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A photocatalytic generation of useful hydrocarbons and hydrogen from acetic acid under N2 atmosphere
is presented. The photocatalysts were prepared from a crude TiO2 modified with Fe(NO3)3 and calci-
nated at the temperatures of 400–600 ◦C in argon atmosphere. The main gaseous products of CH3COOH
decomposition were CH4 and CO2. Moreover, ethane, propane and hydrogen were also detected. The

◦

e/TiO2

most active photocatalyst towards CH4 generation was TiO2 containing 20 wt.% of Fe calcinated at 500 C.
The optimum loading of this photocatalyst was 1 g/dm3. After 5 h of the process the amount of CH4, CO2,
C2H6, C3H8 and H2 evolved was 0.458, 0.450, 0.025, 0.003 and 0.013 mmol, respectively. An increase of
CH3COOH concentration from 0.01 to 1 mol/dm3 resulted in an increase of methane production. A fur-
ther increase of CH3COOH concentration up to 10 mol/dm3 led to a decrease of the process efficiency. The

photo
.% of
stability of the prepared
Fe did not exceed 0.17 wt

. Introduction

Biogas has been recently considered to be an attractive source
f clean energy. An increasing attention has been focused on devel-
ping new methods of methane or hydrogen production from
enewable energy sources (e.g. biomass) to avoid the emission of
reenhouse gases or other compounds responsible for air and water
ollution. Photocatalytic conversion of organic matter leading to
roduction of hydrogen or hydrocarbons might be an interesting
olution for both, environmental and energy issues. Photocatalysis
s especially attractive when wastewaters containing substances
angerous or toxic to bacteria are considered. In this case anaero-
ic digestion cannot be applied since methanogens are known to
e tolerant to a small extent to many organic (e.g. phenols, alka-
es, alcohols, ethers, ketones) and inorganic substances (e.g. heavy
etals, ammonia) [1]. Photocatalysis, in general, is not (or almost

ot) specific and could be applied for any type of wastewaters,
egardless of their toxicity [2].

TiO2 is a commonly applied photocatalyst because of its sig-
ificant activity, high stability and low cost. Most of the already

ublished papers [3–8] describe photocatalytic production of CH4

n gas phase under UV light in the presence of pure or modi-
ed TiO2. In 1970’s Kraeutler and Bard [9–11] published a series
f papers reporting photocatalytic decarboxylation of acetic acid
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catalysts against photocorrosion was very high. The amount of dissolved
the total Fe present in a catalyst sample.

© 2010 Elsevier B.V. All rights reserved.

(photo-Kolbe reaction) in the presence of Pt/TiO2 catalyst. The main
products of this reaction were CH4 and CO2. Since that time a few
more reports concerning production of CH4 from aliphatic acids
and alcohols have been published [5–13]. Nevertheless, literature
data related to the photocatalytic generation of methane in liquid
phase are very limited.

Titania photocatalysis faces several significant limitations
because of high energy band gap of TiO2, recombination of e−/h+

pairs and low interfacial charge transfer [14]. The literature data
[14–21] show that modification of TiO2 with Fe can improve its
photoactivity by increasing UV-light absorption capability; inhibi-
tion of rutile phase formation or acting as both e−/h+ traps to reduce
their recombination rate [16]. According to literature data a proper
concentration of Fe has a crucial influence on catalyst photoactivity
but there are no publications concerning the application of Fe/TiO2
in photo-Kolbe reaction. There are numerous reports describing the
usage of Fe/TiO2 for degradation of organics in which photocata-
lysts with Fe loading as low as 0.05 at.% [20] or as high as 50 at.% [18]
were applied. In general, Fe-modified samples can be divided into
low-loaded (or doped) [15–17,19,22] and heavy-loaded (or com-
posite) [18,19,21,23] ones. Heavy-loaded Fe/TiO2 photocatalysts
were investigated to a lesser extent than the doped ones. How-
ever, the photocatalytic activity [18] of the former catalysts as well
as their stability in terms of photocorrosion [19] has been proved.

For that reasons during the present research we have focused on
the heavy-loaded Fe/TiO2.

