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a  b  s  t  r  a  c t

This  paper  deals  with  photocatalytic  degradation  of  three  VOCs  differing  in  chemical  structure  (n-hexane,
n-butyl  acetate  and  toluene)  in a closed-loop  reactor.  Degradation  tests  were  performed  on  particulate
layers  prepared  from  TiO2 VLP7000  (Kronos).  Concentration  dependencies  of  VOCs  were  simulated  and
initial  degradation  rates  calculated.  Dependence  of the latter on initial  concentrations  confirms  single-
site  Langmuir–Hinshelwood  kinetics  with  value  of hexane  adsorption  constant  0.023  m3 mmol−1. It was
shown  that butyl  acetate  is  oxidized  preferably  to hexane  when  they  react  in a mixture,  while their
eywords:
hotocatalysis
as-phase
-Hexane
-Butyl acetate
oluene

individual  degradation  seems  to be  kinetically  similar.  Toluene  deactivates  the  photocatalyst  and  its
degradation  is thus  very  slow  but  the  catalyst  can  be  renewed  by thermal  treatment.  The  found  selectivity
or  inhibitive  ability  of investigated  VOCs  in  mixture  is important  for the  proper  choice  of  a suitable
purification method  of industrial  exhaust  fumes.

© 2012 Elsevier B.V. All rights reserved.

losed loop

. Introduction

Harmful agents, e.g. volatile organic compounds (VOCs), are lib-
rated into the environment [1] during a large range of industrial
pplications. There are two main domains of photocatalytic appli-
ations depending on the degree of air pollution: high-polluted
as from industrial processes (agents in concentrations in order
f hundreds ppm) and low-contaminated air (order of units ppm).
everal conventional methods for VOC removal from industrial
xhausts exist differing in concentrations they can be applied on,
emoval efficiency, costs, secondary risks or some other restraints
2]. Thermal oxidation, catalytic oxidation, carbon adsorption or
bsorption in a liquid solvent allow removal efficiency 90–99%,
ondensation is less effective (50–90%). All these methods produce
econdary waste in the form of combustion products, spent carbon,
astewater or condensate, which must be treated subsequently.

From the industrial point of view, carbon adsorption can han-
le VOC concentrations from 20 to 5000 ppm and can be combined
ith VOC recover; the organic solvent is commonly released by

eating the carbon with steam and then separated by means of
ecantation or distillation [3]. Besides the techniques mentioned
bove, biological treatment can be used alternatively at low VOC
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concentrations (�g/m3, order of ppb). However, this technique
brings numerous challenges as well, e.g. the maintenance of micro-
bial growth in the polluted medium [4]. Comparing photocatalytic
degradation to contemporary (conventional) processes, the former
leads to the decomposition of pollutant towards non-harmful com-
pounds in one step at ambient conditions; no secondary waste is
produced. This makes from photocatalytic process a method with
good performance [5], especially at low concentrations [6–8].

In industrial domain of application, only continuous reactors
seem to be efficient regarding the large flow rates treated [9,10].
However, in this paper we  describe a batch (closed-loop) reactor,
which is more convenient for the evaluation of photocatalyst.

Heterogeneous photocatalytic reaction occurs in the presence
of photon at sufficient energy (wavelength), catalytic surface and
oxidizing agent (mostly molecular oxygen). The photon energy
must be higher than the photocatalyst band-gap one. Photocata-
lyst surface excitation leads to the formation of free electrons in
the conductivity band and positively charged holes in the valence
band. These electron–hole pairs are then used in oxidative mecha-
nisms to form hydroxyl radicals (from water) and superoxide ions
(from oxygen). Besides these reactions reverse recombination of
electron–hole pairs exists and is the main limiting factor that lowers
the efficiency of photocatalytic processes [11].

Already in 1964 McLintock and Ritchie showed that organic

compounds ethylene and propylene can be completely oxidized
to CO2 and H2O [12]. Today, comparing the number of scientific
publications to the number of patents dealing with photocatalysis,
the majority of scientific publications deals with the degradation in
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seen that the degradation is faster on VLP7000 and this is confirmed
by faster generation of CO2. Some characteristics for both materi-
als are listed in Table 1, from which it can be seen that VLP7000

Table 1
Material characteristics of photocatalysts.

Material Specific surface Crystal size Crystalline
Fig. 1. Apparatus scheme. IRA – mobi

ater phase, while the patents are focused rather on the gaseous
hase [13]. This suggests that the application potential of photo-
atalysis is in the air purification domain. The real scientific interest
n photocatalysis in gaseous phase started in 1990s [14–18] and the
umber of publications has grown sharply since 1995 [13].

