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a  b  s  t  r  a  c  t

This  study  focuses  on  the  photocatalytic  oxidation  of decane  at ppb  levels,  close  to indoor  air  condi-
tions.  Although  these  concentrations  are  typical  of  indoor  air volatile  organic  compound  (VOC)  levels,
such conditions  have  been  poorly  investigated  to  date.  Decane  conversion  rates  higher  than  90%  were
reached  within  15  h  for  the  highest  initial  concentration  tested  in  the  operating  conditions  used.  Despite
this  high  decane  conversion,  18  reaction  intermediates  were  detected  in  the  gas  phase.  The  main  com-
pounds,  in  terms  of concentration  level  in  the  gas  phase,  were  formaldehyde,  acetaldehyde  and  propanal.
The  amounts  of  these  compounds  in the  gas  phase  were  linearly  dependent  on  the  initial  decane  con-
centration.  A  reaction  pathway  is  proposed,  based  on  reaction  intermediate  temporal  profiles  and  the
literature.  It  consists  of  six  main  steps  describing  the  oxidation  process  from  decane  to  CO  and  CO2. The
influence  of the  relative  humidity  level  on  the diversity  and  amounts  of  reaction  intermediates  was  also
studied.  It  was  shown  that  moisture  tends  to shift  the  equilibrium  of  intermediates  adsorption  toward
arbon mass balance desorption,  resulting  in  a relative  increase  in  intermediate  quantities  in  the  gas  phase.  However,  the
monitoring  of  CO  and  CO2 formation  highlighted  that,  at the  end  of the  reaction,  a  high  mineralization
rate  could  be  obtained.  Finally,  an  overview  of the  photocatalytic  reaction  is  given  through  the carbon
mass  balance  determined  for various  reaction  advancements.  This  approach  gives an  overall  evaluation
of the  photocatalytic  process  performance,  from  primary  compound  removal  to  reaction  intermediate
and  mineralization.
. Introduction

Indoor air quality is crucial for health since indoor air contami-
ation triggers Sick Building Syndrome (SBS) or building-related

llnesses [1].  Volatile organic compounds (VOCs) represent the
ajor group of indoor air contaminants with total VOC concentra-

ions ranging from 500 ppb to 1 ppm. Sources of VOCs are outdoor
ir, cooking, desks, carpets or ceiling emissions [2].  Several tech-
iques, such as adsorption, non-thermal plasma or photocatalytic
xidation (PCO), can be used to remove them from the ambient
ir. In particular, PCO is a cost-effective method, both efficient and

imple, which does not produce waste. It is therefore attractive
or removing VOCs from indoor air. PCO potentially mineralizes
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VOCs into CO2 and H2O by Ultra-Violet (UV) irradiation of titanium
dioxide (TiO2) [3].  However, two points still have to be clarified:

(i) Before CO2 formation, 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 a single compound and multi-component mixtures [4–6]. It
thus appears necessary to perform temporal monitoring of the
reaction intermediates in order to characterize the oxidation
advancement and describe the reaction pathway.

(ii) The large majority of the studies performed on photocatalytic
oxidation of VOCs are carried out at ppm levels whereas indoor
air concentrations are approximately one thousand times lower
(ppb level). In fact, the concentrations of the main indoor
contaminants, i.e. alkanes, aromatic hydrocarbons and esters,
rarely exceed 100 ppb [1]. Thus, an efficient investigation of PCO

for indoor air treatment requires the photocatalytic reaction
to be performed at ppb levels of VOCs in order to mimic the
real indoor air conditions. The question of the transposition of
the phenomena reported at the ppm range regarding primary

dx.doi.org/10.1016/j.jphotochem.2013.02.022
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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Fig. 1. General 

pollutant removal kinetics, reaction intermediate formation,
and pollutant mineralization, is still being asked.

In order to answer these questions, this article focuses on the
haracterization of the photocatalytic degradation of decane in the
pb range. Our approach in a batch reactor enables: (i) the moni-
oring of decane removal profiles over the whole ppb range in order
o investigate primary pollutant kinetics; (ii) the temporal moni-
oring of reaction intermediates produced during the oxidation of
ecane mineralization using appropriate analytical techniques; (iii)
he determination of CO and CO2 concentrations produced by the
hotocatalytic process in order to evaluate the ppb range carbon
ass balance. A similar approach was previously used to character-

ze toluene photocatalytic reactivity in the ppb range [4].  These two
ompounds are complementary because of their different chemical
tructures and reactivity.

Decane can be considered one of the major alkanes monitored in
ndoor air. Its concentration can reach 50 ppb. For example, in North
merica, decane mean and maximum concentrations are 0.44 and
3 ppb, respectively, in existing residences and 3.9 and 22 ppb in
ew single-family houses [7].  Similarly, Tanaka-Kagawa et al. have
etermined 1 and 43 ppb as the mean and maximum concentra-
ions of decane in 50 residences in Japan [8].  Likewise, in a Spanish
welling where the inhabitants were affected by SBS symptoms,
allego et al. [1] measured between 0.25 and 3.4 ppb of decane. In
ddition, heptane has been recommended as a reference pollutant
or PCO systems evaluations in the XP B44-013 French standard [9].
onsequently, long-chain alkanes, and more especially decane, are
odel pollutants of interest for indoor air treatment.
Decane is expected to produce a large diversity of reaction inter-

ediates and by-products using the PCO technique. However, only
 few studies have been dedicated to decane [10–12] or alkanes PCO
5,6,13–17]. Moreover, these investigations have generally been
arried out at the ppm level and reaction intermediates have not
een clearly identified.

This paper focuses on the photocatalytic degradation of decane
t the ppb level. Firstly, the removal kinetics of decane are inves-
igated over the whole ppb range. Next, the diversity and the
mounts of the reaction intermediates during decane PCO are pre-
ented; a reaction pathway is proposed and discussed. Then, the
nfluence of initial decane concentration and relative humidity on
eaction intermediates is reported. Finally, by determining decane
ineralization, a carbon mass balance of the photocatalytic oxida-

ion of decane is established.