During the present investigations different TiO2 powders mod-
ified with Fe(NO3)3 were applied for photocatalytic generation
of useful hydrocarbons (mainly methane) and H2 from CH3COOH

dx.doi.org/10.1016/j.cattod.2010.09.020
http://www.sciencedirect.com/science/journal/09205861
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iron oxide (Fe2O3) was identified. It can be seen (Fig. 1) that either
an increase of annealing temperature in case of the catalysts con-
taining 20 wt.% of Fe or introduction of a higher amount of Fe was
responsible for growth of crystallite size of Fe2O3 (narrowing of
diffraction lines). The lack of diffraction lines of Fe2O3 in case of the
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nder N2 atmosphere. Acetic acid was selected as a model com-
ound due to the fact that it undergoes the so-called photo-Kolbe
eaction. The products of this reaction are CH4 and CO2. This means
hat the gaseous mixture obtained during the photocatalytic reac-
ion has a composition similar to that of biogas obtained by a
onventional anaerobic digestion method. Another reason for the
pplication of CH3COOH as a model compound is that its pres-
nce amongst by-products of photodegradation of most organic
ubstances is commonly observed.

. Materials and methods

.1. Photocatalysts

The photocatalysts were prepared from crude TiO2 obtained
irectly from the production line (sulfate technology) at the Chem-

cal Factory “Police” (Poland). A defined amount of TiO2 was
ntroduced into a beaker containing aqueous solution of Fe(NO3)3
nd stirred for 22 h. After that water was evaporated, the samples
ere dried at 80 ◦C for 24 h in an oven, and then calcinated at 400,

00 or 600 ◦C in Ar atmosphere for 1 h (83 dm3/min). The amount
f Fe introduced to the samples was 10, 20 or 30 wt.%. The samples
odified with Fe(NO3)3 were denoted as A-FeXNY, where X refers

o Fe content (10–30 wt.%) and Y to the calcination temperature
400–600 ◦C). In order to compare the results crude TiO2 without
ny modifying agent was calcinated at 500 ◦C for 1 h (A-500). More-
ver, the commercial TiO2 AEROXIDE® P25 (Evonik, Germany) was
lso used.

.2. Characterization of photocatalysts

The XRD patterns were recorded using X’Pert PRO diffrac-
ometer with CuK� radiation (� = 1.54056 Å). The average anatase
rystallite diameter was calculated using Scherrer’s equation
17,24].

The UV–vis/DR spectra were recorded using Jasco V530 spec-
rometer (Japan) equipped with an integrating sphere accessory
or diffuse reflectance spectra. BaSO4 was used as the reference.

The Brunauer–Emmett–Teller (BET) surface area of the powders
as determined on the basis of nitrogen adsorption–desorption
easurements at 77 K conducted in Quadrasorb SI (Quantachrome,
SA) apparatus. All of the samples were degassed at 80 ◦C prior to
easurements.
The concentration of Fe released from the Fe/TiO2 photocata-

ysts to the CH3COOH solution was determined using colorimetric
ethod with 1,10-phenanthroline.

.3. Photocatalytic reaction

The photocatalytic reaction was conducted in a cylindrical glass
eactor (Heraeus, type UV-RS-2, V = 765 cm3) equipped with a
edium pressure mercury vapour lamp (TQ-150, �max = 365 nm,

= 146 W/m2). In the upper part of the reactor a gas sampling
ort was placed. At the beginning of the experiment 0.35 dm3 of
H3COOH solution (0.01 (pH 3.6), 0.1 (pH 3.0), 1 (pH 2.6) or 10
pH 1.8) mol/dm3) and a defined amount of a catalyst (0.175, 0.35,
.525 or 0.7 g) were introduced into the reactor. Before the photo-
atalytic reaction N2 was bubbled through the reactor for at least
h to ensure that the dissolved oxygen was eliminated. Then, the
2 flow was stopped and UV lamp was turned on to start the pho-
oreaction. The process was conducted for 5 h. The reaction mixture
as continuously stirred during the experiment by means of a mag-
etic stirrer. The reaction temperature was 25 ◦C. Additionally, two
lind tests: (a) without photocatalyst and (b) in the dark were also
onducted.
y 161 (2011) 189–195

All the experiments were repeated at least twice. The presented
data are mean values obtained from the two experiments (S.D. were
below 8%). Gaseous products were analyzed using GC SRI 8610C
equipped with TCD and HID detectors, and Shincarbon, molecular
sieve 5A and 13X columns. Helium was used as the carrier gas. The
composition of the liquid phase was determined using GC SRI 8610C
equipped with FID detector and MXT®-1301 column. Hydrogen was
used as the carrier gas.