This paper deals with some aspects of photocatalytic degrada-
ion of several model VOCs (n-hexane [19–22], n-butyl acetate [23]
nd toluene [5,7,10,18,20,24–32]) in a closed-loop reactor. These
ollutants were chosen for their different chemical structure, which
esults in different chemical properties, e.g. water solubility; these
re also abundantly used as industrial solvents. For instance, they
ccur in automotive industry, namely in the process of plastics
reatment, where aromates, alkenes, alkyl esters or some other
ydrocarbons coexist. Their photocatalytic mineralization can be
ummarized by overall chemical reactions (1)–(3).

-Hexane C6H14 + 19
2 O2

TiO2,h�−→ 6CO2 + 7H2O (1)

-Butyl acetate C6H12O2 + 8O2
TiO2,h�−→ 6CO2 + 6H2O (2)

oluene C7H8 + 9O2
TiO2,h�−→ 7CO2 + 4H2O (3)

The mentioned compounds were studied separately but also
t operational conditions similar to industrial exhaust fumes as
egradation in a mixture and subsequent pollutant injection.

. Experimental

.1. Apparatus

The apparatus has recirculation loop geometry. It is composed
f diaphragm pump AL-6SB (Alita, Slovak Republic), photoreac-
or and reservoir (in direction of circulation). Infrared analyser
nd gas chromatograph are connected in parallel. Tubing is made
f polyamide tubes and push-in fittings. Apparatus volume is
.85 dm3. The recirculation rate is held constant at value about
.2 Nm3/h. The scheme of the entire apparatus is shown in Fig. 1.

The photoreactor is designed as a plate reactor, i.e. that the air
ows over the 15 by 18 cm photoactive layer in a thin film. The air
nters the reactor from jets in its shorter side and flows through
y an average velocity of ca. 5 cm s−1. Three 11 W lamps Sylvania

LB with emission maximum at 367 nm were used as external UV
ources; the average light intensity was 2 mW cm−2.

The reaction mixture is initially composed only of air and the
odel pollutant(s). The air is taken directly from laboratory at
ared analyser; DP – diaphragm pump.

its ambient conditions; its initial relative humidity was  measured
ranging from 40 to 50%. The liquid pollutant is injected through the
feed septum into the reservoir. A period of several minutes pre-
cedes the start of degradation experiment in order to evaporate
the pollutant and to get a homogeneous mixture.

Concentration of individual pollutants and possible intermedi-
ates was determined by gas chromatograph Varian CP-3800 with
capillary column CP-Sil 5 CB 15 × 0.25 (0.25) and flame ioniza-
tion detector. Mobile infrared analyser (Aseko, Czech Republic)
is equipped with infrared gas cell and is calibrated for on-line
measurement of CO2 concentration, which enables the evalua-
tion of overall mineralization rate. Intermediates adsorbed on
the surface of photocatalyst were analysed directly with FT-IR
spectrometer Nicolet iS10. Gas chromatography (column DB-5MS
60 m × 0.32 mm × 1 �m)  with mass detection was  used for analysis
of desorbed species; this was done by headspace method, i.e. the
catalyst was heated for 15 min  at 150 ◦C and the desorbed gases
were analysed.

2.2. Particulate layer preparation

Particulate layers were prepared from TiO2 water suspension;
the suspension was placed on the substrate and was left to dry
out, then was  thermally treated at 300 ◦C. Glass sheets of dimen-
sions 15 cm × 18 cm were used as a support. Amount of TiO2 was
0.5 mg  cm−2, used TiO2 photocatalyst VLP7000 (Kronos). This pho-
tocatalyst was  selected on the base of a previous study comparing
photoactivity of four different TiO2 photocatalysts in gaseous phase
(L.A. García, Diploma thesis: Photocatalytic degradation of pollut-
ants in liquid and gaseous phase, ICT Prague, 2010). For instance, we
give a comparison to standard P25 material in Fig. 2, from which is
(producer) (m2 g−1) (nm) structure

VLP7000 (Kronos) 267 7 Anatase
P25  (Degussa) 56 Anatase 22

Rutile 41
Anatase 71%
Rutile 29%
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Fig. 2. Hexane degradation on VLP7000 compared to P25 at initial concentration
830  ppm; data normalized by the maximal concentration.
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ig. 3. Hexane degradation at different initial concentrations; final volume concen-
rations of CO2 are indicated at the end of each curve.

as several times higher specific surface and in contrast to P25 is
omposed of pure anatase.

