later. These three compounds are secondary intermediates in
the toluene photocatalytic degradation pathway. The maximum con-
centrations for the five intermediates were reached beyond one hour of
irradiation. The maximum values were 0.08 ppb for benzene, 3.7 ppb
for benzaldehyde, 5 ppb for methanol and acetaldehyde and ca. 23 ppb
for formaldehyde. These results are in accordance with the literature
[6,31].

These results are also in accordance with the previous study carried
out in a batch reactor and presented in Debono et al. [14] in which 16
intermediates were detected in the gas phase during the photocatalytic
degradation of toluene in a humid atmosphere (RH=50%) and with an

initial concentration of 800 ppb. Only 5 intermediates were identified
in this study compared to the previous one, probably due to the more
rapid degradation of toluene. In our previous study, the main reaction
pathway of the toluene PCO was well described, resulting in primary
intermediates (benzaldehyde and o-, m-, p-cresols, for instance) fol-
lowed by secondary intermediates due to the aromatic ring-opening. In
fact, aldehydes are the major compounds in terms of diversity and
concentration, highlighting the importance of monitoring the smaller
aldehyde molecules: acetaldehyde and formaldehyde. These give a
good evaluation of the progress of the oxidizing process.

Fig. 3. Single photocatalytic degradation kinetic curves (a) relative concentration vs. time, (b) concentration in ppb vs. time for toluene at C0= 793 ppbv, n‐decane at C0=740 ppbv and
TCE at C0= 557 ppbv.

Fig. 4. Determination of kapp for the photocatalytic degradation of (a) toluene, (b) n-decane.

Table 4
Mean apparent first-order kinetic constants kapp and time constant of degradation tc for
toluene, n-decane and TCE when they are degraded as single components.

kapp single-component exp. (h−1) tc single-component exp. (h)

Toluene 1.19 ± 0.13 0.85 ± 0.05
n-decane 2.24 ± 0.10 0.52 ± 0.03
TCE Not determined 7.74 ± 0.90
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3.1.3. Reaction intermediate formation during n-decane degradation
Ten reaction intermediates were detected in the gas phase during

the photocatalytic degradation of n-decane under humid conditions
([H2O]=13,000 ppmv). Their classification is presented in Table 5. A
three-step profile was again identified through the kinetic curve; in-
termediate formation, maximum concentration, and then degradation
until the almost total removal of the intermediates (Fig. 6).

These results are in accordance with the literature in which the
main identified intermediates are aldehydes and ketones [32]. They are
also in accordance with the reaction intermediates identified in the
previous study by Debono et al. [14], following the highlighted reaction
pathway. However, the intermediate degradations were much more
rapid, about ten times faster; the maximum concentrations were
reached in about 10 h in Debono et al., instead of about 1 h in the
present study and only 10 intermediates were found instead of 18. In
the present study, the closed loop-reactor avoided mass transfer lim-
itation and allowed sufficient contact time between the pollutants and
the photocatalytic material. The quantity of titanium dioxide involved
in this case corresponded to 680mg instead of 100mg P25-Degussa
TiO2 powder in Debono et al. Again, there were numerous aldehydes
and it can be noted that acetaldehyde and formaldehyde were the last
produced intermediates with the highest concentrations. These mole-
cules indicate the progress of the oxidation process.

3.1.4. Reaction intermediate formation during TCE degradation
In Fig. 7(a) where two degradations of single TCE are represented