3. Results and discussion

3.1. Physico-chemical properties of the photocatalysts

Fig. 1 shows XRD patterns of the TiO2 and Fe/TiO2 photocata-
lysts. The phase composition of the photocatalysts is presented in
Table 1. It can be observed that crude TiO2 contained anatase and
rutile phases in the ratio of 85:15. The diffraction lines were weak
and broad suggesting poor crystallinity of the sample. The crystal-
lite size of anatase in the crude TiO2 was 7 nm. The heat treatment
of crude TiO2 (A-500) resulted in an improvement of TiO2 crys-
tallinity associated with anatase crystals growth (12 nm vs. 7 nm,
Table 1). The crystallite size of anatase in the Fe/TiO2 samples was in
the range of 8–15 nm. The thermal treatment did not significantly
affect the crystallite size of anatase, especially in case of the sam-
ples calcinated at 400–500 ◦C. Samples A-Fe10N500, A-Fe20N500
and A-Fe30N500 annealed at 500 ◦C exhibited crystallinity similar
to that of crude TiO2. Moreover, anatase crystals of these powders
were a little smaller than in case of A-500 (9 nm vs. 12 nm). These
results indicate that Fe introduced in the form of Fe(NO3)3 did not
catalyse anatase crystallites growth upon annealing. The obtained
data are consistent with the results presented by Ranjit et al. [22].
The presence of weak diffraction lines of anatase as well as lower
anatase crystallinity in case of Fe/TiO2 samples might be attributed
to the fine dispersion of iron in titanium dioxide restricting crys-
tallite growth [18,19].

Moreover, the obtained data suggest that the type and prop-
erties of the products obtained during modification of TiO2 with
Fe(NO3)3 depended on the Fe concentration and calcination tem-
perature. In case of the samples containing 20 and 30 wt.% of Fe,
8070605040302010

2 theta [deg]

Fig. 1. XRD patterns of photocatalysts: (A) anatase, (R) rutile, and (*) Fe2O3.
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Table 1
Physico-chemical properties of the photocatalysts.

Sample Specific surface area SBET [m2/g] Phase composition by XRD Crystallite size of anatase [nm] Anatase over rutile ratio (A:R)

Crude TiO2 215 A, R 7 85:15
A-500 103 A, R 12 92:8
P25 50 A, R 22 82:18
A-Fe10N500 109 A, R 9 89:11
A-Fe20N400 109 A, R, Fe2O3 8 85:15
A-Fe20N500 82 A, R, Fe O 9 87:13

15 93:7
9 87:13
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A-Fe20N600 44 A, R, Fe2O3

A-Fe30N500 83 A, R, Fe2O3

; anatase; R: rutile.

RD pattern of A-Fe10N500 might be attributed to the amorphous
ature of Fe2O3 or too low amount of this phase to be detected
sing XRD method.

UV–vis/DR spectra (Fig. 2) of Fe/TiO2 powders indicate that the
ight absorption characteristics of TiO2 were affected by the pres-
nce of Fe. A significant increase in the absorption at � > 400 nm
as observed for the Fe/TiO2 samples. The absorption in the vis-

ble range was stronger at higher Fe concentrations. A similar
henomenon was observed by Ambrus et al. [25]. The absorption
pectra of Fe/TiO2 were red shifted compared to those of pure tita-
ia. The red shift could be attributed to a charge transfer transition
etween Fe and TiO2 conduction or valence bands [26].

A specific BET surface area (SBET) of the pure titania samples
ecreased with increasing calcination temperature from 215 m2/g

n case of crude TiO2 to 103 m2/g for A-500 (Table 1). In case of
e/TiO2, the SBET decreased with the annealing temperature from
09 m2/g for A-Fe20N400 to 44 m2/g for A-Fe20N600. Moreover, it
ould be observed that SBET of A-500, A-Fe20N400 and A-Fe10N500
ere comparable (103 vs. 109 m2/g), whereas samples containing

0 and 30 wt.% of Fe calcinated at 500 ◦C had lower SBET. These
esults show that the presence of Fe compounds strongly affects the
urface area of the photocatalysts. A decrease of SBET with increas-
ng annealing temperature in case of catalysts containing 20 wt.%
f Fe might be attributed to growing crystallite size of anatase and
e2O3 (Table 1).