. Experimental
The experimental set-up can be divided into three parts: (i)
 ppb level VOC generation system, (ii) a 120 L Pyrex photocat-
lytic reaction chamber, and (iii) analytical systems for gas phase
imental set-up.

characterization at ppb levels. This device was described in detail
in a previous paper [4] and a general diagram is presented in Fig. 1.

Air used for all experiments was  supplied by a zero-air generator
(Claind AZ 2020) coupled with a PSA (Pressure Swing Absorption)
air purifying system. The first step to obtain pure air consisted in
mineralizing organic compounds present in the 6-bar compressed
air using a thermal catalytic treatment unit. At the outlet of the
first step, the level of total VOCs in the gas stream was lower than
10 ppt. The second step consisted in removing CO, CO2 and moisture
from the gas stream by sequential absorption under 5 bar. At the
outlet of the second step, less than 10 ppb of CO2, 80 ppb of CO
and 10 ppm H2O were monitored in the gas stream using Infrared
Fourier Transform spectroscopy (Section 2.3). The obtained air is
called zero-air.

2.1. VOC generation system

In order to generate accurate concentrations of decane in air
from 1 to 1000 ppb, an appropriate VOC generator system was
developed. First, 300 mL  of liquid decane supplied by Aldrich was
placed in a stainless steel pressurized 1 L tank. The pressure of
helium in the tank ranged from 1.1 to 1.3 bar. The liquid VOC flow
was regulated from 0 to 200 mg  h−1 using a Bronkhorst liquid mass
flow controller downstream of the tank. The liquid VOC was  vapor-
ized and mixed with zero-air in the Bronkhorst CEM system. The
gas stream obtained was  sampled and diluted with zero-air twice
with appropriate ratios in order to reach the target concentrations.
At the outlet of the generation system, the concentration of decane
could be tuned from 1 to 1000 ppb with an accuracy of 20%. Since
moisture was lower than 10 ppm, this gas stream was used directly
for experiments under dry air conditions. In order to work with
50% relative humidity (RH), the air stream containing decane was
mixed with an equivalent zero-air flow previously humidified (wet
conditions). Humidity level was checked with a Testo hygrometer
characterized by an uncertainty of 2%.

2.2. Photocatalytic reaction chamber

Since the purpose of this study was to investigate the photocat-
alytic oxidation of decane at each step of the reaction advancement,
a large volume batch reactor was selected. This approach enabled
the temporal profile of each species formed and consumed by the
reaction to be characterized. The photocatalytic reaction chamber
consisted of a 120 L Pyrex reactor, which could be kept in the dark or
illuminated by nine PL-L-40 Philips UV-lamps. The emission band of
the lamp in the UV range was  centered on 365 nm. No wavelengths

lower than 350 nm were emitted. The resulting UV  photon flux was
characterized using a SolaCheck photoradiometer at 70 different
points of the reaction chamber. The photon flux was homogeneous
in the chamber with an average of 10 ± 1 mW cm−2. In order to
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Table 1
TDS-GC analytical parameters under dry air conditions.

TDS parameters Initial temperature (◦C) 10
Temperature ramp (◦C min−1) 50
Final temperature (◦C) 250
Final time (min) 10
Flow rate (mL  min−1) 50

Refocusing on CIS and
injection in GC

Initial temperature (◦C) −100
Temperature ramp (◦C s−1) 12
Final temperature (◦C) 250
Final time (min) 10

Elution on chromatographic
column

Initial temperature (◦C) 0
Initial time (min) 4
Temperature ramp (◦C min−1) 15
Final temperature (◦C) 250
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tration is characterized by mono-exponential decay profiles under
Flow rate (mL  min−1) 4

nsure the experiment’s reproducibility, the reaction chamber was
wept with wet zero-air for 12 h under UV illumination before each
xperiment. The photocatalyst used for all experiments was 100 mg
f P25-Degussa TiO2 powder dispersed in the lower part of the reac-
ion chamber. In this study, the photocatalyst was  used in powder
orm in order to isolate the interactions between the VOCs and TiO2
nd to overcome the effect of the TiO2 support.

After cleaning the photocatalyst and the reaction chamber with
et zero-air and UV irradiation, the system was swept in the dark

or 14 h with an air flow containing the target amount of decane
n order to reach the VOC adsorption equilibrium in the reactor.
hen, the chamber was closed and the decane concentration was
onitored twice. Preliminary static experiments performed in the

ark for 48 h with 800 ppb of toluene had shown that, once the
hamber was closed, the VOC concentration decrease was less than
% over 24 h. The beginning of UV irradiation defined t = 0 for each
hotocatalytic experiment. Then, the gas phase was  characterized
uring the whole photocatalytic process.

.3. Gas phase sampling and analytical devices

Three main analytical devices were used for a complete gas
hase characterization: (i) Gas Chromatography (GC) for VOCs, (ii)
erivatization and Liquid Chromatography (HPLC) for carbonyls,
nd more especially formaldehyde, and (iii) Infrared Fourier Trans-
orm (FTIR) spectrometry for CO and CO2.