(one with C0= 557 ppbv and the other with C0=493 ppbv), a three-
step degradation mechanism can be observed, as mentioned in section
3.1.1, with a first region where TCE degradation was slow, a region
where the conversion rate increased significantly and a third region
where the TCE removal seemed to be stopped as the concentration
reached a plateau. In Fig. 7(b), the TCE degradation rate profile is

represented. The degradation rates rose to 54 and 68 ppb h−1 within
5 h and then decreased, highlighting the three steps in the TCE de-
gradation mechanism. It is commonly agreed in the literature that tri-
chloroethylene undergoes a chain reaction mechanism involving both
OH% and Cl% radicals [33,28,18]. The first region could correspond to
hydroxyl radical reactions with TCE. These are designated as initiation
reactions and are thought to release chlorine radicals that further react
with TCE and enhance conversion rates. The second region could be
attributed to the reactions of TCE with Cl%, which are the predominant
oxidant species in this case. Some reaction intermediates such as di-
chloroacetaldehyde chloride (DCAC) and phosgene have been detected
in the gas phase during the photocatalytic degradation of TCE [34–36]
and may compete with TCE regarding adsorption on the TiO2 medium
and/or a competitive degradation reaction. The formation of these re-
action intermediates can interfere with TCE adsorption and degradation
and may explain the trend of the TCE PCO kinetic curve after 10 h of
experiment. Joung et al. observed that the sole adsorbed species on
TiO2 during TCE photocatalytic degradation, using silica wafers coated
with titanium dioxide as photocatalyst, was adsorbed DCAC. Adsorbed
DCAC on TiO2 formed carboxylate compounds reducing the rate of TCE
photocatalytic oxidation.

Fig. 8 presents the 5 intermediates that were detected during TCE
degradation for 15 h: dichloromethane, acetone, diethyl ether, ethanol
and acetaldehyde. No other chlorinated compounds were detected in
this study because they were probably formed at lower concentrations
than the limit of detection of the analytical methods. Several oxyge-
nated compounds were formed and degraded. They may result from a
specific pathway already described by Wang et al. [37]. According to
Eq. (3), Wang et al. proposed that chlorinated compounds are hydro-
lyzed into alcohol. The latter are then transformed into aldehyde and
acids until complete mineralization. As a result, TCE can be a source of
chlorinated compounds as well as oxygenated compounds.

Based on the literature information and the intermediates detected
in these experiments, it seems that the reaction mechanism for het-
erogeneous photocatalytic oxidation of TCE may involve a series of
reactions with initial dechlorination. The major pathways probably lead
to the formation of dichloroacetyl chloride and phosgene, not detected
here, along with small portions of chlorination to form chloroalkanes,
like dichloromethane. The chloroalkanes are then further transformed
into alcohols, aldehydes and other oxygenated compounds.

RCl+HO−→ ROH+Cl− (3)

Eq. (3): Reaction leading to the formation of alcohols from chlorinated

Fig. 5. Time profile concentrations of primary and secondary intermediates during toluene photocatalytic degradation (Ctol0 = 793 ppbv, [H2O]= 13,000 ppm, Q=28.8 Nm3 h−1,
I = 0.5 mW cm−2).

Table 5
List of the reaction intermediates identified in the gas phase during photocatalytic de-
gradation of n-decane (C0= 740 ppb, [H2O]= 13,000 ppm).

Aldehydes Ketones Alcohols Others

Formaldehyde Acetone Ethanol Methyl acetate
Acetaldehyde 2-butanone Ethyl formate
Propanal
Butanal
Pentanal
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Fig. 6. Time profile concentrations of primary and secondary reaction intermediates during n-decane photocatalytic degradation (Cdec0= 740 ppbv, [H2O]=13,000 ppm,
Q=28.8 Nm3 h−1, I= 0.5mW cm−2).
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Fig. 7. Photocatalytic degradation of TCE only with C0=557 ppbv and C0= 493 ppbv, (a) time profile concentration, (b) time evolution of TCE degradation rate d[TCE]/dt.