.2. Photocatalytic decomposition of acetic acid in the presence of
ifferent photocatalysts

The P25, crude and annealed TiO2 as well as the Fe/TiO2 pho-
ocatalysts were applied for the photocatalytic decomposition of

H3COOH under N2 atmosphere. The catalyst loading amounted to
g/dm3 and the initial concentration of CH3COOH was 1 mol/dm3.
he solution pH was equal to pH 2.6 and was constant during the
hole process. The effectiveness of hydrocarbons and hydrogen

eneration was evaluated on the basis of the amounts of the gases
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Fig. 2. UV–vis/DR spectra of different photocatalysts.
Irradiation time [h]

Fig. 3. Evolution of CH4 in time of irradiation. Photocatalysts loading: 1 g/dm3;
CH3COOH concentration: 1 mol/dm3.

which evolved to the headspace volume of the reactor. Regardless
of the photocatalyst used, the gaseous products identified were
CH4, CO2, C2H6, C3H8 and H2. When a blank test in the dark was
conducted, no reaction products were identified showing that UV
light is necessary for the reaction to occur.

3.2.1. Hydrocarbons production from acetic acid
Before the photocatalytic experiments a blank test in the

absence of photocatalyst (photolysis) was conducted (Figs. 3 and 4).
The formation of CH4, CO2 and C2H6 was observed. However, the
amount of the gases was very low (0.086, 0.090 and 0.004 mmol,
respectively). Therefore, it could be stated that the results obtained
in the presence of photocatalysts, which are discussed below, are
mainly due to photocatalytic, not photolytic reaction pathway.

Methane formation during the photocatalytic decomposition of
CH3COOH follows the so-called photo-Kolbe reaction pathway. The

main products of this reaction are CH4 and CO2 [9–12]:

CH3COOH + h+ → CH3
• + CO2 + H+ (3)

Reaction (3) represents the photocatalytic decarboxylation of
CH3COOH initiated by photogenerated holes.
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Fig. 4. Evolution of CO2 in time of irradiation. Photocatalysts loading: 1 g/dm3;
CH3COOH concentration: 1 mol/dm3.
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ig. 5. Comparison of the amount of C2H6, C3H8 and H2 evolved after 5 h of irradi-
tion in the presence of different photocatalysts. Photocatalysts loading: 1 g/dm3;
H3COOH concentration: 1 mol/dm3.

The reaction of ethane formation can be presented as follows
12]:

CH3COOH → C2H6 + 2CO2 + H2 (4)

r, taking into consideration the recombination of methyl radicals
4]:

H3
• + CH3

• → C2H6 (5)

In the same way the reaction of propane formation could be
ritten.

Figs. 3 and 4 show the amounts of CH4 and CO2 produced as
function of irradiation time. The amounts of both gases contin-
ously increased during the process. After 5 h the amount of CH4
as in the range of 0.114–0.458 mmol (Fig. 3). The highest yield

f methane evolution was observed for A-Fe20N500 and the low-
st one for P25. The amount of CO2 after 5 h of irradiation ranged
rom 0.132 to 0.450 mmol (Fig. 4). The lowest amount of CO2 was
roduced in case of A-Fe20N600, whereas the highest one in the
resence of A-Fe20N500.

As was mentioned earlier, amongst the gaseous products of the
eaction ethane and propane were also identified. In general, the
mounts of C2H6 and C3H8 were significantly lower compared to
hose of CH4 and CO2 (Fig. 5). The amount of C2H6 after 5 h of irra-
iation was in the range of 0.002–0.025 mmol. The highest yield
f ethane evolution was observed for A-Fe20N500, whereas the
owest one for A-Fe20N600. Propane was identified only in case of
-500, A-Fe20N400 and A-Fe20N500. At the end of irradiation the
mount of C3H8 was found to be in the range of 0.001–0.003 mmol.
he highest effectiveness of propane generation was observed in
ase of A-Fe20N500. The reason for which propane evolution in
ase of TiO2, P25, A-Fe10N500, A-Fe20N600 and A-Fe30N500 was
ot detected could be lower photoactivity of these samples towards
roduction of all gases from CH3COOH. A lengthening of irradiation
ime would probably result in the evolution of C3H8 to a gas phase.