In order not to modify significantly the volume inside the batch
eactor during the photocatalytic process, less than 10% of the total
olume (i.e. 12 L) was sampled for analytical purposes. For each GC
nalysis, 1000 mL  of gas was sampled by the Gerstel Thermal Des-
rption System (TDS) with a constant flow rate of 100 mL  min−1.
he sample was first trapped on a multi-sorbent cartridge (Car-
oSieve SIII + CarboPack B + CarboPack C), then refocused at −100 ◦C
n a CarboPack B filled trap called a Cooled Injection System (CIS).
he GC was equipped with an Agilent DB-5MS capillary column
60 m × 0.32 mm × 1 �m).  Using a calibrated Y-shaped restriction,
he column was connected to two detectors: (i) a Flame Ioniza-
ion Detector (FID) for compound quantification and (ii) a Mass
pectrometer (MS) for compound identification. Simultaneous
etection was performed at the column outlet. Analytical TDS-GC
arameters corresponding to dry air analyses are listed in Table 1.
or wet air (50% RH) analyses, CarboSieve SIII was replaced by
arboPack X in order to prevent water trapping during sampling.

rrespective of the dry or wet conditions, detection limits were
ower than 100 ppt for each VOC monitored in this study. Calibra-

ions of the monitored compounds were performed by loading the
ampling multi-sorbent cartridges with various known amounts of
OC obtained from a certified gas cylinder or vaporized liquid VOC.
hotobiology A: Chemistry 258 (2013) 17– 29 19

The chromatographic technique enabled a wide diversity of
VOCs to be monitored, but not formaldehyde. Since this is a key
compound for indoor air quality and is expected to be a major by-
product, a complementary analytical technique was used. 1000 mL
of gas was sampled from the reaction chamber through Waters
silica cartridges impregnated with 2,4-dinitrophenylhydrazine
(DNPH) [18]. This reactive sampling enabled light carbonyl deriva-
tization on the cartridges. These were then eluted and analyzed
by HPLC as described in detail by Coddeville et al. [19]. With this
method, the quantification limit of formaldehyde is 10 ppb. Mea-
surement of acetaldehyde was performed simultaneously with this
HPLC method and with GC in order to crosscheck the quantifica-
tions, which differed by only 15%.

The detection and quantification of CO and CO2 was  per-
formed using a Thermo-Electron high resolution Fourier Transform
Infrared Spectrometer (FTIR) Antaris IGS equipped with a heated
10 m optical-path length cell and an MCT  (Mercury Cadmium Tel-
luride) detector. The level of CO2 in ambient air usually ranges from
350 to 400 ppm. This is much higher than the expected formation of
CO2 due to the photocatalytic mineralization of decane. The highest
concentration of decane in the experiment was  800 ppb. Assuming
that decane mineralization can be achieved, the highest CO2 con-
centration expected in the reaction chamber would remain below
8 ppm. This value is dramatically small in comparison to ambient air
CO2 concentration. Thus, the PSA system was necessary to remove
CO2 from the supplied air. The CO2-free zero-air stream (less than
10 ppb) was simultaneously used to feed the VOC generator and to
purge the FTIR optical device.

FTIR spectra were collected using Result-3 software with
6 scans per spectrum and a spectral resolution of 0.5 cm−1.
The fundamental asymmetric stretch vibration of CO2 in the
region 2388–2383 cm−1 was selected for quantification. To avoid
the overlapping region of absorption signals for CO and H2O,
the quantification of CO was carried out using the aver-
age of four rotational absorption peaks associated with the
C O stretch vibration. The R(4), R(5), R(6) and R(7) peaks,
2163.5–2160.1 cm−1, 2167.4–2163.7 cm−1, 2170.7–2167.1 cm−1

and 2173.1–2171.9 cm−1 respectively, were selected. Calibration
curves for CO and CO2 were determined by passing 1 L min−1 of
standard gases provided and certified by Praxair through the gas-
cell. Calibration concentrations were adjusted from 240 ppb to
10 ppm. 500 scans were taken per standard spectrum. For cal-
ibration curves and quantitative data processing, TQ-Analyst-8
software was  used. The detection limits were evaluated as twice
the Signal/Noise ratio in the region of interest and were 10 ppb and
76 ppb for CO2 and CO, respectively.

3. Results and discussion

3.1. Decane removal

The photocatalytic oxidation of decane was  carried out for var-
ious initial concentrations ranging from 30 to 810 ppb under wet
and dry air conditions. No photocatalyst deactivation was noticed
during all the experiments but the photocatalyst surface was  regen-
erated between each experiment to ensure the same chemical
surface state throughout the study. The profiles of decane concen-
tration as a function of irradiation time under both dry and wet  air
are presented in Fig. 2. It can be seen that the complete conver-
sion of decane can be achieved at ppb range in a static regime over
the observation period. Moreover, the decrease in decane concen-
both dry and wet air.
Each decane degradation curve presented in Fig. 2 can be

modeled by an apparent first order kinetic rate law. For this
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Fig. 2. Change in decane concentration as a function of irradiation time during photocatalytic oxidation (a) under dry air and (b) under wet air (RH = 50%) for various initial
concentrations of decane.
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eason, the first step was to express the decane reaction rate r by
he following equation (Eq. (1)), where k is the reaction constant,
Dec] the concentration of decane and n the reaction order.

 = k · [Dec]n (1)

y plotting ln(r) versus ln([Dec]), it was shown that all kinet-
cs can be represented by a first order reaction rate. To compare
he associated kinetic constants obtained for each degradation
urve, the reaction order n was fixed at 1 and the rate constants

 were calculated by determining the slopes of the straight lines
n([Dec]0/[Dec]) = f(t) presented in Fig. 3. It can be seen here that
he slopes, i.e. k values, depend on initial decane concentration.

The values of k calculated for each experiment, along with
heir standard errors, are listed in Table 2. They range from 0.173
o 0.286 under dry air and from 0.132 to 0.440 under wet air.
hey are plotted as a function of initial decane concentration in
ig. 4.

Values of k tend to increase significantly with decreasing ini-
ial decane concentration, under both dry and wet air. A similar
rend between initial rate and initial concentration has already

een reported by numerous authors [20–23].  It is well described
y the Langmuir–Hinshelwood law, which takes into account in
he kinetic models several steps of the mechanism, including the
dsorption of the molecules onto the catalyst surface. The fact that

Fig. 4. Change in k as a function of initial concentration of decane [Dec]0 during the
photocatalytic degradation of decane considering a first order reaction (n = 1), under
dry  and wet  (RH = 50%) conditions.
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Table 2
Reaction constants of the photocatalytic oxidation of decane, considering a first order reaction (n = 1), Cdec

0 = 34–810 ppb; RH = 0 or 50%.