. Results and discussion

.1. Influence of the initial concentration

The influence of initial hexane concentration was studied at
alues of 70, 830, 4150 and 8300 ppm (2.9, 34.3, 171.4 and
42.7 mmol  m−3 at 22 ◦C). The progress of all four experiments is
hown in Fig. 3 in relative concentrations of hexane. The lower the
nitial concentration, the lower the time necessary for complete
ollutant degradation. Relative concentrations of CO2 (related to

he final concentrations) are also shown in Fig. 3, only for the lowest
nitial concentration of hexane, signal of CO2 was not detectable. It
an be seen that for an order higher initial concentration of hexane
8300 ppm) we reach an order higher CO2 concentration (3.28%).

Fig. 4. Exponential, linear and polynomial fit of a general degradation e
day 209 (2013) 153– 158 155

Photocatalytic experiments in the gaseous phase are performed
rather in continuous reactors [5,6,9,10,14,15,17–25,28,30–34] than
in closed-loop (batch) reactors [16,26,27,29,35,36]. These two con-
figurations have some important differences from the kinetic point
of view. Firstly, the intermediates have not such importance in
continuous systems than in the batch ones, where they can easily
accumulate and thus make a kinetic study more difficult. Secondly,
the determination of degradation rate seems to be easier in the con-
tinuous systems where a conversion can be used almost directly.
On the other hand, this cannot be done for batch systems, where
time dependence must be taken into account and analysed; an ini-
tial degradation rate must be defined somehow or parameters of
an appropriate kinetic model must be determined.

In most cases the pollutant photocatalytic destruction on the
TiO2 is assumed to follow single-site Langmuir–Hinshelwood (L–H)
kinetics [34]. The reaction rate r(0) is defined as (in mol  s−1):

r(0) = kLH
KLc(0)

1 + KLc(0)
(4)

where kLH is the apparent L–H rate constant in mol  s−1, KL the
Langmuir adsorption constant in m3 mol−1 and c(0) is the initial
concentration in mol  m−3. Mathematic fit using the form of Eq. (4)
was done for C5–C7 hydrocarbons degradation in gaseous phase
[19]. In that case instantaneous concentrations in a continuous
(flow-through) system were used and L–H kinetics was justified
by low initial concentrations (40–130 ppm) and thus negligible
by-products concentrations. L–H model was  used also for ethanol
degradation and its intermediates (acetaldehyde, formaldehyde)
and transient model was  established [35]. Determination of L–H
parameters was  calculated from initial rates and initial concen-
trations issued from several experiments. As the experiment was
carried out in a closed recirculation loop, the complete min-
eralization was followed as well.For general photodegradation
experiment in a closed-loop system, the single-site L–H model [Eq.
(4)] is valid only for the initial concentration, thus only for the
initial reaction rate when the by-products are produced in a neg-
ligible amount. For this purpose, we define initial degradation rate
Ri (mmol  m−2 h−1) by Eq. (5):

Ri = n0

A

(
dcrel

dt

)
i

(5)

where n0 is the initial molar amount of pollutant, A the irradiated
area, crel the relative pollutant concentration [actual concentration
c(t) divided by the initial one c(0), i.e. crel = c(t)/c(0)], t the time,
(dcrel/dt)i is the initial slope of concentration dependence on irra-
diation time. As a first step we need to fit the experimental data by
suitable function and then calculate initial slope of this function.

Fig. 4a–c shows some possibilities how to fit experimental data

from a degradation experiment in closed-loop photoreactor. Expo-
nential fit (assumption of first order kinetics) shows deviations for
short and also long irradiation times. Linear fit applied on several
first points is represented as well; however, the problem is how

xperiment; points used for the fit are represented by solid circles.
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ig. 5. Dependence of initial degradation rate of hexane on initial concentration, fit
one by Eq. (6); initial mineralization rate is also indicated.

any points are taken into account. As seen from Fig. 4c, a poly-
omial fit of 2nd order represents the concentration decay very
ccurately. To calculate the initial slope (dcrel/dt)i we have chosen

 sufficiently low fixed time t = 9 min, so thus degradation rate Ri
efined by Eq. (5) can be considered as the initial one.