The presented data show that the efficiency of transformation
f CH3COOH to CH4 calculated after 5 h of irradiation was about
.033–0.13%, depending on the photocatalyst. However, it should
e noticed that the process was conducted for 5 h only while the
ime necessary for a complete decomposition of CH3COOH at the
pplied concentration (1 mol/dm3) is significantly longer. Taking
nto consideration that the concentration of CH4 was continuously
ncreasing in time, it could be supposed that the transformation
fficiency at longer times would be higher.
The yields of ethane and propane evolution were significantly
ower than that of methane, what clearly indicates that the reac-
ions (4) and (5) are of minor importance.

From the reaction (3) it could be found that every mole of
H3COOH gives one mole of CH4 and one mole of CO2, i.e. CH4/CO2
y 161 (2011) 189–195

ratio should be equal to 1. However, in the performed experiments
CH4/CO2 ratio differed from unity, especially in case of pure TiO2.
The CH4/CO2 ratio calculated after 5 h of irradiation was equal to
0.65, 0.71 and 0.34 for crude TiO2, A-500 and P25, respectively
and 0.99, 1.03, 1.02, 0.99, 1.04 for A-Fe10N500, A-Fe20N400, A-
Fe20N500, A-Fe20N600 and A-Fe30N500, respectively. Taking into
consideration the gases solubility, the concentration of CO2 in
gaseous phase should be a little lower than that of CH4. When
the amount of CO2 evolved from the solution is higher than that
of methane, some other reactions, besides the photo-Kolbe reac-
tion, have to be taken into consideration. CO2 is also generated in
reactions leading to ethane and propane formation. However, since
the amounts of both gases were very low, it is rather doubtful that
such a high concentration of CO2 as observed in case of pure titania,
(especially P25) was produced in these reactions.

The formation of greater amounts of CO2 than CH4 during
decomposition of CH3COOH is not a new topic. There were several
reports about that phenomenon during the last 30 years, never-
theless none of them explicated it clearly [12,27–29]. Sakata et
al. [12] suggested that CO2/CH4 ratio /= 1 might be an effect of
organic acids oxidation but no reasonable mechanism was pro-
posed. Yoneyama et al. [27] claimed that yielding CO2 as the main
product could result from degradation of ethanol or acetalde-
hyde, being by-products of CH3COOH decomposition. However,
the authors concluded that CO2 formation would always be cor-
related with a greater evolution of H2 which did not occur in our
system (see Section 3.2.2). Moreover, formation of hydroxyl radi-
cals in competition with methyl radicals was proposed [27]. •OH
radicals might be involved in the reaction leading to a generation
of CO2 [27]. On the basis of the results obtained in the present study
it was supposed that an excess of CO2 originated from the miner-
alization of acetic acid to H2O and CO2. A very high photocatalytic
activity of P25 in degradation and mineralization of organic com-
pounds is well known and widely described in literature. Efficient
formation of hydroxyl radicals, being the main oxidizing species
during photocatalytic reaction, is responsible for the high photoac-
tivity of P25. However, direct oxidation of CH3COOH takes place in
the presence of O2 not •OH [27]:

CH3COOH + 2O2 → 2CO2 + 2H2O (6)

CH3COOH + OH• → CH3
• + CO2 + H2O (7)

Therefore, since no atmospheric oxygen was present in the
system, the involvement of photogenerated oxygen should be con-
sidered [30,31]:

OH• + OH• → H2O2 (8)

H2O2 + 2h+ → O2 + 2H+ (9)

H2O2 + OH• → H2O + HO•
2 (10)

HO•
2 + OH• → H2O + O2 (11)

HO•
2 + H+ + e− → H2O2 (12)

2H2O2 → 2H2O + O2 (13)

According to Eq. (6) a reaction of CH3COOH with photogenerated
oxygen would lead to its mineralization to CO2 and H2O.