Dry air Wet  air

[Dec]0 (ppb) k (h−1) [Dec]0 (ppb) k (h−1)

34 0.286 ± 0.003 53 0.440 ± 0.020
92 0.216 ± 0.001 94 0.340 ± 0.010
219  0.219 ± 0.002 283 0.202 ± 0.003
494  0.196 ± 0.003 500 0.175 ± 0.004
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800  0.173 ± 0.001 

Average  of coefficients ± standard deviation 0.22 ± 0.04 

he apparent kinetic constants are not constant according to the
nitial concentrations also means that this is an approximation to

odel each degradation rate by a first order reaction rate. In fact,
he corresponding mechanisms are more complex. However, in this
ork, the objective was first to assess the formation and degrada-

ion of reaction intermediates so efforts were focused on this and
he kinetic modeling was not investigated further.

Moreover, the rise of k was higher under wet air at concentra-
ions lower than 100 ppb. This can be explained by the influence
f the water molecules on the different steps of the mechanism
20,21].

The influence of humidity on the degradation rate has been stud-
ed for different alkanes in the past but no general trend can be
xtracted from those studies [13]. However, it seems that water
apor can have two opposing effects: (i) promotion of the degra-
ation by the formation of hydroxyl radicals [24] and (ii) at higher
umidity, inhibition of the degradation by competition with VOCs

or adsorption onto the active sites of TiO2. When varying humidity,
everal studies have shown that both effects can be predominant,
epending on the humidity; other studies have reported that only
ne of these effects is visible. For example, Twesme et al. [6] showed
hat the degradation rates of several alkanes reach their maximum
t a relative humidity of 40% under 70 ◦C. Below 40%, promotion
y hydroxyl radicals is predominant whereas above 40% inhibi-
ion by competition for adsorption becomes predominant. Zhang
nd Liu [17] also determined an optimum at a relative humid-
ty of 20% under 21 ◦C with hexane. On the contrary, Shang et al.
16] demonstrated a continuous decrease in the degradation rate
f heptane when the relative humidity was increased from 0% to
0%. This result was also obtained by Boulamanti and Philippopou-

os [13] who reported a similar trend for several C5–C7 alkanes
ith water vapor concentrations ranging from 0 to 37,000 ppm.

hese contradictory effects of humidity on alkane degradation rates
ay  be attributed to the various experimental conditions used in

egradation tests: concentration levels of alkanes, continuous or
iscontinuous VOC supply to the reactor, temperature, RH range

nvestigated. Looking at the kinetic constants obtained for decane,

t seems that water vapor, via hydroxyl radicals, has a promot-
ng effect on PCO at concentrations lower than 100 ppb. This is
ncouraging because it corresponds to real indoor air treatment
onditions.

able 3
ist of the reaction intermediates identified in the gas phase during photocatalytic decan
he  maximum concentration during the photocatalytic degradation of 800 ppb of decane 

Aldehydes tMAX (h) Ketones tMAX (h) 

Formaldehyde >13.7 Acetone 12 

Acetaldehyde 9.6 2-Butanone 9.6 

Propanal 9.6 Methylvinylketone 6.1 

Acroleine 9.6 x-Decanones 4.3
Butanal 6.1
Pentanal 6.1
Hexanal 6.1
Heptanal 4.1
Octanal ∅
810 0.132 ± 0.002

Average of coefficients ± standard deviation 0.26 ± 0.13

3.2. Reaction intermediates

Simultaneously with the study of decane degradation, reaction
intermediate formation and removal were monitored by appropri-
ate analytical procedures. During the photocatalytic degradation of
decane under wet  air, 18 reaction intermediates were identified in
the gas phase. These compounds are listed in Table 3 and classi-
fied according to their chemical nature. Three different decanones
and three different decenes were identified. However, as the posi-
tion of the unsaturation within these compounds was not precisely
determined, they are gathered under the names x-decenes and
x-decanones in Table 3. The majority of the intermediates identi-
fied were carbonyl compounds and alcohols. Djeghri et al. [14] and
Shang et al. [16] have also detected these kinds of major compounds
during the photocatalytic degradation of other lighter, linear or
branched alkanes, with initial concentrations higher than one ppm.

The temporal changes in reaction intermediates are represented
in Fig. 5 for an initial decane concentration of 810 ppb in the
presence of wet  air (50% RH). Hexanal, octanal, 1-propanol and
isopropanol were detected but their profiles are not represented
because their concentrations were lower than the quantification
limit of the analytical system. In addition, x-decanones and x-
decenes were not calibrated thus their profiles were plotted using
the areas of their chromatographic FID peaks.

The temporal profiles of the intermediates consist of three
phases: (i) intermediate formation, (ii) reaching a maximum
concentration (tMAX), and (iii) decrease in the intermediate concen-
tration. The irradiation time (tMAX) corresponding to the maximum
concentration is reported in Table 3 for each intermediate. This time
increases almost linearly as the number of carbons in the com-
pound decreases. This is consistent with the advancement of the
degradation reaction. In the case of intermediates with the high-
est number of carbon atoms, such as heptanal or x-decanones,
the maximum concentrations are reached before 5 h of irradia-
tion. On the contrary, for formaldehyde, the removal step begins
only after 14 h of irradiation. Most of the quantified intermedi-
ates require more than 20 h to be completely removed from the

gas phase, whereas decane is completely removed at this irradia-
tion time. Moreover, after 25 h of irradiation, some intermediates
such as acetaldehyde or acetone are still not completely removed.
In order to explain the delay in the photocatalytic degradation of

e degradation. For each compound, “tMAX” corresponds to the temporal position of
under 50% RH.