Initial degradation rates calculated from the experimental data
Fig. 3) are shown in Fig. 5 as a dependence on the initial concen-
ration; the data are fitted by Eq. (6):

i = 25.4
0.0228c(0)

1 + 0.0228c(0)
(6)

hich compared to Eq. (4) would result in L–H parameters
LH = 25 mmol  m−2 h−1 and KL = 0.023 m3 mmol−1. As the kinetic
onstant kLH is related to the immobilized catalyst surface, no
urther normalization is needed; this would be necessary e.g. for
queous suspension of TiO2 [37]. A significant change of reaction
rder follows from Fig. 5. We  get first-order kinetics at low concen-
rations and zero-order kinetics at high concentrations. This change
f order was already reported in gaseous phase for heptane [36],
utyric acid [33] or some other alkanes [19].

The mineralization rate is calculated from the initial slope of CO2
eneration in Fig. 3, Eq. (1), known apparatus volume and equation
f state for ideal gas. The results are represented in Fig. 5 and are in
ood agreement with the initial degradation rates. Carbon balance
esults in degree of mineralization around 0.7 for all three initial
oncentrations where CO2 was measured.

Our parameters from Eq. (6) differ significantly from those
eported previously for hexane degradation in continuous system
kLH = 0.78 mmol  m−2 h−1 and KL = 13 m3 mmol−1) [19]. Further-

ore even in very reduced range of concentrations (up to
 mmol  m−3) a zero-order region was reached already above con-
entration 1 mmol  m−3 [19], which at our experimental conditions
id not occur bellow 170 mmol  m−3 (see Fig. 5). The main rea-
on for the deviation could be different experimental conditions.
oulamanti [19] used continuous system, different UV light wave-

ength (254 nm)  and different photocatalyst with higher coverage
P25, 3.5 mg  cm−2), UV light intensity was not reported. Zhang
22] investigated hexane degradation in a continuous system with

 254 nm UV lamp and got similar value of adsorption constant
KL = 4.4 m3 mmol−1) as Boulamanti [19].

We found adsorption constant KL on TiO2 for similar compound
 n-heptane – as 0.31 m3 mmol−1 issued from pure adsorption

sotherm measurement [29] or as 0.030 m3 mmol−1 issued from
egradation experiments in batch reactor with UV light wavelength
65 nm [36]. Our value (0.023 m3 mmol−1) for hexane is in very

ood agreement with that for heptane (0.030 m3 mmol−1) [36].
t is most probably due to the similar experimental conditions:
losed-loop photoreactor, wavelength (365 nm)  and light intensity
∼5 mW cm−2). The smaller value of our KL can be explained by
Fig. 6. Consecutive degradations of model pollutants at initial concentration
8300 ppm.

already reported decrease of KL issued from a degradation exper-
iment with increasing light intensity [33]. Our experiments thus
show that crucial parameters influencing the value of adsorption
constant KL are light wavelength and experimental configurations
(continuous versus closed-loop) arrangement.

3.2. Comparison of the model pollutants

Consecutive photocatalytic degradations of three air pollutants
are compared in Fig. 6 in the order hexane, butyl acetate and
toluene. The degradation kinetics of butyl acetate is similar to the
hexane one but degradation rate of toluene is considerably lower.
Furthermore, the photocatalyst changed the colour from white
towards yellow brown after toluene degradation experiment.
This deactivation was  already reported for toluene concentrations
higher than 13 ppm [20,24,26–28,30]. Stable activity of TiO2 pho-
tocatalyst was observed at low toluene concentrations (35 ppb)
[7] or with special polycrystalline TiO2 (Merck) [31]. Using GC-MS
we detected adsorbed species on the photocatalyst, e.g. benzoic
acid, benzaldehyde and probably methylphenyl benzoate. Adsorp-
tion of benzaldehyde and benzoic acid on TiO2 was reported to be
irreversible [32]. Recently the presence of benzoate complexes on
TiO2 was  confirmed by FT-IR [26]. In our case we observed bands
at 1604, 1450 and 1415 cm−1 in the FT-IR spectrum which corre-
spond to those in benzoate spectrum (1604, 1454 and 1419 cm−1)
[26]. The only intermediate in the gaseous phase detectable by GC-
FID was  benzaldehyde in very low concentrations hundred times
lower than toluene. It can be thus concluded that the irreversible
adsorption of benzoic acid and benzaldehyde is responsible for
photocatalyst deactivation.