It could not be excluded that mineralization of CH3COOH
took place also in the presence of other samples. However, since
CH4/CO2 ratio in case of Fe/TiO2 was close to 1 it could be supposed
that the photo-Kolbe reaction pathway was the primary one in the

presence of these catalysts.

In order to clarify the reaction mechanism it is important to
identify the products in the aqueous medium besides those in
the gaseous phase. The main compounds detected in the liq-
uid phase during photocatalytic decomposition of acetic acid
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ere methanol (CH3OH), acetone (CO(CH3)2) and acetaldehyde
CH3CHO). Regardless of the photocatalyst, the concentration of
cetone was the highest from all the liquid products identified;
owever, it remained very low (<1.5 �mol/dm3). Since •OH radicals
re known to have a strong oxidation power and can easily oxidize
arious organic compounds, the presence of reaction products in a
iquid phase is explained reasonably by assuming the involvement
f these radicals [12]:

H•
3 + OH• → CH3OH (14)

H3OH + CH3COOH → CH3COOCH3 + H2O (15)

2H•
5 + OH• → C2H5OH (16)

2H5OH + 2OH• → CH3CHO + 2H2O (17)

Some organic intermediates, e.g. methanol might be further
ecomposed to form CO2 and H2 [12]:

H3OH + H2O → CO2 + 3H2 (18)

Other compounds, such as acetaldehyde, might be further min-
ralized yielding CO2 as a product [32,33]:

H3CHO + 3H2O + 10h+ → 2CO2 + 10H+ (19)

In view of the above it could be concluded that photogenerated
OH radicals and oxygen might lead to the formation of organic
ntermediates in the liquid phase, their further decomposition as

ell as to direct mineralization of CH3COOH.
On a basis of the results obtained at the end of irradiation

he activity of the photocatalysts towards methane generation
an be put in the following order: A-Fe20N500 > A-Fe30N500 > A-
e20N400 > A-Fe10N500 > A-500 > crude TiO2 > A-Fe20N600 > P25.
omparing these data with the SBET of the photocatalysts (Table 1) it
ould be concluded that SBET did not influence the activity of photo-
atalysts towards CH4 formation. For example, A-Fe20N400, having
igher SBET than A-Fe20N500 (109 vs. 82 m2/g) exhibited lower
ctivity in CH4 generation than the latter sample. Other poten-
ially important parameters, such as anatase over rutile ratio and
rystallinity did not obviously influence the activity either. Sam-
les A-500 and A-Fe20N600 had similar crystallite size of anatase
nd anatase over rutile ratio (12 vs. 15 and 92:8 vs. 93:7, respec-
ively) but showed different effectiveness towards CH4 generation.
hese results suggest that the main parameter responsible for the
ctivity of TiO2 in the photo-Kolbe reaction was Fe content. From
he obtained results a conclusion can be drawn that the highest
ffectiveness of CH4 evolution was in case of A-Fe20N500. The
igh photocatalytic activity of this catalyst might be attributed to
he presence of Fe2O3 phase (Fig. 1) in a suitable ratio. Accord-
ng to Hung et al. [16] the improved activity of Fe/TiO2 could be
ue to reduction of the recombination rate of h+/e− pairs during
he photodegradation. This phenomenon seems to be crucial in
ase of the obtained results. In a composite semiconductor, such
s TiO2–Fe2O3, photogenerated electrons can be transferred from
he conduction band of TiO2 and accumulated in the conduction
and of Fe2O3, whereas holes could accumulate in the valence
and of iron oxide. The recombination of h+/e− pairs competes with
he reaction of these charge carriers with the appropriate species
resent in the solution. The discussed process is conducted in the
bsence of oxygen, therefore one might suppose that the recom-
ination will proceed with a high rate. However, since acetic acid,
eing a hole scavenger is present in the reaction mixture, holes
rom the valence band of TiO2 are scavenged by CH3COOH which

ndergoes the photo-Kolbe reaction. In this case Fe2O3 acts as the
lectron trap while CH3COOH as the hole scavenger. Therefore, the
+/e− recombination rate can be reduced and the photoactivity of
he Fe-modified catalysts towards the photo-Kolbe reaction can be
nhanced.
Fig. 6. Comparison of the amount of CH4 and C2H6 evolved after 5 h of irradia-
tion. Photocatalyst: A-Fe20N500; photocatalyst loadings: 0.5, 1, 1.5 and 2 g/dm3;
CH3COOH concentration: 1 mol/dm3.