Fig. 8. Time profile concentrations of primary and secondary intermediates during TCE degradation, (CTEC0= 557 ppbv, [H2O]=13,000 ppm, Q=28.8 Nm3 h−1, I= 0.5mW cm−2).
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intermediates during TCE PCO [37]

3.2. Degradation rates and reaction intermediate formation for the mixture
of VOCs

3.2.1. Comparison of VOC mixture degradation kinetics
Most gas-solid photocatalytic oxidations discussed in the literature

were exclusively limited to single-component pollutant systems; these
provide convenient cases for understanding the kinetics of photo-
catalytic oxidation. For commercial photocatalytic applications, a
contaminated air stream often contains more than one contaminant.
Therefore, multicomponent system studies are needed to understand

photocatalytic oxidation under more realistic process conditions and
ultimately provide a stronger photoreactor design basis. The composi-
tion of the indoor gas phase is very complex. It contains many different
VOCs with quite different characteristics. Therefore, it is necessary to
understand the potential interaction mechanisms of pollutants during
the photocatalytic process. The degradation rates of the three studied
molecules mixed together were thus assessed and compared with
single-component experiments. The experimental results are presented
in Fig. 9.

Experiments using a mixture were also carried out twice. Apparent
kinetic constants kapp and time constants tc were calculated according
to the experimental procedure described above. Values are reported in
Table 6. As for degradation of the single component, the kinetic con-
stant of TCE degradation was not determined. To compare TCE de-
gradation, the degradation rate profile was plotted, Fig. 10, for both
experiments as a single compound and in a mixture.

The results are consistent with the studies of Destaillats et al. [4]
and Hodgson et al. [38] in which several mixtures of VOCs were in-
vestigated. A general trend was that the oxidation rates of VOC mix-
tures followed the approximate order: alcohols and glycol ethers> (
higher than) aldehydes, ketones and terpene hydrocarbons> aromatic

Fig. 9. Photocatalytic degradation kinetic curves of (a) toluene, (b) n-decane and (c) TCE, initially alone in the gas phase (♦) and initially in a mixture (toluene, n-decane and
trichloroethylene) (□), (C0= 543-793 ppbv, [H2O]= 13,000 ppm, Q=28.8 Nm3 h−1, I= 0.5mW cm−2).

Table 6
Apparent first-order kinetic constants kapp and time constant of degradation tc for toluene,
n-decane and TCE (h) when they are in a mixture.

kapp mixture exp. (h−1) tc mixture exp. (h)

Toluene 1.03 ± 0.08 1.35 ± 0.33
n-decane 1.88 ± 0.26 0.62 ± 0.20
TCE Not determined 9.32 ± 0.04
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and alkane hydrocarbons>halogenated aliphatic hydrocarbons. The
results presented here show that toluene and n-decane were degraded at
approximately the same rate in contrast with TCE which was degraded
more slowly. In our previous study, presented in Debono et al. [9], the
degradation of TCE in a mixture was also slower than for the other two
compounds.

Regarding the possible interference when compounds are in a
mixture during PCO degradation, a slight difference in the kinetic
constants was observed when they were in a mixture compared to
single-component degradation. The kinetic constants slowed down
slightly but the difference was close to the experimental error. The
difference was more noticeable for toluene and decane degradation.
The kinetic rates when they were alone or in a mixture were respec-
tively 1.03 ± 0.08 h−1 instead of 1.19 ± 0.13 h−1 for toluene, and
1.88 ± 0.26 h−1 instead of 2.24 ± 0.10 h−1 for n-decane. The time
constants slightly increased in a mixture up to 1.35 ± 0.33 h instead of
0.85 ± 0.05 h for toluene and 0.62 ± 0.20 h instead of 0.52 ± 0.03 h
for decane. These two compounds were degraded in the same time and
a possible competition for adsorption on the active sites is possible.
Chen and Zhang, [39] observed no significant effect of the mixture
regarding the degradation rate of toluene or decane at low concentra-
tions (206 and 170 ppb) when they were mixed with 2 or 3 compounds
from the same chemical families. They noticed a decrease in the con-
version rate when the mixture reached 16 compounds and assumed a
possible adsorption competition. This conclusion was also made in
Debono et al. [9] where it was shown that the photocatalytic removal
kinetics of decane and toluene decreased when they were in a mixture
in relation to the total initial concentration of VOCs loaded in the re-
actor.