Alcohols tMAX (h) Others tMAX (h)

Ethanol 9.6 Methyl acetate 12
1-Propanol (Not determined) x-Decenes 2.3
Isopropanol (Not determined)
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Fig. 6. General scheme of the reaction pathway of 

hese light intermediates, the following hypothesis can be pro-
osed: after the complete removal of decane and high molecular
eight reaction intermediates from the gas phase, some strongly

dsorbed reaction intermediates may  remain on the TiO2 surface
nd be slowly oxidized into lower molecular weight compounds
uch as formaldehyde or acetaldehyde. This point will be clarified
ater in this paper (i) by investigating a reaction pathway based
n previous studies and on the experimental results of the present
tudy and (ii) through the analysis of the carbon mass balance of
he reaction for different advancements of the oxidation process.

.3. Reaction pathway

Photocatalytic oxidation is initiated by the production of elec-
ron/hole pairs under UV irradiation. The majority of the holes and
lectrons recombine but a fraction reaches the TiO2 surface. Here,
lectrons and holes may  react either with adsorbed VOCs, so-called
irect reactivity, or with water and oxygen which leads to the for-
ation of surface-stabilized oxidizing species such as OH radicals

nd superoxide radicals that further react with decane, so-called
ndirect reactivity. No PCO reaction pathway has been proposed for
ecane to date. Based on the nature and the ordering of the reac-
ion intermediates monitored and on the literature associated with
lkanes PCO, a reaction pathway for decane photocatalytic oxida-
ion under wet air (50% RH) is proposed and depicted in Fig. 6. It
an be divided into six main steps, which are justified and detailed
n the following.

Step 1
Several previous studies [5,14–16] have reported that alkane

PCO begins by the abstraction of a hydrogen atom from a carbon

atom by a hydroxyl radical. More precisely, Djeghri et al. [14] have
shown that the oxidation of alkane carbons proceeds in a particu-
lar order: Ctert > Cquat > Csec > Cprim. As a result, considering linear
alkanes like decane, secondary carbons are attacked rather than

OHOH

R1

CH R2C10H22 R

Decane Alkyl radical

Fig. 7. Step 1 of the reaction pathway of decane PCO: formati
e PCO (50% RH) (R1, R2, R3, R4 and R5: alkyl roots).

primary ones. After hydrogen abstraction by hydroxyl radicals,
alkyl radicals are formed, pending electrons being located on a
secondary carbon of the alkyl chain. Then, alkyl radicals undergo
the addition of hydroxyl radicals and are converted into sec-
ondary alcohols. As reported by Shang et al. [16], alcohols rapidly
react under PCO so they are hardly detected. According to Djeghri
et al. and Peral and Ollis [14,25], alcohols can undergo two reac-
tions: (i) dehydration into alkenes and (ii) oxidation into ketones.
Thus, step 1 leads to the formation of alkenes and ketones con-
taining the same number of carbons as the primary pollutant.
Indeed, Shang et al. [16] have reported that heptane first produces
3-heptanone, 4-heptanone and 3-heptene. Likewise, Hägglund
et al. [15] have identified acetone during propane PCO. Similarly,
for C2–C8 alkanes, Djeghri et al. [14] have noted the formation of
not only the corresponding ketones but also, in smaller quantities,
alcohols with the same number of carbon atoms as the original
alkane.

The fact that decenes and decanones are the reaction interme-
diates characterized by the shortest tMAX is coherent with the
reaction pathway proposed for step 1 and described in Fig. 7.
Moreover, the absence of decanal during decane PCO supports
the fact that the secondary carbon atoms of the alkyl chain are
the most reactive. In addition, the fact that decanols were not
monitored supports the hypothesis of a high reactivity for these
compounds. Nevertheless, the position of the maximum concen-
tration for decenes is lower than for decanones. This could be
explained by a higher reaction rate for decene oxidation.

• Step 2
Step 2 corresponds to decanone degradation. Among ketones,

acetone and 2-butanone PCO have been the most frequently
studied in the last decade [20–22,25–34]. For instance, Raillard

et al. [22] identified acetaldehyde as the main intermediate of
2-butanone oxidation. They also detected methyl formate. On
the basis of the pathways previously proposed by Henderson
[28,33] for 2-butanone and acetone, decanones could be adsorbed

1

R2

OH

x-decanol

OH
R1

R2

O

x-decanone

R1

R2

x-decene

on of x-decanone and x-decene (R1 and R2: alkyl roots).
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Step 6 describes the degradation of esters. As seen in step
2, several authors have proposed a reaction pathway for
methyl formate PCO [24,25]. Methyl formate would be adsorbed

R1

R2 R1 O
O R2+
Alkyl  radical

ig. 8. Step 2 of the reaction pathway of decane PCO: (a) dissociative adsorption of x
rom  alkyl radicals (R1, R2 and R: alkyl root).

dissociatively onto TiO2, reacting with adsorbed O2. The so-
formed ketone diolates suggested by Henderson [28] would
complex onto the TiO2 surface. This unstable complex would eas-
ily dissociate into an alkyl radical and a carboxylate stabilized on
TiO2 (Fig. 8a). The carboxylate is more stable than the ketone
diolate specie so it is less likely to decompose. However, several
authors have previously reported the decomposition of formate,
a carboxylate, into CO and CO2 [24,25]. One possibility for the
degradation of carboxylates containing more than one carbon
atom is that alkyl radicals could be formed on the top of the chain.
Another possibility is that they react with an alkyl radical to form
esters, explaining the production of methyl formate during 2-
butanone PCO [22]. This approach would explain the production
of methyl acetate during decane PCO. Decanones would lead to
the formation of various alkyl radicals containing a maximum of
eight carbon atoms. These alkyl radicals would be rapidly oxi-
dized into alcohols and then into aldehydes [35] (Fig. 8b). As
a consequence, decanone degradation would be one source of
the low molecular weight alcohols (isopropanol, 1-propanol and
ethanol) and aldehydes (from formaldehyde to octanal). It can
be seen that the detected alcohols contain a maximum of 3 car-
bon atoms in their structure. Longer alcohols are probably also
formed but, as reported by Shang et al. [16], the photocatalytic
oxidation of this class of compounds into corresponding car-
bonyls is characterized by high reaction rates. As a result, they
could not be detected under our analytical conditions since the
first monitoring of the gas phase occurred after 30 min  of reaction
and the following analyses were separated by at least 1 h. More-
over, long-chain alcohols probably stay adsorbed on TiO2 and are
rapidly oxidized. This is consistent with our observation of reac-
tion intermediates in that: (i) nonanal was not detected in the
gas phase, but (ii) all linear aldehydes, from C1 to C8, were quan-
tified; (iii) only low molecular weight alcohols, mainly ethanol,
were monitored.
Step 3