Above 20 wt.% of Fe, the activity towards CH4 formation slightly
decreased (A-Fe30N500). The most reasonable explanation for that
could be high coverage of TiO2 particles with Fe2O3 resulting in
a reduction of the accessibility of titania surface to CH3COOH
molecules. Moreover, electrons and holes can be derived to the
Fe2O3 phase, setting the energy levels of the conduction or valence
band to inadequate values for charge transfer to adsorbed substrate
but also to promoting h+/e− recombination [19]. This results in a
decrease of the reaction efficiency. And vice versa, Fe amount of
10 wt.% was too low to significantly improve the effectiveness of
methane generation.

3.2.2. Hydrogen production from acetic acid
In case of A-Fe20N400, A-Fe20N500 and A-Fe30N500, hydrogen

was also detected among other gaseous products of the process
(Fig. 5). The photocatalytic evolution of hydrogen in the presence
of sacrificial agents has been already described in the literature
[12,30,34–37]. In general, when a reducing agent, or hole scav-
enger, such as alcohol [34–37] or organic acid [12,34] is present
in the solution, hydrogen production can be observed.

The highest yield of hydrogen evolution was observed for A-
Fe20N500 (0.013 mmol, Fig. 5). High photoactivity of this sample
towards H2 production compared to other catalysts is probably
associated with the presence of Fe. Khan et al. [17] reported that
well and uniform dispersed iron in the bulk of TiO2 can capture
photoinduced electrons, resulting in much improved hydrogen
production in case of Fe/TiO2 compared to pure titania.

The evolution of hydrogen was significantly lower than that of
CH4 or CO2, even in case of Fe/TiO2. The reason for that could be
acidic pH of the reaction environment. It was reported that H2 pro-
duction is favored in neutral or basic solutions [34]. The presence of
H2 was not observed in case of crude TiO2, P25, A-500, A-Fe10N500,
A-Fe20N600 and A-Fe30N500 which was probably due to generally
lower photoactivity of these samples in the investigated process.
However, it could be supposed that, as for propane, a lengthening
of the reaction time would lead to H2 evolution in the presence of
these catalysts as well.

3.3. Effect of A-Fe20N500 loading on process efficiency

To determine the influence of photocatalyst loading on the
hydrocarbons production rate, various amounts of A-Fe20N500
(0.5, 1.0, 1.5 or 2.0 g/dm3) were introduced into CH3COOH solu-

tion (1 mol/dm3). Fig. 6 shows the amounts of methane and ethane
evolved after 5 h of irradiation. The amount of CH4 was in the
range of 0.112–0.458 mmol, whereas the amount of C2H6 ranged
from 0.014 to 0.025 mmol. Moreover, CO2 was also detected at the
amount of 0.139–0.450 mmol. C3H8 and H2 were identified only
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ig. 7. Comparison of the amount of CH4 and CO2 evolved after 5 h of irradiation.
hotocatalyst: A-Fe20N500; photocatalyst loading: 1 g/dm3; CH3COOH concentra-
ions: 0.01, 0.1, 1 and 10 mol/dm3.

n case of the catalyst concentration of 1 g/dm3. The obtained data
how that the most adequate catalyst loading was 1 g/dm3. The
oncentration of 0.5 g/dm3 was too low to obtain high hydrocar-
ons production rate, whereas at loadings higher than 1 g/dm3 a
ecrease in the reaction rate was observed. The reason for that was
reduction of light penetration in the reactor and/or agglomera-

ion of catalyst particles resulting in a decrease of surface area of
he catalyst available for CH3COOH molecules [38,39].

.4. Effect of CH3COOH concentration on process efficiency

During photodegradation of organic compounds an increase of
he degradation rate with increasing reactant concentration is usu-
lly observed to a certain level. Then, due to saturation of the
atalyst surface the reaction rate becomes independent of the reac-
ant concentration and reaches a steady value within a certain range
f concentrations [40]. A further increase of the reactant concentra-
ion leads to a decrease of the degradation rate [31]. An excessively
igh concentration of organic substrates is known to simultane-
usly saturate the photocatalyst surface and reduce the photonic
fficiency leading to photocatalyst deactivation [41].