Regarding TCE, the difference in photocatalytic removal when it
was in a mixture or alone was very small. The time constant increased
slightly from 7.74 ± 0.90 h to 9.32 ± 0.04 h and, as seen in Fig. 10,
the maximum reaction rate and the time corresponding to it was about
5 h, meaning that there was no significant difference. It was demon-
strated in our previous paper, Debono et al. [9], that TCE removal ki-
netics were impacted when there was a possible competitive adsorption
phenomenon or if the surface accessibility was inhibited. In the current
work, the air flow rate was not favorable for a rapid degradation of
TCE, which occurred after the degradation of toluene and n-decane.
Thus, the two main hypotheses of interactions, namely; i) a possible
competitive adsorption between the ternary mixture leading to a de-
crease in TCE degradation as TCE is the most volatile compound and ii)
a possible consumption of a fraction of the generated reactive chlori-
nated radicals by toluene and n-decane, did not occur. This last point is

further discussed below in relation to the possible chlorinated by-pro-
ducts.

3.2.2. Comparison of reaction intermediates from VOC mixture degradation
It has been demonstrated in the literature that the PCO degradation

of TCE leads to chlorinated radicals that may react with toluene or
decane [11,40]. These authors called the rate promotion caused by
trichloroethylene a “chlorine promotion” effect, which provides Cl°
radical to initiate some possible oxidation chain reactions of other
compounds. This may explain the increased toluene degradation rate
when it is in a mixture with TCE. The conversion of the latter decreases
as toluene has a “quenching effect”. However, these observations were
made at ppm levels of concentration. It is supposed that at ppb levels,
there are few interactions between the three molecules. In fact, it was
demonstrated in Debono et al. that few interactions may occur between
the different initial compounds leading to specific VOCs originating
from reaction intermediate cross-reactivity. It was also shown that at
this level of concentration when the degradation of toluene, n-decane
and TCE occurs at the same time, if there are some interactions between
reaction intermediates, this pathway is a minor one. The chlorinated
cross-reactivity by-products remain among the intermediates with the
lowest concentrations.

As for the present experiments in the closed loop-reactor operating
in recirculation mode, this point can be highlighted by looking at the
possible formed chlorine compounds. Fourteen intermediate com-
pounds were detected and quantified during the degradation of the
three VOCs in a mixture. They are reported in Table 7.

All these compounds were identified during the individual de-
gradation of the three model VOCs. There was no additional identified
intermediate when the degradation occurred in a mixture. As already
assumed from the degradation rates, there was no significant interac-
tion between the 3 VOCs. Even in a mixture, these molecules were at
ppb levels of concentration and little competitive adsorption took place.
The degradations of toluene and decane occurred before TCE de-
gradation, resulting in the fact that intermediates did not seem to in-
terfere in the main pathways. Considering the results reported in
Fig. 11, it is suggested that the main mechanism paths are similar in
multi-compound and single compound experiments.

However, the formation and degradation of the secondary inter-
mediates, and especially acetaldehyde and formaldehyde, took more
time when the experiment was carried out in a mixture. It should be
noted that the total initial concentration of the three molecules was
approximately 3 times higher (C0total = 1228 or 1774 ppb). This may
have led to an accumulation of intermediates and to an overall slow-
down in the degradation of the last intermediates. This observation is in
accordance with the conclusions of Debono et al., assuming the effect of
the total initial concentration of VOCs on individual degradation rates.

Fig. 12 compares methanol and aldehyde time profiles of con-
centrations when monitored in a mixture or as single compounds.
Looking at the formation and degradation of acetaldehyde and for-
maldehyde, these final intermediates present the most significant
slowdown. However, the maximum concentration of these compounds
did not increase that much, even with a three-fold higher total initial
concentration for experiments in a mixture; the quantity of the formed

Fig. 10. Evolution of the TCE photocatalytic degradation rate, initially alone in the gas
phase (♦) and initially in a mixture (toluene, n-decane and trichloroethylene) (□),
(C0= 543–793 ppbv, [H2O]= 13,000 ppm, Q=28.8 Nm3 h−1, I = 0.5 mW cm−2).