Step 3 corresponds to decenes degradation. Previously, Shang
et al. [16] proposed that 3-heptene could be oxidized into
propanal and butanal. The double bond in alkenes would be
attacked. However, Ohno et al. [36] reported the formation of
2-decanone, 1,2-epoxidecane and decanal during the photocat-
alytic oxidation of 1-decene in water. Although several pathways
could be considered, those evidenced in water cannot be trans-
posed to air. Moreover, the fact that we monitored aldehydes
containing from 1 to 8 carbon atoms clearly supports the pathway
suggested by Shang et al. [16] (Fig. 9).
Step 4

Step 4 consists of the oxidation of aldehydes. Several authors

have shown that aldehydes are oxidized into carboxylic acids
[25,37–39].  However, carboxylic acids were not detected in the
gas phase during decane PCO at the ppb level. As reported by
Méndez-Roman and Cardona-Martinez [40] investigating surface
one into a carboxylate and an alkyl radical; (b) formation of alcohols and aldehydes

species during toluene PCO, compared to toluene, benzaldehyde
and benzyl alcohol, benzoic acid is poorly desorbed from the
photocatalyst and is responsible for its deactivation. This was
confirmed by Deveau et al. [41] who  reported energy of desorp-
tion values of 88, 123 and 140 kJ mol−1 for toluene, benzaldehyde
and benzoic acid, respectively. More generally, compared to
alkanes and aldehydes, the corresponding carboxylic acids are
characterized by a higher energy of desorption. The desorption
step being hindered, carboxylic acids are produced, but poorly
observed in the gas phase.

Another reaction pathway for aldehydes was  reported by Kom-
inami et al. [42]. These authors observed the formation of methyl
formate during methanol PCO, which they supposed came from
the recombination of intermediates, particularly from the dimer-
ization of formaldehyde. Thus, they considered aldehydes as a
possible source of esters.

Blount et al. identified acetone during acetaldehyde PCO [43]
and Mo  et al. during toluene PCO [44]. The pathway that Mo  et al.
proposed for the formation of acetone was a reaction between
a carbonyl radical and a methyl radical. So, aldehydes can also
be sources of ketones, here acetone and 2-butanone. The next
step of ketone degradation is similar to the pathway of decanone
degradation (step 2).

Fig. 10 represents the three possible pathways for aldehyde
PCO. The principal one would be oxidation into carboxylic acid
because of the reactivity and the concentration of the hydroxyl
radicals related to the aldehydes and the alkyl radicals.

• Step 5
Step 5 concerns the degradation of carboxylic acids. Accord-

ing to the photo-Kolbe process [45], carboxylic acids lose their
carboxyl group to form alkyl radicals (Fig. 11). These are subse-
quently oxidized to aldehydes, as previously described in step
4 (Fig. 10). Finally, as reported by Boulamanti et al. and Raillard
et al. [13,20,21],  the advancement of the oxidation reaction corre-
sponds to shorter and shorter alcohols, aldehydes and acids until
mineralization. This cyclic pathway is coherent with our observa-
tions; in the case of the major reaction intermediates, aldehydes,
the smaller the number of carbons, the later the maximum is
reached and the more the concentration increases.

• Step 6
x-decene Aldehydes

Fig. 9. Step 3 of the reaction pathway of decane PCO: dissociation of x-decene into
aldehydes from the pathway proposed by Shang et al. [16] (R1 and R2: alkyl roots).
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dsorption of esters onto the TiO2 surface into alkyl radicals and aldehydes (R1 and
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dissociatively onto TiO2 as methoxy and formate radicals. For-
mate radicals lead to the formation of CO and CO2 whereas
methoxy produces formaldehyde. Thus, more generally, esters
would be transformed into carboxylates and alkoxys and then
into aldehydes, CO and CO2. Methyl acetate and ethyl acetate
could form an acetate radical. Then, one possibility is that this rad-
ical gives CO, CO2 and a methyl radical. This step of the reaction
pathway is depicted in Fig. 12.

Two quantified reaction intermediates, acrolein and

methylvinylketone, are not included in the reaction path-
way. They have already been identified as by-products of toluene
PCO [3,44].  However, their origins were not discussed. Their

OH R
CH2

R
CH2

OH

Primary alkenePrimary alcohol Alkene 

Fig. 13. Reaction pathway of acrolein and methylvinylke
Fig. 14. Maximum acetaldehyde concentration versus initial decane concentration
(squares: dry conditions; diamonds: wet conditions (50% RH)).

formation could be the result of primary alcohols dehydration
into alkenes. As represented in Fig. 13,  these alkenes would
then be oxidized into enals, such as acrolein, or enones, such as
methylvinylketone.

The reaction pathway proposed in Section 3.3 is based on the
reaction intermediates identified under wet air conditions and for
an initial decane concentration of 810 ppb. Experiments carried
out with different initial decane concentrations and/or with dry
air led to our questioning the proposed reaction pathway and
the amounts of reaction intermediates regarding the influence of
these parameters.

3.4. Influence of initial decane concentration and relative
humidity on reaction intermediates

3.4.1. Influence of initial decane concentration
The influence of the initial decane concentration on intermedi-

ate quantities was investigated in the ppb range. By increasing the
initial decane concentration from 50 ppb to 800 ppb, three obser-
vations can be reported:

(i) The same diversity of reaction intermediates was found in the
gas phase, suggesting the reaction pathway is not modified
when changing the initial concentration of pollutant in the ppb
range.