During the experiments the following CH3COOH concentrations
ere applied: 0.01, 0.1, 1 and 10 mol/dm3. A-Fe20N500 (1 g/dm3)
as used as the photocatalyst due to its highest activity from all

he samples used. Fig. 7 presents the results obtained after 5 h of
rradiation.

In case of the lowest concentration of CH3COOH only CO2
as detected (0.044 mmol). At 0.1 mol/dm3 the formation CH4

0.074 mmol), CO2 (0.099 mmol) and C2H6 (0.019 mmol) was
bserved. Hydrogen and propane were not produced. The high-
st effectiveness of the gases formation was observed in case of
mol/dm3 CH3COOH solution. A further increase of CH3COOH con-
entration up to 10 mol/dm3 led to a decrease in the production rate
f the gases. The amount of CH4, CO2, C2H6, C3H8 and H2 evolved
n this case was equal to 0.245, 0.212, 0.021, 0.001 and 0.004 mmol,
espectively. The obtained results illustrate well the dependence
f the reaction rate on the reactant concentration which was dis-
ussed earlier.

.5. Photocorrosion of the Fe-modified photocatalysts

A very important factor in case of Fe/TiO2 is the stability of the

hotocatalysts. Photocorrosion of Fe-modified titania has already
een reported in literature [19,42]. The photodissolution of a pho-
ocatalyst is undesirable because it can lead to its inactivation.

In view of the above the concentration of total iron released
n the reaction mixture was measured at the end of each experi-
y 161 (2011) 189–195

ment. In general, it was observed that the amount of dissolved Fe
did not exceed 0.17 wt.% of the total Fe in a catalyst sample. In case
of the photocatalysts calcinated at 500 ◦C the highest amount of
iron dissolved in the solution was found when A-Fe10N500 was
used (0.17 wt.%). For the other two samples (A-Fe20N500 and A-
Fe30N500) the amount of the released Fe was comparable and
amounted to ca. 0.09 wt.%. The influence of calcination tempera-
ture on the photodissolution was also observed. With increasing
the temperature more stable samples were obtained, although the
differences were not very significant. The amount of iron released
from the catalysts containing 20 wt.% of Fe and calcinated at 400,
500 and 600 ◦C was 0.12, 0.09 and 0.06 wt.%, respectively. The
obtained results show that the stability of the prepared photo-
catalysts against photocorrosion was very high. Navío et al. [19]
concluded that heavy-loaded samples are more stable because of
the presence of hematite Fe2O3 which is probably less easily pho-
tocorroded. This conclusion was supported by the results obtained
during the present research.

4. Conclusions

The gaseous products identified during the photocatalytic
decomposition of CH3COOH were CH4, CO2, C2H6, C3H8 and H2
although the occurrence of these gases depended on the catalyst
used. In all the experiments CH4 and CO2 were obtained at the
highest amount.

In case of Fe/TiO2 the effectiveness of hydrocarbons and hydro-
gen generation was influenced mainly by the amount of Fe. The
most active photocatalyst towards all the identified gases produc-
tion was A-Fe20N500. The highest yield of the gases evolution was
obtained for 1 g/dm3 of A-Fe20N500 and 1 mol/dm3 of CH3COOH.

The high photocatalytic activity of A-Fe20N500 was attributed
to the presence of Fe2O3 in a suitable ratio and its good crystallinity
associated with annealing temperature. In the investigated process
Fe2O3 acts as the electron trap while CH3COOH as the hole scav-
enger. Therefore, the h+/e− recombination rate can be reduced and
the photoactivity of the Fe-modified catalyst towards the photo-
Kolbe reaction can be enhanced.

The stability of the prepared photocatalysts against photocor-
rosion was very high. The amount of dissolved Fe did not exceed
0.17 wt.% of the total Fe present in a catalyst sample and was the
highest in case of A-Fe10N500.

The obtained results show that photocatalytic decomposition
of acetic acid under UV irradiation could be a promising method of
producing “photo-biogas” containing useful hydrocarbons, mainly
methane. However, since the yield of methane and other hydro-
carbons production was low, further investigations are necessary
in order to improve the process efficiency.
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