Table 7
List of the reaction intermediates identified in the gas phase during photocatalytic de-
gradation of toluene, n-decane and TCE in a mixture (C0= 543-793 ppb,
[H2O]=13,000 ppm, Q=28.8 Nm3 h−1, I= 0.5 mW cm−2).

Aldehydes Ketones Alcohols Esters Others

Formaldehyde Acetone Methanol Methyl acetate Benzaldehyde
Acetaldehyde 2-butanone Ethanol Ethyl formate Dichloromethane
Propanal Diethyl ether
Butanal
Pentanal
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intermediates was displayed over a longer period.
As a major conclusion of this section, it can be said that using a

dynamic closed-loop reactor and relatively low concentration levels,
there is no significant interaction between the degradation mechanisms
of each VOC. The main point is that the last formed intermediates may

be delayed and their degradation occurs later because of the higher
overall concentrations of VOCs. In fact, to evaluate the performance of
any PCO system well, it is necessary to monitor the latest formed
oxygenated intermediates, which are acetaldehyde and formaldehyde.
They represent good indicators of the progress of the oxidation process.

Fig. 11. Time profile curves of intermediates during degradation of toluene, n-decane and TCE in a mixture (CtotC0= 1228-1774 ppbv, [H2O]=13,000 ppm, Q=28.8 Nm3 h−1,
I = 0.5 mW cm−2).
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In addition to this, the design optimization, intensification or en-
hancement of the photocatalytic material could be carried out in order
to implement more efficient PCO systems for VOC mixture removal
[30,41].

4. Conclusion

A significant increase in the development of PCO systems for indoor
air quality improvement is underway and it seems important to assess
PCO system efficiency in experimental conditions closer to real appli-
cations. This study focused on the evaluation of the PCO degradation of

Fig. 12. Comparison in the time profile concentrations of alcohol and aldehyde intermediates when they originate from single VOC degradation (□ C0= 543-793 ppbv) or VOC mixture
degradation (♦ CtotC0= 1228-1774 ppbv, [H2O]= 13,000 ppm, Q=28.8 Nm3 h−1, I = 0.5 mW cm−2).
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a mixture of three VOCs at ppb level using a continuous closed-loop
reactor with a controlled air flow rate. A comparison between PCO
degradation experiments conducted with single initial compounds and
with a mixture of compounds was made. The main results of the study
are:

i.) There is no significant influence on the degradation rate when the
compounds are degraded as single initial molecules or when they
are initially in a mixture. The slight decrease in the degradation rate
is more related to the higher overall initial concentration when
compounds are in a mixture.

ii.) There is no observed interaction between the formed intermediates.
Intermediates are the same whether compounds are degraded in-
dividually or in a mixture. No interaction with chlorinated com-
pounds was highlighted in this case. Molecules are at low con-
centrations and decane and toluene degradations occur sequentially
before TCE degradation leading to no significant impact on the
degradation pathway determined in individual conditions.

This study was conducted with only three VOCs in a mixture and
our former works have shown that the behavior of VOCs in a mixture
cannot be directly extrapolated from single VOC studies. However, it
can be noted that when the global VOC concentration is at ppb level,
few interactions between either VOCs or intermediates may occur.
Further work needs to be done to confirm this point and in future it will
be necessary to conduct similar experiments with more complex mix-
tures.

Finally, it has been demonstrated that oxygenated intermediate
compounds, mainly formaldehyde and acetaldehyde, are good re-
presentatives of the progress of the degradation process. These mole-
cules could be good indicators in the evaluation of PCO system per-
formance. They can be used for the optimization and design of PCO
systems as well as for safety evaluation when these are implemented in
buildings. More complete information can be obtained from CO2 for-
mation; however, while this information can potentially be acquired in
laboratory environments, this is not the case in real conditions where
the CO2 atmospheric content is higher (ppm level) than the formation
of CO2 during mineralization.
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