(ii) The ordering of the intermediate temporal profiles was  not
significantly modified. Only the duration of complete inter-
mediate degradation was  diminished by decreasing the initial
decane concentration from 800 to 50 ppb. Thus, the initial
decane concentration only affects the irradiation time neces-
sary to eliminate the reaction intermediates.

(iii) Finally, the amounts of reaction intermediates in the gas phase
increased along with the initial decane concentration. This
behavior is illustrated in Fig. 14 with acetaldehyde: the max-
phase is plotted versus initial decane concentration for dry
and wet air conditions. According to Fig. 14,  linear relations
are obtained for acetaldehyde as an intermediate product of

CH

R CH2

OH

ROH
CH2

O

R

radical Enol Enal  or  enone
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tone formation during decane PCO (R: alkyl root).
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ig. 15. Averages of ratios between intermediate maximum concentration and
nitial decane concentrations for several reaction intermediates under wet  air
RH = 50%) and under dry air.

decane PCO with 80% and 94% confidence for dry and wet air,
respectively. This linear trend is also observed for formalde-
hyde and propanal.

These results confirm that the reaction pathway is not modified
hen the initial pollutant concentration is changed at the ppb level.

.4.2. Influence of relative humidity
In order to assess the influence of relative humidity on the for-

ation of gaseous intermediates during decane PCO, experiments
ere carried out at two levels of water vapor content: 0% RH and

0% RH. It was found that wet air (i) triggers a delay in intermediate
limination and (ii) significantly modifies intermediate quantities.
o compare these quantities, for each experiment and each com-
ound, the ratios of intermediate maximum concentration to initial
ecane concentration were calculated. The averages for all initial
oncentrations of the ratios obtained are reported in Fig. 15.

As presented in Fig. 14 for acetaldehyde, the same trend is
bserved for all reaction intermediates: ratios are higher with wet
ir than with dry air for all initial concentrations. This shows that
ater vapor induces a significant increase in the quantities of reac-

ion intermediates in the gas phase. In the literature, it is reported
hat water vapor can have two effects on photocatalytic oxida-
ion: (i) promotion of VOC degradation by hydroxyl radicals and (ii)
nhibition of VOC degradation by competitive adsorption between

ater and VOCs. Decane conversion does not seem to be affected
y these effects, whereas quantities of reaction intermediates in
he gas phase are increased by the presence of water vapor. Two
ypotheses, based on the literature, can explain this behavior: (i)
nder wet air, hydroxyl radicals may  enhance the degradation of

ntermediates toward mineralization, which could increase their
uantities in the gas phase; (ii) water vapor competes with reaction

ntermediates for adsorption onto TiO2. As a result, under wet  air,
eaction intermediates desorb from the TiO2 surface so that their
as phase concentrations increase. This second hypothesis is sup-
orted by Twesme et al. [6] at the ppm level. During isobutane and
ropane elimination, the gas phase concentration of acetone rose

ignificantly when the relative humidity was increased whereas
heir conversions were not modified. They also observed that
ater vapor inhibited the mineralization of the VOCs. According to

ur results, both hypotheses are possible. Decane mineralization,
Fig. 16. Change in CO2 concentration during photocatalytic oxidation of 800 ppb of
decane under dry and wet (50% RH) conditions as a function of irradiation time.

presented in the next paragraph, will orient this discussion on the
effect of humidity.

3.5. Mineralization of decane into CO and CO2

3.5.1. Formation of CO2
In order to determine the fraction of mineralized decane, the

concentrations of CO and CO2 were monitored during the degra-
dation of 800 ppb of decane. Aimed at investigating the influence
of relative humidity, this monitoring was performed with both dry
and wet  air.

The change in CO2 concentration during the photocatalytic
oxidation of 800 ppb of decane under dry and wet conditions is
presented in Fig. 16.  Irrespective of the humidity level, CO2 for-
mation starts at the beginning of UV irradiation and tends to
stabilize over 20 h. Considering only CO2, the percentage of min-
eralization of decane reaches 86% and 59% under wet and dry
conditions, respectively. Thus, mineralization is not complete and
several reaction intermediates are not totally oxidized. Moreover,
as previously reported for toluene PCO at ppb level [4],  in the pres-
ence of 50% RH, CO2 concentrations are higher than under dry air
conditions during the whole experiment. This is consistent with
the first hypothesis proposed in Section 3.4 for the effect of water
vapor on reaction intermediate quantities. Mineralization would
be promoted by hydroxyl radicals. Decane consumes HO• from the
TiO2 surface, initially present in the reactor. Thus, moisture does
not significantly improve decane consumption. Reaction interme-
diates immediately formed after decane removal, e.g. decanols,
decanones, decenes, stay adsorbed on the TiO2 surface. They are
degraded by hydroxyl radicals under wet air whereas, under dry
air, they are less able to react because of the lower HO• concentra-
tion, thus decreasing the percentage of mineralization. Water vapor
and HO• would therefore be crucial elements for the improved
mineralization of VOCs by photocatalytic oxidation.

The change in CO concentration during the PCO of 800 ppb of
decane is presented in Fig. 16 under dry and wet (50% RH) condi-
tions. Similarly to CO2, the concentration of CO increases as soon
as UV illumination begins and is characterized by an asymptotic
behavior. Rosseler has shown that the photocatalytic conversion
from CO to CO2 is possible only if the TiO2 surface contains oxygen
defects [46]. In our case, the surface of TiO2 P25 is exposed to O2 and
from 10 to 15,500 ppm of water molecules and thus the TiO2 sur-
face remains stoichiometric. Therefore, CO is not photocatalytically

oxidized into CO2 and can be considered a reaction by-product.
Like CO2, CO formation is promoted by the presence of moisture
in the exposure chamber. As discussed in Section 3.3,  CO may be
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F
s

ig. 17. Change in CO concentration during photocatalytic oxidation of 800 ppb of
ecane under dry and wet (50% RH) conditions as a function of irradiation time.

referentially obtained from the oxidation of formates or, more
enerally, carboxylates (Fig. 17).