Toluene degradation influenced negatively consecutive degra-
dations carried out on the same layer. This is shown in Fig. 6,
which compares hexane degradation ability of VLP7000 material
in the form of fresh photocatalyst, toluene deactivated one and
regenerated one. Although the rates of butyl acetate and hexane
degradation are very similar (see Fig. 6), the deactivation impact of
toluene on the consecutive degradations is stronger in hexane case
than in butyl acetate case. Without any treatment photocatalyst
remains deactivated but after its regeneration by thermal treat-
ment (for 2 h at 300 ◦C) the degradation ability was  completely
renewed.

3.3. Degradation of mixture of pollutants
In real life, industrial exhausts contain more than one pollutant.
Thus we  studied how a mixture of model pollutants is degraded,
especially considering the different elimination of constituent pol-
lutants. The initial concentration was  set to 4150 ppm for both
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ig. 7. Hexane degradation (8300 ppm) on the same layer before and after toluene
egradation (8300 ppm).

ollutants in the binary mixture of hexane and butyl acetate (Fig. 8)
n order to balance the photocatalyst utilization in the same man-
er as for the individual pollutants (8300 ppm; Fig. 6). There is an
vident selectivity towards butyl acetate, which is degraded much
aster as seen from Fig. 7. It takes approximately 2 h to eliminate
he significant content of butyl acetate and to start the degradation
f hexane in a more apparent way. The possible reason is the fifty
imes higher water solubility of butyl acetate (0.7% at 20 ◦C) than
exane (0.014% at 20 ◦C). Due to the presence of water microfilm on
he photocatalyst surface [29], butyl acetate is easily adsorbed than
exane and thus easily degradable. As can be seen from the CO2 con-
entration curve, the slope is fairly constant (it means very similar
ineralization rate of both pollutants) and decreases significantly

nly when both pollutants are oxidized and thus not present in
he system (3.75 h). The slope changes only slightly when all butyl
cetate is degraded from the system (at about 2.5 h). This increase is
onsistent with higher mass of carbon in unit mass of hexane (com-
aring to butyl acetate) and with almost the same degradation rates
f hexane and butyl acetate (Fig. 6).

Another possibility how to compare individual pollutants degra-
ation in mixture is their progressive injection. This is represented

n Fig. 9. Degradation of hexane (1 mmol, 8500 ppm) was  inter-
upted by injecting butyl acetate (0.38 mmol, 3200 ppm). According
o the supposition that butyl acetate is degraded preferentially (as

n Fig. 6) the degradation of hexane was significantly slowed down
n favour of the butyl acetate one. Nevertheless, CO2 concentration
rows nearly linearly with time and shows that the mineraliza-
ion of both pollutants is uniform. However, toluene injection

ig. 8. Degradation of binary mixture of hexane and butyl acetate at initial concen-
rations 4150 ppm.
Fig. 9. Selective degradation of progressively injected pollutants: hexane (1 mmol,
8500 ppm), butyl acetate (0.38 mmol, 3200 ppm) and toluene (0.1 mmol, 860 ppm).

(0.1 mmol, 860 ppm) causes slowing down of butyl acetate degra-
dation and also overall mineralization. Toluene itself is oxidized
quickly immediately after injection but after about 1 h its degra-
dation rate significantly decreases. Overall mineralization rate
gradually decreases and after 3 h it is negligible as confirmed by
the CO2 concentration staying constant.

4. Conclusion

We  have shown that hexane and butyl acetate can be photocat-
alytically degraded from air. Butyl acetate is oxidized preferably to
hexane when they react in a mixture, while their individual degra-
dation seems to be kinetically similar. Solubility of butyl acetate
in water is about an order higher that of hexane, which suggests
that the oxidation reaction proceeds in the aqueous microfilm
present on the surface of the TiO2 photocatalyst. Dependence of ini-
tial degradation rates on initial concentration confirms single-site
Langmuir–Hinshelwood kinetics with value of hexane adsorption
constant 0.023 m3 mmol−1.

Oxidation products of toluene deactivate the photocatalyst and
its degradation is thus very slow at our operational conditions (TiO2
photocatalyst VLP7000 and initial concentration 8300 ppm). We
detected benzaldehyde, benzoic acid and methylphenyl benzoate
as intermediates. The deactivation is fully reversible and the cata-
lyst can be renewed by thermal treatment. The found selectivity or
inhibitive ability of studied organic pollutants could play an impor-
tant role in the purification of industrial exhaust fumes containing
always more than one pollutant, e.g. can even block elimination of
some pollutants if the preferentially degraded ones are present in
an important concentration.
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