Although the temporal profiles of CO and CO2 follow similar
endencies, Fig. 18 highlights that the concentrations of these two
pecies are not proportional throughout the illumination. Under
oth dry and wet air, more than 10 h of irradiation are necessary
o reach a constant ratio of 10. Of course, the ratio between CO2
nd CO will be highly dependent on the primary compound and
ts oxidation pathway. In the case of acetylene, Thévenet et al.

ave calculated a ratio of 25 during the photocatalytic reaction
47]. However, in the case of heptane PCO, Shang et al. reported

 ratio of 250 [16]. Moreover, this ratio increased with time until

ig. 19. Contributions of decane, CO, CO2 and identified and unidentified reaction interm
everal irradiation times. Cdec

0 = 800 ppb, RH = 50%.
2 2

function of irradiation time.

the total elimination of CO. The initial VOC concentration range and,
above all, the photocatalytic reactor configuration may  also play a
significant role in mineralization selectivity.

Before reaching the value of 10, the ratio of [CO2]/[CO] shows
opposing behavior depending on the humidity level. In the pres-
ence of dry air, the ratio starts almost from 1 and tends toward
10 within 3 h. This situation indicates that, at the beginning of the
reaction, the selectivity toward CO is significant. On the contrary,

under wet  conditions, the ratio is higher than 10 during the first 8 h
attesting to a very high selectivity toward CO2. As a consequence,
the presence of a relative humidity of 50% during the first hours of

ediates to the carbon mass balance of the photocatalytic oxidation of decane for
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egradation clearly ensures a particularly high selectivity toward
O2 at the expense of CO.

.5.2. Carbon mass balance analysis
Using the concentrations of decane, CO, CO2 and gaseous reac-

ion intermediates, a carbon mass balance of the photocatalytic
egradation of 800 ppb of decane under wet air was  calculated.
he contribution of each compound category in the carbon mass
alance was determined and is reported in Fig. 19 as a function
f irradiation time. The missing part of the carbon balance is dis-
layed in gray on the graph and labeled as ‘unidentified reaction

ntermediates’. Several points can be highlighted in Fig. 19:

(i) After 24 h of irradiation, the contribution of CO reaches 9%.
It is therefore a significant by-product in the photocatalytic
degradation of decane at the ppb level.

(ii) The constant increase in the contribution of CO2 to the carbon
mass balance indicates that decane is continuously miner-
alized. CO2 represents over 75% of carbon when decane is
completely removed from the gas phase. This value is signifi-
cantly higher than that obtained when toluene was  converted
under similar conditions (i.e. 45%) [4].

iii) The contribution of identified reaction intermediates in the gas
phase remains lower than 5% of the carbon mass balance. From
an indoor air point of view, this result must be highlighted since
the release of intermediates in the gas phase compared to the
initial amount of pollutant is minor.

iv) Reaction intermediates that are not detected in the gas phase
probably remain adsorbed onto the TiO2 surface. The maxi-
mum  contribution of unidentified intermediates to the decane
PCO carbon mass balance is 16%. This value is significantly
lower than that obtained by Debono et al. for toluene under
similar conditions (i.e. 60%) [4].  The aliphatic nature of decane
and its reaction intermediates promotes their fast degradation,
in comparison with aromatic structures in the case of toluene
[48].

. Conclusion

The photocatalytic oxidation of decane at ppb levels was  investi-
ated in a batch reactor under two conditions of relative humidity.

 complete characterization of the gas phase throughout the
hotocatalytic process was carried out by monitoring decane
oncentrations as well as reaction intermediates, CO and CO2 con-
entrations. Our investigations prove that photocatalytic oxidation
s effective for eliminating decane at ppb levels as a complete degra-
ation of decane was obtained.

From an air treatment point of view, it was necessary to inves-
igate precisely the gaseous reaction intermediates since they are
ighlighted as one of the major drawbacks of photocatalytic treat-
ent. 18 reaction intermediates were identified and quantified

uring decane PCO. Aldehydes were the main reaction interme-
iates in terms of concentration in the gas phase. The quantities of
hese intermediates were highly dependent on the experimental
onditions such as the irradiation time, the initial decane concen-
ration and the humidity. In order to describe the overall process of
ecane PCO, a reaction pathway was proposed and the main con-
lusions regarding the formation of reaction intermediates are the
ollowing:

(i) The higher the initial decane concentration is, the more the

intermediates are produced.

(ii) Compared to dry conditions, 50% relative humidity tends to
increase the concentration of reaction intermediates in the gas
phase.

[

[
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iii) Reaction intermediates monitored in the gas phase represent
no more than 5% of the total carbon mass balance.

(iv) In spite of their diversity, the fraction represented by the
reaction intermediates in the carbon balance is very limited
in comparison with the primary pollutant. Moreover, only
reaction intermediates characterized by the lowest molecular
weight reach concentrations that could be significant in indoor
air: ethanol, propanal, acetaldehyde, and formaldehyde. The
fact that these compounds are clearly identified makes it pos-
sible to implement appropriate air treatment systems to avoid
their formation or release.

The determination of the mineralization of decane at the ppb
level proved that PCO is operational for typical indoor air levels
of VOCs. Moreover, measurement of the CO and CO2 quantities
produced is the only way to assess clearly the efficiency of PCO.
This study proved that, although the quantification of reaction
intermediates and the determination of a carbon mass balance are
challenging tasks, they can be achieved at the ppb level and give an
overview of PCO efficiency close to real indoor air conditions. The
determination of the adsorbed reaction intermediates would con-
solidate the reaction pathway proposed in this work. From an air
treatment point of view, low concentrations of primary pollutant
as well as moisture in the air to be treated are favorable conditions
for VOC removal and mineralization. Further investigations with
other VOCs or mixtures of VOCs would be interesting in order to
assess their effects.
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